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Highlights

What are the main findings?

e  From 160 SSR primer pairs, 18 polymorphic markers were developed in durian.
e A minimum six-locus core SSR marker set generated unique multilocus genotypes for
all 58 accessions.

What are the implications of the main findings?

e  The core SSR marker set provides a compact and cost-effective tool for routine durian
DNA fingerprinting and accession identification. The marker set can facilitate culti-
var authentication, germplasm management, and the efficient utilization of durian
genetic resources.

Abstract

Durian (Durio zibethinus) germplasm may be incorrectly named, mislabeled, or genetically
misidentified during introduction, exchange, and nursery stock distribution. Morphological
identification is also affected by environmental conditions and plant developmental stages.
A core simple sequence repeat (SSR) marker set was developed for the identification of
durian germplasm. Genome-wide mining identified 106,776 SSR loci in the durian reference
genome, and 18 stable and polymorphic markers were selected from 160 candidate primer
pairs through agarose gel screening and M13-tailed fluorescent capillary electrophoresis. A
total of 142 alleles were detected at the 18 SSR loci across the 58 durian accessions, with
3-15 alleles per locus and PIC values ranging from 0.422 to 0.849. Exhaustive evaluation of
all marker combinations identified a minimum six-locus core SSR marker set comprising
Y6, Y12, Y15, Y75, Y91, and Y108, which generated unique multilocus genotypes for all
58 accessions in the current validation panel, with a cumulative probability of identity
(PID) of 7.99 x 10~8. STRUCTURE analysis, with K representing the number of inferred
genetic clusters, supported K = 8 and revealed admixture in several accessions. The core
SSR marker set developed in this study can distinguish the 58 durian accessions and be
used to construct their DNA fingerprints. Validation in larger and more genetically diverse
germplasm collections is required before routine commercial deployment.

Horticulturae 2026, 12, 1145

https://doi.org/10.3390/horticulturae12091145


https://crossmark.crossref.org/dialog?doi=10.3390/horticulturae12091145&domain=pdf&date_stamp=2026-09-09
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://orcid.org/0009-0006-7304-2318
https://orcid.org/0009-0004-4252-4184
https://doi.org/10.3390/horticulturae12091145

Horticulturae 2026, 12, 1145

20f 18

Keywords: SSR markers; DNA fingerprinting; germplasm identification; genetic diversity

1. Introduction

Durian (Durio zibethinus) is a tropical fruit tree of the family Malvaceae and is widely
cultivated in Southeast Asia. Owing to its distinctive flavor and high economic and
nutritional value, durian is often referred to as the “king of tropical fruits” [1]. In recent
years, durian trade and market demand have expanded rapidly across Southeast Asia,
driven in large part by growing demand from China, which has become the world’s
largest durian import market [2]. Durian cultivars differ considerably in market value,
fruit quality, and breeding potential. Accurate cultivar identification is therefore essential
for germplasm conservation, varietal authenticity testing, nursery stock traceability, and
genetic improvement.

Conventional identification of durian germplasm is based mainly on morphological
traits, which can be influenced by environmental conditions, cultivation practices, and
plant developmental stage [3]. During long-term germplasm introduction, exchange, and
nursery stock distribution, labeling errors, homonymy, and synonymy may also occur.
Similar nomenclatural problems have been reported in other fruit crops, indicating that
cultivar names do not always correspond to the actual genetic identity of the material [4].
Accurate identification of durian is further complicated by the fact that fruit traits cannot
be evaluated until plants reach reproductive maturity, which limits reliable identification
at the seedling stage. A practical and reproducible molecular marker system is therefore
required for durian germplasm management and varietal authenticity testing. DNA fin-
gerprinting and associated profile databases are increasingly used to support intellectual
property protection, nursery stock authentication, cultivar identification, and germplasm
management [5,6].

Advances in genome sequencing and molecular marker techniques have made DNA-
based methods increasingly useful for the characterization of fruit tree germplasm. The
availability of a high-quality durian reference genome has facilitated the development of
molecular markers [7]. Although single-nucleotide polymorphism (SNP) markers provide
higher marker density and are well suited to high-throughput genotyping, SSR mark-
ers remain attractive for routine fingerprinting because of their codominant inheritance,
high polymorphism, relatively low cost, and ease of implementation in routine laborato-
ries [5,8]. Compared with EST-SSRs, genomic SSRs are more widely distributed across the
genome and are therefore well suited to germplasm identification and genetic diversity
analysis [9,10]. RAPD, ISSR, and SSR markers have previously been used to assess genetic
diversity in durian [11-13], but the systematic development of a core SSR marker set and
DNA fingerprints for durian remains limited.

Previous studies in potato and grapevine have demonstrated that compact core SSR
marker sets can provide efficient and reliable cultivar identification [14,15]. A small set of
stable and highly polymorphic SSR markers can reduce genotyping costs while maintaining
sufficient discriminatory power among accessions. Such markers are useful for routine
germplasm management, identity verification, and nursery stock traceability. However,
few studies have developed core SSR marker sets, standardized genotyping protocols, or
DNA fingerprints for durian. Existing marker systems also require further validation in
larger germplasm collections and across different genotyping platforms.

Conventional agarose gel electrophoresis has limited ability to resolve SSR alleles that
differ by only a few base pairs, which may result in underestimation of allele number and
marker polymorphism. Capillary electrophoresis provides higher resolution and allows
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for more accurate allele calling and consistent genotyping. The M13-tailed primer method
further reduces fluorescent-labeling costs because the same labeled M13 primer can be used
with different locus-specific primers [16].

Therefore, this study aimed to develop and validate genome-derived SSR markers for
durian using capillary electrophoresis, identify a compact core SSR marker set capable of
discriminating the 58 accessions, construct DNA fingerprints and molecular identity codes,
and assess the genetic diversity and population structure of the analyzed accession panel.

2. Materials and Methods
2.1. Plant Materials

Fifty-eight durian accessions were obtained from the durian germplasm repository
of Hainan Yougqi Agriculture Co., Ltd., Sanya 572031, China (18.4° N, 109.3° E). Of these,
52 were recorded as originating from Malaysia, 5 from Thailand, and 1 from Vietnam.
All accessions were maintained in the same open-field germplasm repository under the
natural climatic conditions of Sanya and were managed uniformly using routine irrigation,
fertilization, and pest and disease control practices. Their accession codes, cultivar names,
geographic origins, and available background information are provided in Table S1. Young
leaves were collected from each accession in October 2025 for genomic DNA extraction and
SSR genotyping.

2.2. DNA Extraction

Genomic DNA was extracted from 0.15 g of young durian leaf tissue using a modified
CTAB method suitable for polysaccharide- and polyphenol-rich plant materials [17]. DNA
integrity was checked on 1% agarose gels, and purity and concentration were measured us-
ing an ND—100C ultra-micro UV-visible spectrophotometer (MIULAB, Hangzhou, China).
Only samples with A260/A280 ratios of 1.8-2.0, A260/A230 ratios > 2.0, and DNA concen-
trations > 100 ng/uL were retained for further analyses. Samples that did not initially meet
these criteria were re-extracted and reassessed until DNA meeting all specified quality
criteria was obtained for subsequent analyses. Prior to PCR, all DNA samples were diluted
to 50 ng/pL and stored at —20 °C.

2.3. SSR Identification and Primer Design

SSR loci were identified from the durian reference genome available in the Genome
Warehouse database under accession number GWHESET00000000. Genome-wide SSR
identification was performed using the MISA web platform [18]. The minimum repeat
numbers were set at 10 for mononucleotide repeats, 6 for dinucleotide repeats, and 5 for
trinucleotide to hexanucleotide repeats. Primers were designed from sequences flanking
the identified SSR loci using Primer Premier 5.0. Primer length was set at 18-24 bp, melting
temperature at 55-60 °C, GC content at 40-60%, and expected amplicon size at 100—-400 bp.

Candidate primer pairs were designed based on SSR motif type, repeat number,
flanking-sequence quality, and chromosomal location. The primers were first screened
by PCR and 2.5% agarose gel electrophoresis for amplification specificity, stability, and
polymorphism. Primer pairs retained for capillary electrophoresis were modified by adding
an 18 bp M13 universal sequence to the 5’ end of each forward primer. A fluorescently
labeled M13 universal primer was then included in the PCR mixture. All primers were
synthesized by (Beijing Tsingke Biotech Co., Ltd., Beijing, China).

2.4. SSR Amplification and Capillary Electrophoresis Genotyping

Genomic DNA from 15 randomly selected durian accessions was used for the prelim-
inary screening of candidate primer pairs by 2.5% agarose gel electrophoresis. PCR was
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performed in a total volume of 12 pL containing 6 pL of 2x Taq PCR Master Mix (Vazyme,
Nanjing, China), 0.5 puL each of the forward and reverse primers (10 pmol/L), 0.5 uL of
template DNA (50 ng/uL), and 4.5 pL of ddH;O. The PCR program consisted of initial
denaturation at 95 °C for 3 min, followed by 35 cycles of denaturation at 95 °C for 15 s,
annealing at 56 °C for 15 s, and extension at 72 °C for 1 min, with a final extension at 72 °C
for 5 min. PCR products were separated on 2.5% agarose gels in 0.5x TBE buffer at 105 V for
35 min. Gel images were obtained using a Gel Doc Go imaging system (Bio-Rad, Hercules,
CA, USA). Primer pairs were retained after the initial screening when they produced clear,
reproducible, and specific amplification products without obvious non-specific bands or
smearing. Primer pairs that failed to meet these criteria were excluded.

Among the primer pairs retained after the initial screening, those showing preliminary
polymorphism and appropriate fragment sizes were selected for subsequent validation
by capillary electrophoresis. Primer pairs retained after the second round of screening
were used for PCR amplification and capillary electrophoresis (CE) genotyping of all
58 durian accessions. Each 15 uL PCR mixture contained 7.5 uL of 2x Taq PCR Mas-
ter Mix, 0.15 pL of M13-tailed forward primer (10 umol/L), 0.6 pL of reverse primer
(10 umol/L), 0.6 puL of FAM-labeled M13 universal primer (10 pmol/L), 0.5 pL of template
DNA (50 ng/uL), and 5.65 uL of ddHO. The PCR cycling conditions were the same as
those used in the preliminary screening. The sequence of the M13 universal primer was
5-TGTAAAACGACGGCCAGT-3'.

After fluorescent PCR amplification, 2 puL of each product was examined by 1%
agarose gel electrophoresis. The products were diluted as needed according to band
specificity and intensity to obtain approximately uniform concentrations for capillary
electrophoresis. Each 10 pL loading mixture contained 1 pL of diluted fluorescent PCR
product, 0.5 pL. of GeneScan™ 500 LIZ size standard, and 8.5 pL of Hi-Di™ Formamide.
After centrifugation, the mixtures were denatured at 95 °C for 3 min and immediately
cooled. Capillary electrophoresis was performed on a 96-capillary ABI 3730xL Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA). Fragment separation was carried
out using POP-7™ Polymer and 3730 Running Buffer (10x). Fragment sizes and genotypes
were scored in GeneMarker 3.0.1 (SoftGenetics, State College, PA, USA) using GeneScan™
500 LIZ as the size standard and the Fragment (Plant) analysis mode. Genotype data
were exported in Excel format, and electropherograms were exported as PDF files. The
allele sizes reported in this study are the binned apparent fragment sizes generated by
GeneMarker and include the 18 bp M13 tail attached to the 5’ end of the forward primer.

As a preliminary assessment of genotyping reproducibility, five accessions were ran-
domly selected for reanalysis using independently extracted DNA. Allele sizes and multilo-
cus genotypes obtained from the repeated PCR amplifications and CE runs were compared
with those obtained in the initial analysis. The CE results were also compared with the
amplification specificity and major polymorphic banding patterns observed during the
earlier agarose gel electrophoresis screening to evaluate consistency between the two stages
of marker analysis.

2.5. Construction of DNA Fingerprints and Molecular Identity Codes

Using the allele fragment sizes obtained by capillary electrophoresis at the 18 SSR loci
in the 58 durian accessions, all possible combinations of the loci were examined in order
of increasing number of loci. The core SSR marker set was defined as the combination
containing the fewest loci that could uniquely distinguish all 58 accessions. The probability
of identity (PID) for each SSR locus was calculated in Microsoft Excel based on the allele
frequencies observed in the 58 accessions [19]. The PID of a single locus represents the
theoretical probability that two unrelated accessions randomly selected from the population
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have the same genotype at that locus. Assuming independence among loci, the cumulative
multilocus PID was calculated as the product of the locus-specific PID values and expressed
as —logl10(PID). A lower raw PID, or equivalently a higher —log10(PID), indicates greater
theoretical discriminatory power.

At each core SSR locus, the detected alleles were arranged in ascending order of
fragment size and assigned fixed binary positions. The presence of an allele in an accession
was scored as “1”, and its absence as “0”. For a homozygous genotype, the position
corresponding to the allele was scored as “1”; for a heterozygous genotype, the positions
corresponding to both alleles were scored as “1”. In the DNA fingerprint profiles, “1” was
represented by a black square and “0” by a white square. For each accession, genotypes
at the loci constituting the final core SSR marker set were recorded in a fixed locus order
as “smaller allele/larger allele”. The locus-specific genotype entries were then joined with
hyphens to generate a multilocus molecular identity code for each accession.

To provide a more intuitive visualization of fragment-size variation among durian
accessions at different SSR loci, synthetic gel profiles were reconstructed in Excel using
the final binned allele sizes and corresponding fluorescence peak heights obtained by
capillary electrophoresis. Band positions were determined by allele fragment size, whereas
band darkness was scaled according to the log-transformed fluorescence peak height.
Homozygous genotypes were displayed as a single band, whereas heterozygous genotypes
were displayed as two bands.

2.6. Genetic Diversity and Population Structure Analysis

Allele frequencies at each locus were calculated from the capillary electrophoresis
genotype data obtained at the SSR loci retained after screening for the 58 durian accessions.
The observed number of alleles (Na), the effective number of alleles (Ne), Nei's gene
diversity index (H), and Shannon’s information index (I) were calculated using PopGene32
v. 1.32. The polymorphism information content (PIC) of each SSR locus was calculated in
Microsoft Excel from the allele frequencies [20].

To compare SSR allele composition and fingerprint patterns among the accessions,
each allele detected at the retained SSR loci was treated as an independent binary charac-
ter. The presence of an allele was scored as “1” and its absence as “0”, generating an allele
presence—absence matrix. Dice similarity coefficients between accessions were calculated using
NTSYS-pc 2.10. Cluster analysis was performed based on the similarity matrix using the
unweighted pair-group method with arithmetic mean (UPGMA). The Dice coefficients were
also converted to genetic distances as 1 — SDice for principal coordinate analysis (PCoA).

2.7. Analysis of Molecular Variance

Analysis of molecular variance (AMOVA) was performed in GenAlEx 6.5 using codom-
inant genotype data from the retained SSR loci to examine the distribution of genetic
variation under different grouping schemes.

Two grouping schemes were used. The first grouping scheme was based on the clusters
defined by the UPGMA dendrogram. The second was based on the recorded geographic
origins of the accessions. Because only one accession was recorded as originating from
Vietnam, it was not treated as a separate group, as among-individual variation within that
group could not be estimated. The Vietnamese accession was therefore excluded, and the
remaining 57 accessions were assigned to two groups according to their recorded origins:
Malaysia and Thailand. AMOVA was used to estimate variance components among groups,
among individuals within groups, and within individuals, together with the proportion of
total genetic variation explained at each level. Genetic differentiation statistics were also
calculated. Statistical significance was assessed using 9999 random permutations.
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2.8. Population Structure Analysis Using STRUCTURE

Bayesian clustering analysis was performed in STRUCTURE 2.3.4 using the codomi-
nant SSR genotype data to examine the genetic structure of the 58 durian accessions. The
number of inferred genetic clusters (K) was evaluated [21]. Analyses were conducted
under the admixture model with correlated allele frequencies, with K ranging from 2 to 10.
For each value of K, 10 independent runs were performed, each with a burn-in period of
100,000 iterations followed by 100,000 Markov chain Monte Carlo iterations. The most
likely value of K was determined by considering the mean log probability of the data for
each K [LnP(K)], the Evanno AK statistic, which reflects the second-order rate of change in
LnP(K) among successive K values, and the consistency among replicate runs.

3. Results
3.1. Genome-Wide SSR Identification and Primer Development

A total of 106,776 SSR loci were identified in the 735.19 Mb durian reference genome,
with an average density of 145.24 loci/Mb. Dinucleotide repeats were the most abundant,
accounting for 54.66% of all SSRs, followed by trinucleotide repeats (29.53%), whereas the
other repeat types were less frequent (Figure 1A). In addition, 12,940 compound SSRs were
detected, representing 12.12% of the total SSR loci (Figure 1B). The frequencies of di-, tri-,
and tetranucleotide SSRs declined as the number of repeat units increased (Figure 1C).
Based on motif type, repeat number, flanking-sequence quality, and chromosomal location,
160 candidate primer pairs were designed.

A Distribution of SSR types B SSR Compositions
60,000 7
- 40,000 I Type
§ I compound
Perfect
20,000 B perec
.| I g o
Molno [I)i Tlri Teltra Pell'\ta He'xa
Motif Type
C Frequency of SSR Repeats
5,000
e 4,000J
a Type
‘s 3,000 1 —e— Dinucleotide
& Tetranucleotide
2 2,000 . ;
g —8— Trinucleotide
Z 1,000-
0 4

5.0 75 10.0 12,5 15.0
Number of Repeats

Figure 1. Genome-wide characterization of SSR loci in durian reference genome. (A) Distribution of
SSR types. (B) Proportions of perfect and compound SSRs. (C) Frequency distribution of di-, tri-, and
tetranucleotide SSRs by number of repeat units.

3.2. SSR Marker Screening and Polymorphism Evaluation

Of the 160 candidate primer pairs, 56 produced stable and specific amplification
products during the initial screening. Based on band clarity, preliminary polymorphism,
and expected fragment size, 18 primer pairs were selected for capillary electrophoresis
genotyping of the 58 durian accessions (Table 1). A total of 142 alleles were detected across
the 18 SSR loci. The observed number of alleles per locus (Na) ranged from 3 to 15, with
a mean of 7.89. Y6 had the largest number of alleles (15), whereas Y18 had the fewest (3).
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The effective number of alleles (Ne) ranged from 2.13 to 7.26 and averaged 3.90. Nei’s
gene diversity index (H) ranged from 0.5299 to 0.8622, with a mean of 0.7070, whereas
Shannon’s information index (I) ranged from 0.8179 to 2.2297, with a mean of 1.5055. The
polymorphism information content (PIC) ranged from 0.4222 to 0.8485 and averaged 0.6639.
Y6 had the highest PIC value, whereas Y18 had the lowest. Fifteen of the 18 loci had PIC
values greater than 0.50, indicating that most of the selected loci were highly polymorphic
and informative for genetic diversity analysis and DNA fingerprint construction in durian.
The primer sequences of the 18 SSR markers are provided in Table S2.

Table 1. Polymorphism parameters and allele fragment size ranges of the 18 SSR loci.

Fragment Size Range

Primer Name Chromosome Na Ne H | PIC (bp)
Y6 3 15 7.26 0.86 2.23 0.85 201-235
Y12 8 5 3.73 0.73 1.40 0.69 113-136
Y15 11 9 4.01 0.75 1.64 0.72 183-232
Y18 15 3 2.13 0.53 0.82 0.42 136-147
Y20 11 6 2.56 0.61 1.21 0.57 256-273
Y25 26 8 4.33 0.77 1.64 0.73 205-248
Y36 20 5 2.13 0.53 1.03 0.49 238-262
Y56 18 11 3.65 0.73 1.63 0.69 205-233
Y60 1 4 2.58 0.61 1.15 0.57 180-195
Y75 14 10 4.94 0.80 1.89 0.78 271-300
Y91 22 8 4.50 0.78 1.69 0.75 256-303
Y103 1 4 2.50 0.60 1.06 0.52 226-236
Y108 7 10 6.21 0.84 2.04 0.82 183-215
Y110 12 7 2.99 0.67 1.27 0.61 237-269
Y122 9 7 2.30 0.57 1.03 0.48 196-218
Y139 23 7 3.76 0.73 1.49 0.69 189-257
Y148 27 11 4.85 0.79 1.86 0.77 183-231
Y153 17 12 5.82 0.83 2.03 0.81 231-257
Average 7.89 3.90 0.71 1.51 0.66

Note: Na, observed number of alleles; Ne, effective number of alleles; H, Nei’s gene diversity index;
I, Shannon’s information index; PIC, polymorphism information content.

As a preliminary assessment of genotyping reproducibility, five randomly selected
accessions were re-genotyped using independently extracted DNA. The allele profiles at
the six core SSR loci were identical to those obtained in the initial analysis, resulting in 100%
concordance. The allele patterns obtained by capillary electrophoresis were also generally
consistent with the major polymorphic banding patterns observed during the preliminary
agarose gel screening, supporting consistency between the two screening stages.

3.3. Discriminatory Power of Core SSR Marker Set

As the number of loci increased, the discriminatory power of the marker combinations
also increased. The —logl0-transformed cumulative PID increased from 1.50 for one locus
to 7.10 for six loci. The cumulative PID of the six-locus combination was 7.99 x 1078,
indicating a very low probability that two unrelated accessions would have the same
genotype at all six loci (Figure 2A).
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Figure 2. The selection and discriminatory power of the core SSR marker set. (A) Changes in the
cumulative probability of identity (PID) as SSR loci were added sequentially. (B) The number of
multilocus genotypes, number of uniquely identified accessions, and cumulative discrimination rate
of the best-performing marker combination for each number of loci. (C) Changes in discriminatory
power after the removal of Y6, Y12, Y15, Y75, Y91, or Y108 from the core marker set. Values above
the bars indicate discrimination rates, and values within the bars indicate the numbers of uniquely
identified accessions. PID is the probability that two randomly selected unrelated accessions have the
same multilocus genotype.

To identify the smallest SSR marker set capable of distinguishing all accessions, all
262,143 possible combinations of the 18 loci were examined. For combinations containing
one to five loci, the best-performing combinations produced 25, 48, 53, 55, and 57 multilocus
genotypes, respectively, of which 13, 43, 50, 53, and 56 accessions had unique genotypes.
The corresponding discrimination rates were 22.41%, 74.14%, 86.21%, 91.38%, and 96.55%.
Thus, no combination containing five or fewer loci could distinguish all 58 accessions. The
six-locus combination Y6 + Y12 + Y15 + Y75 + Y91 + Y108 produced a unique multilocus
genotype for each of the 58 accessions, giving a discrimination rate of 100% (Figure 2B).
This combination was therefore identified as the core SSR marker set.

Removal of any one locus from the core SSR marker set reduced the number of
accessions with unique genotypes to 51-56, corresponding to discrimination rates of
87.93-96.55% (Figure 2C). Therefore, all six loci were required to distinguish the 58 accessions.

3.4. DNA Fingerprint Database and Molecular Identity Code Construction
3.4.1. Construction of the DNA Fingerprint Database

An SSR genotype database was established for the 58 durian accessions using the
capillary electrophoresis data obtained at the 18 SSR loci (Table S3). The core SSR marker set,
comprising Y6, Y12, Y15, Y75, Y91, and Y108, was used to construct the DNA fingerprints.
A total of 57 alleles were detected across these six loci. At each locus, the alleles were
arranged in ascending order of fragment size and assigned fixed binary positions. The
presence of an allele was scored as “1” and its absence as “0”, generating a standardized
binary fingerprint profile for each accession.

In the DNA fingerprint matrix, the 58 accessions are shown as rows, and the allele
positions at the six core loci are shown as columns (Figure 3). Each accession had a unique
six-locus genotype, allowing all 58 accessions in the study panel to be distinguished.
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Figure 3. DNA fingerprint profiles of 58 durian accessions based on six core SSR loci. The 58 durian
accessions are shown on the y-axis, and the allele fragment sizes detected at each SSR locus are shown
on the x-axis. Black cells indicate the presence of the corresponding allele and are coded as “1”,
whereas white cells indicate its absence and are coded as “0”.

To visualize the multilocus genotypes generated by the six core SSR markers, synthetic
gel profiles were reconstructed for five selected accessions (K1-K5) from the final binned
allele sizes and corresponding fluorescence peak heights (Figure 4). Distinct banding
patterns were observed among the five accessions across Y6, Y12, Y15, Y75, Y91, and Y108.
Homozygous genotypes were represented by one band, whereas heterozygous genotypes
were represented by two bands. Complete synthetic gel profiles for all 58 accessions are
provided in Figure S1.

IR B oMb oREBMEBERINRDBERIEZ IRIEIMDGIRZEBMEERILLRDBRIE

500

400— Y6 Y12 Y15 Y75 Y91 Y108

300— ——— e ™ e T

00——— —= e ———

100— -
50 —

Figure 4. Synthetic gel profiles of five durian accessions at six core SSR loci. Band positions indi-
cate allele sizes, with one band representing homozygous genotypes and two bands representing
heterozygous genotypes.

3.4.2. Construction of Molecular Identity Codes

For each accession, the genotype at each of the six core loci was recorded as “smaller
allele size/larger allele size” in the fixed order Y6, Y12, Y15, Y75, Y91, and Y108. For
homozygous genotypes, the same allele size was recorded twice, whereas two different
allele sizes were recorded for heterozygous genotypes. The genotype entries for the six loci
were joined by hyphens to generate a six-locus molecular identity code for each accession.
The 58 accessions had 58 distinct codes (Table 2), allowing all accessions in the study panel
to be uniquely identified.
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Table 2. Six-locus SSR fingerprints and molecular identity codes of the 58 durian accessions.

Sample ID

Molecular ID

(Y6-Y12-Y15-Y75-Y91-Y108)

Sample ID

Molecular ID
(Y6-Y12-Y15-Y75-Y91-Y108)

K1

K2

K3

K4

K5

K6

K7

K8

K9

K10

K11

K12

K13

K14

K15

K16

K17

K18

K19

K20

K21

K22

K23

K24

K25

K26

204/214-113/136-189/189-
273/295-289/289-184 /202
206/206-118/118-183/201-
294/294-300/300-196 /202
214/224-118/130-183/201-
296/296-289 /289-196 /215
206/224-118/130-201/207-
299/299-294/300-196 /215
206/208-130/130-189/189-
294/294-294/294-184 /196
206/206-118/130-189/189-
294/294-289/289-184/184
204/212-113/130-189/189-
273/295-289 /289-184 /202
206/206-118/130-183/194-
299/299-294/294-202 /215
214/224-130/130-183/183-
294/294-289/295-215/215
201/235-113/136-183/189-
277 /294-256 /256-215/215
206/214-113/130-194/201-
273/296-289/289-215/215
204/214-113/130-189/189-
273/295-289/289-184 /202
203/206-118/124-195/211-
294 /294-294/294-195/208
214/224-130/130-195/207-
277/294-294/294-195/214
206/208-118/136-183/189-
273/296-289/289-183 /195
201/235-113/136-183/189-
273/295-294/294-214/214
201/235-118/136-183/189-
273/295-294/294-214/214
204/208-113/118-189/201-
294/294-300/300-214/214
204/212-113/130-189/189-
273/295-289 /289-183 /201
206/206-118/130-183/189-
294/294-289/289-214/214
214/224-113/130-183/183-
294/294-289/289-214/214
206/214-130/130-183/189-
294/294-300/300-183/195
204/214-113/130-189/189-
273/295-300/300-183 /201
201/235-113/136-189/189-
273/295-294/294-214/214
201/235-113/136-183/189-
277/294-294/294-214/214
206/212-118/136-183/183-
294 /294-289 /289-183 /195

K30

K31

K32

K33

K34

K35

K36

K37

K38

K39

K40

K41

K42

K43

K44

K45

K46

K47

K48

K49

K50

K51

K52

K53

K54

K55

204/214-113/130-189/189-
273/295-289/289-195/201
203/206-118/124-195/211-
295/295-271/271-195/208
222/222-113/130-183/201-
296 /296-256 /256-184 /184
206/210-118/130-189/189-
293/293-295/295-195/214
235/235-113/113-195/195-
299/299-289/289-195/201
204/214-113/130-189/189-
273/296-289/289-183/201
206/214-118/130-189/195-
273/296-256/300-208 /214
213/215-113/118-189/189-
273/294-289/300-183/183
204/214-113/130-189/189-
273/295-256/289-183/201
206/214-113/118-183/201-
294/296-289/289-183/183
201/201-113/136-183/189-
277 /294-256 /256-214 /214
215/215-130/130-195/207-
299/299-271/283-195/195
206/206-118/118-189/201-
295/295-271/289-183/214
206/235-113/130-183/195-
300/300-256/256-195/214
214/224-118/136-183/195-
296/296-300/300-195/208
224/224-118/130-195/209-
272/272-300/300-189 /208
206/206-118/118-183/201-
294/296-300/300-195/201
235/235-113/130-195/207-
294/294-289/289-214/214
206/225-118/136-189/201-
294/294-271/295-183/214
212/224-130/136-189/195-
277 /294-294/294-183/183
204/214-130/136-195/195-
294/294-283/303-195/214
201/208-130/136-195/201-
294/296-256/300-214/214
201/235-113/136-183/189-
277 /294-256 /256-214/214
206/224-118/136-189/232-
294/294-271/294-183/214
206/206-118/130-183/195-
294/294-256/256-201/214
208/214-130/130-189/201-
294 /296-256 /256-183 /195
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Table 2. Cont.

Sample ID Molecular ID Sample ID Molecular ID

(Y6-Y12-Y15-Y75-Y91-Y108) (Y6-Y12-Y15-Y75-Y91-Y108)

K27 204/224-118/130-195/209- K56 206/214-130/130-183/201-
271/271-300/300-189 /208 294 /296-256/300-214 /214

K28 205/224-118/130-189/189- K57 208/214-130/136-183/195-
293/293-289/289-195/214 294 /296-256/289-195/195

K29 204/214-113/130-189/189- K58 204/224-118/130-195/209-
273/295-289/289-183 /201 272/272-283/300-189/208

3.5. Cluster Analysis and Analysis of Molecular Variance
3.5.1. Cluster Analysis

Dice similarity coefficients were calculated from the allele presence-absence matrix of
the 18 SSR loci, and UPGMA cluster analysis was performed for the 58 durian accessions.
The accessions showed substantial variation in their SSR allelic profiles. At a Dice similarity
coefficient of approximately 0.42, the accessions were divided into six clusters for descrip-
tive purposes (Figure 5). Cluster I comprised two accessions (K31 and K13); Cluster 11
comprised three accessions (K27, K58, and K45); Cluster III comprised two accessions (K41
and K34); Cluster IV comprised 19 accessions (K37, K26, K49, K10, K52, K40, K25, K17, K24,
K16, K7, K12, K1, K23, K38, K35, K30, K29, and K19); Cluster V comprised nine accessions
(K8, K4, K46, K2, K42, K15, K33, K6, and K5); and Cluster VI comprised 23 accessions (K44,
K32, K11, K39, K3, K18, K53, K48, K28, K20, K21, K9, K14, K50, K51, K47, K54, K43, K36,
K22, K57, K56, and K55).
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Figure 5. A UPGMA dendrogram of 58 durian accessions based on Dice similarity coefficients
calculated from the allele presence-absence matrix of the 18 SSR loci. At a Dice similarity coefficient
of approximately 0.42, the accessions were divided into six clusters for descriptive purposes (Clusters
I-V1, indicated by different colors).

3.5.2. Partitioning of Genetic Variation by AMOVA

Based on the descriptive partitioning of the UPGMA dendrogram, the 58 durian
accessions were divided into six clusters. AMOVA revealed that genetic variation among
clusters accounted for 2% of the total variation, whereas variation among individuals
within clusters and within individuals accounted for 17% and 81%, respectively. The
genetic differentiation coefficient (Fst) among clusters was 0.016 (permutation p = 0.029;
Table 3). When grouped by recorded origin, the single Vietnamese accession was excluded,
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and the remaining 57 accessions were divided into two groups according to their origins:
Malaysia and Thailand. AMOVA results for this grouping showed that variation between
origin groups accounted for 5% of the total variation, while variation among individuals
within groups and within individuals accounted for 17% and 78%, respectively. The Fgr
between the two groups was 0.049 (permutation p = 0.008).

Table 3. Analysis of molecular variance (AMOVA) based on UPGMA clustering and geographic
origin grouping.

Grouping
Criterion

Source

Estimated  Percentage of

df §S MS Variance Variation

Stat Value p

UPGMA-
based

Among
populations
Among
individuals
within
populations
Within
individuals

5 45.932 9.186 0.106 2%

52 387.654 7.455 1.102 17%

58 304.500 5.250 5.250 81% Fst 0.016 0.029

Geographic
origin

grouping

Among
populations
Among
individuals
within
populations
Within
individuals

1 13.463 13.463 0.328 5%

55 411.317 7.478 1.125 17%

57 298.000 5228 5228 78% Fst 0.049 0.008

Note: df, degrees of freedom; SS, sum of squares; MS, mean square; Fst, coefficient of genetic
differentiation among populations. p-values were obtained from 9999 random permutations.

3.6. Population Structure Inferred by STRUCTURE

Mean LnP(K) generally increased with increasing K, although some fluctuations were
observed. According to the Evanno method, AK reached its maximum at K = 8, supporting
eight as the most likely number of genetic clusters for the 58 accessions based on the
18 SSR loci. At K = 8, most accessions were assigned predominantly to a single genetic
cluster, whereas several accessions showed membership in two or more clusters, indicating
varying levels of admixture (Figure 6).
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Figure 6. Population structure analysis of 58 durian accessions using STRUCTURE. (A) Mean LnP(K)
and AK values across K values ranging from 2 to 10. (B) Population structure at K = 8. Each
vertical bar represents an accession, with eight inferred genetic groups indicated by different colors.
Accessions are ordered by their predominant ancestral component and arranged in four rows.
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3.7. Principal Coordinate Analysis

Principal coordinate analysis (PCoA) was performed using the Dice distance matrix
derived from the allele presence—absence matrix of the 18 SSR loci. The first two coordinates
explained 19.74% and 13.17% of the SSR allelic variation, respectively, cumulatively ac-
counting for 32.91% of the total variation. To visualize the distribution of the STRUCTURE-
inferred genetic groups in the PCoA space, accessions were colored according to their
predominant ancestral component assignments at K = 8 (Figure 7).

Principal Coordinates (PCoA)

*  Group I

>§%< m Group I

Group I

E [ ® u .. %\w > Group IV
* il L ] 2 - x  Group V
| N ® Group VI

"" Group VI
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Figure 7. Principal coordinate analysis (PCoA) of 58 durian accessions based on the Dice distance
matrix derived from the allele presence—absence data at 18 SSR loci. Different colors and symbols
denote Groups I-VIII inferred from STRUCTURE at K = 8.

Group I is mainly distributed in the lower part of the plot, Group IV in the upper part,
and Group V in the right region, with these three groups showing some separation from
one another. Groups II, I1I, VI, and VII are mostly located in the left and central regions, with
considerable overlap among them. Group III, consisting of only two accessions, clusters
close to Group II. Groups VI and VII have relatively broad distributions and overlap with
some accessions of Group IL. The three accessions of Group VIII are scattered throughout
the plot.

4. Discussion

Simple sequence repeat (SSR) markers are codominant, highly polymorphic, re-
producible, and widely distributed throughout plant genomes. They have therefore
been widely used for genetic diversity assessment, population structure analysis, cul-
tivar identification, and germplasm management [22-24]. SSR-based identification sys-
tems have been successfully applied in citrus, grapevine, apple, and other horticultural
crops [25-27]. In contrast, molecular marker studies in durian remain relatively limited
and have generally focused on genetic diversity or small germplasm panels, restricting
their application in systematic germplasm evaluation, varietal authenticity testing, and
molecular breeding [28].

The SSR density identified in the durian genome (145.24 loci/Mb) was higher than
the values of 41.2, 49.1, and 74.8 loci/Mb reported for Gossypium hirsutum, G. arboreum,
and G. raimondii, respectively [29]. However, SSR density is influenced by genome as-
sembly quality, detection thresholds, and the definition of compound SSRs. Therefore,
this comparison should be interpreted descriptively rather than as evidence of a strict
interspecific difference. Nevertheless, the large number of loci identified indicates that the
durian genome contains abundant SSR resources for marker development.

The mean PIC of the selected SSR markers (0.6639) was higher than the value of
0.39 reported previously [30]. The relatively high PIC values likely reflect both the marker-
selection process and the allele frequency distribution in the present accession panel.
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Because the 18 loci were selected from 160 candidates based partly on preliminary polymor-
phism, the final marker panel was intentionally enriched for informative loci. In addition,
capillary electrophoresis provided substantially higher allele size resolution than the prelim-
inary agarose gel screening. Whereas agarose electrophoresis may not reliably distinguish
SSR fragments differing by only a few base pairs, capillary electrophoresis enables more
precise fragment sizing and can resolve closely spaced alleles that might otherwise be
scored as the same band. Thus, capillary electrophoresis does not increase the underlying
biological polymorphism, but can provide a more accurate estimate of allele number and
marker informativeness. In addition, the M13-tailed fluorescent labeling strategy reduced
genotyping costs and improved the suitability of the system for large scale analysis [31].
These results show that the present study converted genome-wide SSR resources into a set
of experimentally validated and informative markers for durian germplasm identification
and genetic analysis.

Previous durian SSR systems were developed mainly for genetic diversity analysis and
preliminary fingerprinting. One study developed 67 SSR primer pairs from an SSR-enriched
genomic library and subsequently evaluated 11 of these loci in 17 durian accessions, identi-
fying 40 alleles with a mean PIC value of 0.390 [30]. Another study developed seven primer
pairs from GenBank sequences, of which five were polymorphic, and obtained unique
fingerprints for 21 of 27 Malaysian durian types [32]. In addition, nine SSR loci were used
to analyze 24 Thai cultivars, detecting 21 alleles with PIC values of 0.258-0.535, although
two cultivar pairs remained indistinguishable [13]. In contrast, the present study employed
genome-wide SSR mining and capillary electrophoresis to validate 18 polymorphic loci
and further identified the core SSR marker set that generated unique molecular identity
codes for all 58 accessions in the current panel.

Exhaustive evaluation of all combinations of the 18 polymorphic SSR loci identified
Y6, Y12, Y15, Y75, Y91 and Y108 as the core SSR marker set capable of distinguishing all
58 accessions. The six loci generated 58 unique multilocus genotypes, with a cumulative
PID of 7.99 x 108, The compact size and high discriminatory power observed in the
current panel indicate that this set may provide a cost-effective starting point for routine
genotyping, subject to validation in broader germplasm collections.

Core SSR sets have also been developed for cultivar identification in grapevine, potato,
kernel-used apricot, and mandarin [14,15,33,34]. However, the number of markers required
varies with the genetic relatedness of the materials, the information content of the loci, and
genotyping resolution. Closely related accessions may therefore require more markers than
genetically diverse collections.

The distribution of the six core loci across different chromosomes and the reduction in
discriminatory power after removal of any single locus suggest that these markers provide
complementary information. Further validation in a broader germplasm collection will be
needed before the marker set is applied beyond the present accession panel.

UPGMA analysis based on the 18 SSR loci divided the 58 accessions into six clusters
at a descriptive Dice similarity threshold of approximately 0.42. AMOVA showed that
variation among clusters accounted for only 2% of the total genetic variation, whereas
variation among individuals within clusters and within individuals accounted for 17% and
81%, respectively. Although the among cluster differentiation was statistically significant,
the low Fgt value of 0.016 indicates that the clusters represent differences in SSR profiles
rather than strongly differentiated genetic populations.

When grouped by recorded geographic origin, variation between the Malaysian and
Thai accessions accounted for 5% of the total variation, with an Fgt of 0.049. Most variation
remained within origin groups and within individuals, suggesting that geographic origin
explained only a limited proportion of the genetic differences. Because the two groups
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contained 52 and 5 accessions, respectively, this result should not be generalized to the
broader durian germplasm of Malaysia and Thailand.

STRUCTURE analysis supported K = 8, whereas UPGMA produced six descriptive
clusters. This difference is not contradictory because UPGMA groups accessions according to
pairwise similarity, while STRUCTURE estimates ancestry components and allows for admixed
membership [21,35]. Together with the low among-group variation and the overlap among
groups in the PCoA, these results indicate weak genetic substructure with no clear boundaries
among all inferred groups. Given the limited and geographically unbalanced sampling,
the K = 8 solution should therefore be interpreted as a statistical partition of the analyzed
accession panel and does not necessarily correspond to eight biologically distinct populations.

Previous SSR studies also found incomplete correspondence among durian culti-
var names, geographic origins, and molecular groupings [13,32]. Genome-wide studies
identified different numbers of genetic groups, including three major groups among 114 ac-
cessions analyzed using more than 39 million SNPs [36]. Such differences likely reflect
variation in sample composition, marker density, and analytical resolution. The admixed
ancestry observed in some accessions may be associated with shared parentage, germplasm
exchange, or similar breeding backgrounds, but these possibilities require validation using
pedigree records and genome-wide data.

The core SSR marker set generated unique genotypes for all 58 accessions and showed
concordant genotyping results across independent DNA extractions in the five accessions
included in the preliminary reproducibility assessment. It can support germplasm verifi-
cation, DNA fingerprint database construction, varietal authenticity testing, and nursery
stock management. Compared with morphology-based identification, this molecular sys-
tem provides objective and standardized records that are less affected by environmental
conditions and plant developmental stages. Compared with the full 18-locus panel, the
core SSR marker set reduces genotyping effort and cost.

However, the core SSR marker set was developed and evaluated using the current
panel of 58 accessions. Consequently, the 100% discrimination observed in this study should
be considered specific to the current panel and may not be retained when additional or
more diverse germplasm is included. Moreover, the panel was geographically unbalanced,
comprising 52 Malaysian accessions, 5 Thai accessions, and 1 Vietnamese accession, and
therefore cannot be considered representative of the broader genetic diversity of durian.
Accordingly, the core SSR marker set comprising Y6, Y12, Y15, Y75, Y91, and Y108 should be
regarded as a candidate fingerprinting system for the current panel, and its discriminatory
performance should be validated using larger, geographically broader, and more balanced
germplasm collections before broader application.

In addition, the possible occurrence of null alleles was not explicitly evaluated in this
study. Null alleles may result in allele dropout and apparent homozygosity, potentially
affecting allele frequency estimates and genetic analyses. Although the selected SSR
loci showed stable amplification, future validation should include specific assessment of
null alleles.

5. Conclusions

This study identified 106,776 SSR loci in the durian reference genome and screened
18 stable and polymorphic SSR primer pairs from 160 candidates. Across 58 durian acces-
sions, these loci detected 142 alleles, with a mean PIC of 0.6639, demonstrating their high
informativeness for genetic diversity analysis. Exhaustive combination analysis identified
the core SSR marker set comprising Y6, Y12, Y15, Y75, Y91 and Y108. This marker set
generated a unique multilocus genotype for each accession and enabled the construction of
DNA fingerprints and molecular identity codes. Genetic analyses showed that most varia-
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tion occurred within individuals and among individuals within groups, whereas recorded
geographic origin explained only a small proportion of the variation in the present panel.
These results provide a promising and compact marker framework for durian germplasm
identification, fingerprint database construction, and accession management within the
analyzed accession panel, warranting validation in larger, geographically broader, and
more balanced germplasm collections before broader application.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /horticulturae12091145/s1. Figure S1: Complete synthetic gel
profiles of 58 durian accessions at the six core SSR loci; Table S1: Information of the 58 durian
accessions, including accession codes, cultivar names, and geographic origins. Table S2: Nucleotide
sequences of the 18 SSR primers used for capillary electrophoresis; Table S3: SSR allele genotypes of
the 58 durian accessions.
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