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Abstract 

Kam Sweet Rice (KSR), a distinctive group of glutinous rice landraces, has evolved 

over millennia through agro-ecological adaptation by the Dong ethnic group in the 

'He' cultivation zone of Southeast Guizhou, China. This study examined the genetic 

diversity of 388 glutinous rice landraces from the region, comprising 325 KSR and 

63 non-KSR varieties, using Simple Sequence Repeat (SSR) sequencing. Results 

revealed that non-KSR germplasm exhibited significantly higher genetic diversity than 

KSR germplasm. Collectively, diversity patterns were strongly shaped by the numer-

ical predominance of genetically similar KSR germplasms, resulting in an uneven 

distribution of genetic diversity between KSR and non-KSR groups. Five strategies 

were applied to construct and evaluate core collections (see Methods for full details). 

Among them, the simulated annealing algorithm (SA)-based Allelic Richness Maximi-

zation Strategy (SANA) (20% sampling intensity) demonstrated superior performance 

in preserving genetic diversity, except for the number of alleles (Na) and observed 

heterozygosity (Ho), where the Modified Heuristic Sampling (M-HS) strategy (13.66% 

sampling intensity) performed better at lower sampling intensities. By optimizing both 

approaches, a core collection of 65 germplasms was established, capturing 90.86% 

of alleles and retaining key genetic parameters. This core set effectively represents 

the genetic diversity of the entire collection, providing a strong foundation for future 

germplasm innovation and utilization.

Introduction

Glutinous rice (Oryza sativa), known for its sticky texture, plays an important role in 
the dietary and cultural traditions in East and Southeast Asia, contributing to what 
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has been termed the "Glutinous Rice Cultural Zone" [1]. The southern mountainous 
region of Qiandongnan Miao and Dong Autonomous Prefecture(QDN) in Guizhou 
province, China, represents a significant area for glutinous rice cultivation. Local 
ethnic minorities have traditionally depended on glutinous rice as a staple food, 
developing a distinctive cultural tradition centered on this crop. The Dong people, 
in particular, have developed and maintained ecological rice varieties known as 
'He', which have adapted to the region's mountainous climate through a combination 
of natural domestication and over a thousand years of artificial selection [2,3].

The cultivation of 'He' rice is primarily concentrated in the border region of 
Guizhou, Hunan, and Guangxi provinces, with the largest planting areas located in 
Congjiang, Liping, and Rongjiang counties of Guizhou. This distribution formed a dis-
tinct 'He' cultivation zone, where glutinous varieties dominate [4]. Local Dong people 
named this glutinous rice "Oux Yag" in their native language, and is internationally 
referred to as "Kam Sweet Rice" [5]. Kam Sweet Rice (KSR) is prized for its favorable 
agronomic and culinary traits, including a rich, mellow aroma, high stickiness, cold 
tolerance, and resistance to pests and diseases [3]. Later, the Food and Agriculture 
Organization of the United Nations (FAO) has recognized KSR as a specialty rice of 
global significance [6]. Besides the wide range of KSR varieties, the 'He' rice Cul-
tivation Zone in Guizhou is also a home to diverse array of non-KSR glutinous rice 
landraces. These two groups differ not only in name but also in both harvesting and 
post-harvest processing. For example, KSR varieties are difficult to thresh under 
natural conditions and require traditional milling methods, specifically, the use of 
mortar and pestle, to effectively remove husk. In contrast the non-KSR varieties are 
relatively easy to thresh using conventional methods [7].

Genetic resources are a vital component of biodiversity, forming the foundation 
for agricultural productivity, resilience, and adaptability. They play a crucial role in 
promoting sustainable agricultural development and ensuring global food security [8]. 
To improve the management and utilization of large germplasm resources, Frankel 
et al. [9] proposed the concept of a core collection, a subset designed to capture the 
genetic diversity of the entire collection using the smallest number of representa-
tive samples. Brown et al. [10] demonstrated that for germplasm collection exceeds 
3,000 accessions, sampling 10% of the total can retain around 70% of the overall 
genetic diversity. Typically, core collections are developed using 5% to 30% of the 
original collection, a range shown to be effective for preserving genetic variation and 
improving the efficiency of resource use [11,12]. The optimal sampling proportion 
depends on factors such as the total population size, the level of genetic diversity, 
and the specific sampling strategy used [13]. Various strategies have been developed 
to construct core collections based on different objectives. For example, Maximiza-
tion (M strategy) [14], Allele Coverage (CV) [15], and simulated annealing algorithm 
(SA)-based strategies have been adopted: one maximizing allelic richness (SANA) 
for allele representation, and the other maximizing genetic diversity (SAGD) for 
genetic diversity optimization [16]. Additionally, the A-NE strategy is used to optimize 
the average genetic distance between germplasm and the closest core set entry [17]. 
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These strategies with appropriate weighting can help achieve both comprehensive allele representation and high genetic 
diversity in core collections [18,19].

Accurate assessment of genetic diversity is critical for the effective construction of core collections [20]. Compared 
to traditional phenotypic assessment, molecular marker-based approaches offer distinct advantages. They are not influ-
enced by environmental conditions and more accurately reflect the inherent genetic variation within germplasm, provid-
ing a reliable basis for core collection development [21]. Among molecular markers, Simple Sequence Repeats (SSRs), 
short tandem repeat sequences widely distributed throughout plant genomes, are particularly valuable due to their high 
polymorphism, co-dominant inheritance, reproducibility, and ease of use [22,23]. However, traditional SSR detection 
techniques, which rely mainly on electrophoresis, are limited in resolution and accuracy because they only measure 
fragment length and lack detailed sequence information [24]. The Advent of Next-Generation Sequencing (NGS) technol-
ogy has enabled the development of SSR sequencing, which integrates SSR markers with high-throughput sequencing. 
This approach allows for precise detection of SSR repeat units, allele frequency, and relative abundance, thereby signifi-
cantly improving resolution and accuracy [25,26]. Unlike traditional methods, SSR sequencing enhances the detection of 
allelic variation and reveals greater levels of genetic polymorphism [27]. This technology has been successfully applied in 
genetic studies of various crop germplasm resources, including cucumber [26], radish [28], and Camellia oleifera [27].

In this study, we analyzed and compared the genetic diversity of Kam Sweet Rice (KSR) and non-KSR glutinous rice 
collected from the 'He' cultivation zone Qiandongnan (QDN) region. Based on SSR sequencing, we constructed a core 
collection of glutinous rice using different strategies. These findings provide important insights into the genetic structure 
of glutinous rice in the 'He' cultivation zone and offer a valuable reference for developing core collections using integrated 
strategies frameworks.

Materials and methods

Rice materials

A total of 388 glutinous rice germplasm samples, including 325 KSR and 63 non-KSR glutinous rice landraces, were 
collected from the 'He' cultivation zone by the Qiandongnan Miao and Dong Autonomous Prefecture Academy of Agri-
cultural Sciences in Guizhou Province, China (S1 Table). Among them, 223 accessions originated from Liping County, 
150 from Congjiang County, and 11 from Rongjiang County in Guizhou Province, while four accessions were collected 
from Sanjiang County, Guangxi Province. Fig 1 shows the geographic distribution of the sampling sites at the provincial 
and county levels. In addition, four representative indica (9311, Minghui 63, IR50, Huanghuazhan) and japonica varieties 
(Nipponbare, Daohuaxiang, Wuyujing 3, Koshihikari) were used as controls for clustering to inaugurate indica-japonica 
differentiation.

DNA extraction and quality control

For each sample, ten seeds from a single panicle of each landrace were germinated under controlled indoor conditions. 
Fresh leaf tissue (20 mg) was collected from each sample, ground in liquid nitrogen, and genomic DNA was extracted 
using the DNA secure Plant Kit (Tiangen Biotech, China). DNA concentration and purity were evaluated using a NanoDrop 
2000 spectrophotometer (Thermo Scientific, USA), with acceptable samples showing OD260/280 values between 1.7 and 
1.9, and OD260/230 values above 2.0. DNA integrity was confirmed via agarose gel electrophoresis.

SSR primer screening and genotyping

Initially, 348 SSR markers distributed across the 12 rice chromosomes [29,30] were assessed for suitability in 
SSR sequencing. Selection criteria for optimal markers includes: (1) repeat units of at least 3 bp; (2) avoidance of 
homopolymer-rich sequences (e.g., only GC or AT); (3) no nearby SSR loci within the flanking region; and (4) fewer than 
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10 repeat units. Based on preliminary bioinformatics analysis, 80 SSR markers were deemed suitable. Further screening 
prioritized marker polymorphism and even chromosomal distribution, resulting in the selection of 37 SSR primer pairs (see 
S2 Table).

Genotyping was employed using SSR sequencing technology on the Illumina HiSeq 4000 platform (paired-end 
2 × 150 bp) [27] by Genesky Biotechnologies Inc. (Shanghai, China). The 37 SSR markers were grouped into two multi-
plex PCR panels (18 or 19 markers per panel). Amplicons from each panel were pooled based on fragment intensity and 
count, with standard and GC-rich PCR systems processed in parallel. Following initial amplification, Index PCR added 
sample-specific barcodes. Indexed amplicons were pooled, gel-purified, and verified using an Agilent 2100 Bioanalyzer 
(Illumina, San Diego, CA, USA). Raw sequencing reads were first assessed using FastQC to evaluate base quality scores 
and nucleotide composition. Paired-end reads were merged using FLASH, and only successfully merged sequences 
were retained for subsequent analyses. The merged reads were then aligned to primer-captured reference sequences 

Fig 1.  Geographic distribution of sampling counties for glutinous rice germplasms in the 'He' cultivation zone of Southwest China.  (A) Loca-
tion of Qiandongnan Miao and Dong Autonomous Prefecture (pink, Guizhou Province) and Liuzhou City (orange, Guangxi Province). (B) Distribution of 
the four sampling counties, including Liping, Congjiang, and Rongjiang Counties in Qiandongnan Prefecture (Guizhou Province), and Sanjiang County in 
Liuzhou City (Guangxi Province). Maps were created with ArcGIS Pro 3.6.0. The administrative boundary data were obtained from the GADM database 
(https://gadm.org/).

https://doi.org/10.1371/journal.pone.0343623.g001

https://gadm.org/
https://doi.org/10.1371/journal.pone.0343623.g001
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using BLASTn, and only high-confidence, locus-specific reads were defined as effective reads and used for genotyping. 
For each sample and SSR locus, the number of effective reads was calculated to ensure adequate sequencing depth. 
To further evaluate the specificity and efficiency of target locus enrichment, merged reads were aligned to the reference 
genome using BLASTn, and the proportion of reads mapping to target regions was calculated. Potential genotyping 
errors, including allele dropout, PCR stutter interference, and null alleles, were assessed indirectly based on read depth 
distribution, locus-specific missing rates, and allelic read count balance within heterozygous genotypes. Loci or samples 
showing extremely low effective read counts, excessive missing data, or highly unbalanced allelic read proportions were 
excluded from downstream analyses to reduce the influence of unreliable genotypes. Allele frequencies and allele counts 
were then calculated from the filtered dataset to generate the final SSR genotyping matrix for subsequent population 
genetic analyses.

Construction of core collections

Five sampling strategies were used to construct preliminary core collections based on SSR data: (1) Modified Heuristic 
Sampling (M-HS) Strategy (PowerCore v1.0) [31]: Uses a modified heuristic algorithm to reduce redundancy and capture 
100% of allele diversity without manual sampling ratio adjustment, (2) SANA Strategy (PowerMarker v3.25) [16]: Sim-
ulated annealing algorithm (SA) that maximizes allele richness, (3) A-NE Strategy and (4) E-NE Strategy (Core Hunter 
v3.0) [17,32]: Optimize average (A-NE) and extreme (E-NE) genetic distances, using the Modified Rogers distance, and 
(5) CV Strategy (Core Hunter v3.0) [15]: Focuses on maximizing allele coverage with minimal sample size [33]. While the 
M-HS strategy determines the sampling ratio automatically, the other four strategies were evaluated at fixed sampling 
proportions of 5%, 10%, 15%, 20%, 25%, and 30%.

Data analysis

Genetic diversity parameters, including the number of alleles (Na), effective alleles (Ne), Shannon's information index 
(I), observed heterozygosity (Ho) and expected heterozygosity (He) were analyzed using GenAlEx v.6.51b2 software 
[34]. The major allele frequency (MAF), polymorphism information content (PIC), and fixation index (F) were analyzed 
using PowerMarker v.3.25 software [16]. The Shapiro-Wilk test was used to evaluate the normality of the genetic diversity 
parameters. The results indicated that all genetic diversity parameters significantly (P < 0.01) deviated from normality in 
both the entire germplasm collection and KSR. Therefore, the Mann-Whitney U test (SPSS version 27; IBM, Armonk, NY, 
USA) was used to assess differences between KSR and non-KSR groups, and between the core collection and the full 
germplasm set. Retention rate was calculated as the mean of locus-wise parameter values in the core collection divided 
by the mean of locus-wise parameter values in the whole collection (37 loci). Population genetics parameters, including 
intra-population inbreeding coefficient (Fis), total inbreeding coefficient (Fit), population differentiation index (Fst), and 
gene flow (Nm), were calculated using Popgene v1.32 [35]. AMOVA (Analysis of Molecular Variance) was conducted 
using Arlequin v3.5.2.2 [36].

Clustering analysis based on Nei's genetic distance was performed using the UPGMA method in PowerMarker v3.25, 
and visualized using Evolview [37]. Population structure analysis was carried out using STRUCTURE v2.3.4 [38], with a 
burn-in of 10,000 iterations and 50,000 MCMC replications. The number of subpopulations (K) ranged from 1 to 11, with 
10 replicates per K. STRUCTURE HARVESTER v0.6.91 [39] was used to determine the optimal K using the ΔK method. 
Q-values were averaged across replicates using CLUMPP v1.1.2 [40]. Individuals with Q ≥ 0.6 were assigned to a specific 
group; those with all Q-values < 0.6 were designated as admixed or unassigned. To evaluate core collection representa-
tiveness, six genetic parameters (Na, Ne, I, Ho, He, and PIC) were compared between core subsets and the full collec-
tion. Principal Coordinate Analysis (PCoA) was also conducted using GenAlEx v6.51b2 to visualize genetic relationships 
and confirm the genetic representativeness of the core collections.
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Results

Genetic diversity based on SSR sequencing

A genetic diversity analysis was conducted on 388 glutinous rice germplasms from the 'He' cultivation zone using 37 
SSR markers derived from SSR sequencing (Table 1). In total 186 alleles were identified across all loci. The number 
of alleles per locus (Na) ranged from 2 to 16, with an average 5.0. This number for Ne ranged from 1.0536 to 6.4317 
(mean = 1.8453). The index I, reflecting allele distribution uniformity and evenness, ranged from 0.1554 to 2.1573, aver-
aging 0.6970. MAF values ranged from 0.2964 to 0.9741 (mean = 0.7663), higher values indicating the dominance of 
certain alleles across the population. Ho ranged from 0.0026 to 0.5902, averaging 0.0406, while He ranged from 0.0509 to 
0.8445 (mean = 0.3442). PIC values ranged from 0.0505 to 0.8291, averaging 0.3166. Overall, the Na and I values reflect 
allelic variation across loci, whereas the relatively high MAF and low Ho (and comparatively lower He) indicate skewed 
allele-frequency distributions and low heterozygosity, as expected in a predominantly self-pollinating crop such as rice.

A comparative analysis of genetic diversity between KSR and non-KSR germplasms is summarized in Table 1, S3 
and S4 Tables. There was no significant difference in Na between the KSR and non-KSR groups (Table 1). However, 
non-KSR germplasms showed significantly higher Ne (1.3463 [1.3087–1.9385] vs. 1.2268 [1.1905–1.9059]; P = 0.0001), I 
(0.4938 [0.4007–0.8150] vs. 0.3851 [0.2972–0.7444]; P = 0.0002), and He (P < 0.001), along with significantly lower MAF 
(0.8544 [0.6671–0.8634] vs. 0.8969 [0.6841–0.9123]; P = 0.0002). Notably, Ho was lower in both groups. The number 
of highly polymorphic sites (PIC ≥ 0.50) were greater in non-KSR (12) than in KSR (7). Moderately polymorphic sites 
(0.25 ≤ PIC < 0.50) were 19 in non-KSR and 6 in KSR (S3 and S4 Tables). These loci accounted for 83.78% and 35.14% 
of all markers in non-KSR and KSR, respectively. Overall, non-KSR accessions exhibited significantly higher with-group 
diversity (Ne, I, He and PIC) than KSR, indicating that panel-level diversity estimates are strongly influenced by the 
numerical predominance and lower within-group diversity of KSR accessions in this regional collection.

Genetic population structure

UPGMA clustering analysis divided 388 glutinous rice germplasms and eight reference varieties (4 indica and 4 japon-
ica) into two major genetic clusters corresponding to the indica and japonica groups (Fig 2A). One cluster comprises all 
4 japonica reference varieties and 335 landraces, while the other contains 4 indica reference varieties and 53 landraces. 
Japonica glutinous rice dominates the 'He' cultivation zone, comprising 86.3% of the total. Differences were observed 

Table 1.  Genetic diversity analysis of 388 glutinous rice germplasm using SSR sequencing.

Parametersa Overallb

(n = 388)
KSRc

(n = 325)
non-KSRc

(n = 63)
Pd

Na 5.0 (2-16) 4(2-6) 4(3-6) 0.6749

Ne 1.8453(1.0536-6.4317) 1.2268(1.1905-1.9059) 1.3463(1.3087-1.9385) 0.0001

I 0.6970(0.1554-2.1573) 0.3851(0.2972-0.7444) 0.4938(0.4007-0.8150) 0.0002

MAF 0.7663(0.2964-0.9741) 0.8969(0.6841-0.9123) 0.8544(0.6671-0.8634) 0.0000

Ho 0.0406(0.0026-0.5902) 0.0123(0.0092-0.0248) 0.0129(0.0103-0.0289) 0.0278

He 0.3442(0.0509-0.8445) 0.1849(0.1600-0.4753) 0.2572(0.2359-0.4841) 0.0001

PIC 0.3166(0.0505-0.8291) 0.1722(0.1472-0.3826) 0.2383(0.2081-0.3937) 0.0001
a Na: Number of alleles; Ne: Effective number of alleles; I: Shannon's information index; MAF: Major allele frequency; Ho: Observed heterozygosity; He: 
Expected heterozygosity; PIC: Polymorphic information content.
b Mean(Minimum-Maximum).
c Median(interquartile range).
d P from Mann-Whitney U tests comparing locus-wise parameter values(37 loci) between KSR and non-KSR groups.

https://doi.org/10.1371/journal.pone.0343623.t001

https://doi.org/10.1371/journal.pone.0343623.t001
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between KSR and non-KSR germplasm types. Among non-KSR samples, 25 were indica and 38 were japonica out of 63. 
In contrast, 91.4% of KSR varieties (297 out of 325) belonged to the japonica group (Fig 2B), in agreement with previous 
findings [2].

STRUCTURE analysis further confirmed the population structure. Structure Harvester analysis revealed ΔK value 
trends as K increased from 1 to 11, with a significant ΔK peak occurring at K = 2 (Fig 3A), indicating that the 388 glutinous 
rice germplasm resources could be categorized into two distinct subpopulations based on genetic structure. The hierarchi-
cal genetic structure analysis with K = 2 resulted in one subpopulation of 332 germplasms and another of 53 germplasms 
(Fig 3B). Among these germplasms, Niumaohe, Dongsui, and Gaicaohe (with Q-values < 0.6; S5 Table) exhibited admixed 
ancestry and were not assigned to either subpopulation. Comparing results from the Bayesian model-based STRUCTURE 
analysis with UPGMA clustering analysis based on Nei's genetic distance revealed that 385 rice germplasms showed 
completely consistent groupings, except for three KSR germplasms (Niumaohe, Dongsui, and Gaicaohe).

Construction of core collections

Five strategies such as M-HS, SANA, A-NE, E-NE, and CV, were used to construct primary core collection from 388 gluti-
nous rice germplasms based on SSR sequencing. The M-HS strategy automatically selected 53 accessions (13.66%) as 
core subset. The other sampling strategies such as SANA, A-NE, E-NE, and CV generated subset at six sampling intensi-
ties (i.e., 5%, 10%, 15%, 20%, 25%, and 30%), respectively, resulting in core sets of 19–116 accessions (Table 2).

Comparison of different methods for core collection construction

To evaluate the representativeness, genetic diversity parameters (i.e., Na, Ne, I, He, Ho, and PIC) were compared 
between 25 subsets and the entire collection (Table 2). The M-HS strategy core subset did not show any significant differ-
ences in Na and Ho, but did differ significantly (P < 0.01) in Ne, I, He and PIC at 13.66% sampling intensity. For the SANA 
strategy, subsets at 5% and 10% sampling intensities showed significant differences (P < 0.01) in Na and/or Ho. However, 
subsets with 15% to 30% sampling intensities exhibited no significant (P > 0.05) differences across all six genetic diversity 
parameters. In contrast, core subsets generated via A-NE and E-NE strategies at various sampling intensities showed sig-
nificant difference from the entire collection. Among CV strategy subsets, only the 30% sampling intensity subset showed 
no significant difference.

Fig 2.  UPGMA clustering of glutinous rice germplasms (4 indica and 4 japonica reference controls). (A) UPGMA clustering diagram of 388 gluti-
nous rice germplasms alongside 8 indica/japonica references. (B) The indica/japonica composition in KSR and non-KSR germplasms.

https://doi.org/10.1371/journal.pone.0343623.g002

https://doi.org/10.1371/journal.pone.0343623.g002
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Genetic diversity retention rates for representative core subsets are shown in Table 3. The CV strategy core subset 
(30% sampling intensity) demonstrated retention rates of 100% (Na), 106.54% (Ne), 108.39% (I), 115.72% (Ho), 108.89% 
(He), and 108.44% (PIC), with the higher sampling intensity more effectively capturing the diversity concentrated in the 
entire collection. The SANA strategy core subset (20% sampling intensity) showed over 100% genetic diversity for Ne, 
I, He, and PIC, but lower retention Na (85.48%) and Ho (96.13%). The M-HS strategy achieved 100% Na and 115.04% 
Ho retention at 13.66% sampling intensity, showing no significant difference in these parameters compared to the entire 
collection (Table 3).

Although several single-strategy core subsets showed no significant differences from the entire collection, they gen-
erally required relatively high sampling intensities to achieve overall representativeness (e.g., SANA at ≥15% and CV at 
30%). In contrast, the M-HS strategy achieved complete allelic richness (Na) retention at a much smaller sampling inten-
sity (13.66%) but still differed from the entire collection in other diversity parameters. Therefore, no single strategy simul-
taneously satisfied high Na coverage, overall representativeness across diversity parameters, and a practical core size. 
To address this trade-off, we used the above comparative results to guide a results-driven optimization (Fig 4). Based on 
the observed differences among strategies in allelic richness retention, overall diversity representativeness, and sampling 
efficiency, we prioritized candidate solutions that integrated complementary strengths across these evaluation criteria. 
Multiple alternative core sets were then compared within a reduced candidate space to identify statistically acceptable and 

Fig 3.  Population genetic structure analysis of 388 glutinous rice germplasms. (A) Estimation of the optimal K value based on ΔK analysis. (B) 
Inferred population structure of 388 samples at K = 2, where each vertical bar represents an individual sample. The numbers in parentheses indicate that 
1 denotes non-KSR and 2 denotes KSR. Colors indicate genetic clusters (green for subpopulation Ⅰ and red for subpopulation Ⅱ), with segment lengths 
proportional to membership probabilities (Q-values).

https://doi.org/10.1371/journal.pone.0343623.g003

https://doi.org/10.1371/journal.pone.0343623.g003
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sampling-efficient solutions. Candidate core sets were evaluated against the entire collection using Mann–Whitney U tests 
for Na, Ne, I, Ho, He, and PIC, together with diversity retention rates. Core sets showing no significant differences across 
all parameters were considered acceptable, and when multiple candidates met this criterion, lower sampling intensity was 
prioritized while maintaining high Na retention. The final selection was further interpreted in light of population composition 
to avoid adding redundant accessions with limited contribution to overall diversity.

Optimized construction strategy for the final core collection

Based on the optimization framework described above, we combined two preliminary subsets to form an enriched can-
didate pool for final core selection: 120 germplasms in total, selected from the M-HS (53) and SANA (77) strategies. Ten 
germplasms (Heironghe, Goubadang, Zaogaonuo, Heimaohe, Goulieshibei, Huangmaozaohan, Liuyuegu, Zhuyanuo-2, 
Nuopanggu, and Shuba) were common to between the two, while 110 germplasms were unique. From the established 
ten core sets, Core set 1 was generated using the M-HS strategy based on the 110 unique accessions, yielding 49 unique 

Table 2.  Comparison of Genetic diversity parameters between primary core subsets compared with the entire collection.

Method Sampling Ratio Naa Nea Ia Hoa Hea PICa

Whole collection 100.00% 4 1.3463 0.4938 0.0129 0.2572 0.2383

M-HS 13.66% 4 1.9181** 0.7742** 0.0192 0.4786** 0.3904**

SANA 5.00% 2** 1.4979 0.5367 0.0000** 0.3324 0.2772

10.00% 3 1.4077 0.5144 0.0000** 0.2896 0.2554

15.00% 3 1.3484 0.5156 0.0175 0.2584 0.2329

20.00% 3 1.4316 0.6115 0.0130 0.3015 0.2854

25.00% 3 1.3525 0.5280 0.0206 0.2607 0.2493

30.00% 3 1.3226 0.4842 0.0087 0.2439 0.2247

A-NE 5.00% 2** 1.3623 0.4362 0.0000* 0.2659 0.2306

10.00% 3 1.5321 0.5315 0.0263* 0.3473 0.2870

15.00% 3 1.7185** 0.6622* 0.0172 0.4181** 0.3428**

20.00% 3 1.8410** 0.7441** 0.0260* 0.4568** 0.3755**

25.00% 4 1.8363** 0.7624** 0.0309** 0.4554** 0.3891**

30.00% 4 1.9093** 0.7929** 0.0259** 0.4763** 0.4032**

E-NE 5.00% 3* 2.0570** 0.8570** 0.0526 0.5139** 0.4254**

10.00% 3 2.0870** 0.8629** 0.0263 0.5208** 0.4453**

15.00% 3 2.0867** 0.8622** 0.0345** 0.5208** 0.4450**

20.00% 4 2.1048** 0.8676** 0.0263** 0.5249** 0.4342**

25.00% 4 2.0118** 0.8344** 0.0309** 0.5029** 0.4217**

30.00% 4 1.8715** 0.7808** 0.0330** 0.4657** 0.3998**

CV 5.00% 3 2.2192** 0.8676** 0.0000 0.5494** 0.4479**

10.00% 4 1.9295** 0.7737** 0.0270* 0.4817** 0.4003**

15.00% 4 1.7133** 0.6679* 0.0192** 0.4163** 0.3459*

20.00% 4 1.7535* 0.7189* 0.0260* 0.4297* 0.3674*

25.00% 4 1.5988* 0.6462 0.0235** 0.3745* 0.3239*

30.00% 4 1.4394 0.5804 0.0174 0.3053 0.2728

Abbreviations for all parameters are consistent with those listed in Table 1.
aData in the table represent median values across (37 SSR loci). *P < 0.05 and **P < 0.01 indicate significance based on Mann-Whitney U tests compar-
ing locus-wise parameter values between primary core subsets and the entire collection. As only medians are shown for brevity, significant differences 
may occur even when medians are similar.

Bold values indicate that there are no significant differences between the core subsets and the entire collection across the six parameters.

https://doi.org/10.1371/journal.pone.0343623.t002

https://doi.org/10.1371/journal.pone.0343623.t002
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accessions, to which the 10 shared accessions were added (total n = 59). Core Sets 2–10 were developed using the 
SANA strategy with incremental sampling intensities (10%–90% of the 110 unique accessions), with the same 10 shared 
accessions added back to each set (Table 4).

Diversity parameters for all core sets are summarized in Table 4. Among the ten optimized core sets, only Core sets 6 
and 9 showed no significant differences (P > 0.05; Mann–Whitney U test) from the entire collection across all six genetic 
diversity parameters (Na, Ne, I, Ho, He, and PIC) and were therefore considered acceptable candidates. Both core sets 
also showed allele coverage above 90% and retention rates above 100% for Ne, I, Ho, He, and PIC (Table 5) outperform-
ing most preliminary core subsets (Tables 3 and 5). The two acceptable candidates differed in sampling efficiency and Na 
retention: Core set 6 achieved 16.75% sampling intensity with 90.86% Na retention, whereas Core set 9 required a higher 

Table 3.  Genetic diversity retention rates for representative core germplasm subsets.

Method Sampling Ratio Na Ne I Ho He PIC

CV 30.00% 100.00% 106.54% 108.39% 115.72% 108.89% 108.44%

SANA 15.00% 80.11% 101.23% 98.64% 108.92% 100.39% 99.89%

20.00% 85.48% 103.21% 105.33% 96.13% 108.65% 107.43%

25.00% 84.95% 98.42% 97.56% 91.53% 98.75% 98.38%

30.00% 85.48% 98.51% 97.11% 95.81% 97.53% 97.68%

M-HS 13.66% 100.00% NAa NAa 115.04% NAa NAa

Abbreviations of all parameters are consistent with those listed in Table 1.
aNA indicates values excluded from analysis due to lack of meaningful interpretation, as these parameters indicates significant differences (p < 0.01) from 
the entire collection presented in Table 1.

Bold values indicate the superior core subsets based on genetic diversity retention rates.

https://doi.org/10.1371/journal.pone.0343623.t003

Fig 4.  Results-driven workflow for identifying the final core germplasm collection.

https://doi.org/10.1371/journal.pone.0343623.g004

https://doi.org/10.1371/journal.pone.0343623.t003
https://doi.org/10.1371/journal.pone.0343623.g004
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sampling intensity(25.26%) but retained 97.85% of Na. Considering that non-KSR accessions exhibited significantly 
higher within-group diversity (Ne, I, He and PIC) than KSR, and that panel-level diversity estimates in this regional collec-
tion are strongly influenced by the numerical predominance and lower within-group diversity of KSR accessions, increas-
ing sampling intensity primarily tends to add redundant KSR genotypes, thereby offering limited additional contribution to 
overall diversity representation. Therefore, among the two acceptable candidates, we selected the more sampling-efficient 
Core set 6 as the final core collection.

PCoA analysis further confirmed that the core sets 6 and 9 reflected the genetic structure of the entire glutinous rice 
population, with even distribution across principle coordinates (Fig 5). Based on sampling efficiency, genetic diversity 
parameters, and population structure representation, Core set 6 comprising 65 germplasms (S6 Table), was determined to 
be the optimal core collection for the 'He' cultivation zone.

Discussion

Genetic resources are the foundation of crop improvement, with genetic variation directly affecting breeding outcomes. 
Historic breakthroughs in rice breeding, such as the "Green Revolution" and hybrid rice development, stemmed from 

Table 4.  Genetic diversity parameters for different optimized core sets compared with the entire collection.

Core set code Optimization strategy Core set size Sampling Ratio Na Ne I Ho He PIC

Whole collection 388 100.00% 4 1.3463 0.4938 0.0129 0.2572 0.2383

Core set 1 M-HSa 49 + 10b 15.21% 4 1.9840** 0.8026** 0.0172 0.4960** 0.4028**

Core set 2 SANAa & 10% 11 + 10 b 5.41% 3 1.9417** 0.6829** 0.0000* 0.4850** 0.3698**

Core set 3 SANAa & 20% 22 + 10 b 8.25% 3 1.8737** 0.8047** 0.0313 0.4663** 0.4156**

Core set 4 SANAa & 30% 33 + 10 b 11.08% 3 1.7018** 0.7128* 0.0233 0.4124** 0.3669*

Core set 5 SANAa & 40% 44 + 10 b 13.92% 3 1.7071** 0.7517* 0.0185 0.4142** 0.3800*

Core set 6 SANAa & 50% 55 + 10 b 16.75% 3 1.5305 0.6838 0.0154 0.3466 0.3087

Core set 7 SANAa & 60% 66 + 10 b 19.59% 4 1.6370* 0.7129* 0.0133 0.3891* 0.3557*

Core set 8 SANAa & 70% 77 + 10 b 22.42% 4 1.5780* 0.6781* 0.0230 0.3663* 0.3490*

Core set 9 SANAa & 80% 88 + 10 b 25.26% 4 1.5209 0.6242 0.0108 0.3425 0.3016

Core set 10 SANAa & 90% 99 + 10 b 28.09% 4 1.6183* 0.6949* 0.0183 0.3821* 0.3410*

Abbreviations for all parameters are consistent with those listed in Table 1.
a M-HS strategy and SANA strategy were applied to 110 samples not shared between the two core subsets constructed using the SANA strategy with a 
20% sampling intensity and the M-HS strategy.
b values before and after '+' represent number obtained from each optimization strategy based on 110 samples and the common number for both core 
subsets using the SANA strategy with a 20% sampling intensity and the M-HS strategy.

*P < 0.05 and **P < 0.01 indicate significance based on Mann-Whitney U tests comparing locus-wise parameter values between the optimized core sets 
and the entire collection.

Values in bold indicate that the optimized core sets did not differ significantly from the entire collection across six parameters.

https://doi.org/10.1371/journal.pone.0343623.t004

Table 5.  Genetic diversity retention rates of core set 6 and 9.

Core Set code Sample size Sampling Ratio Na Ne I Ho He PIC

Core set 6 65 16.75% 90.86% 117.61% 116.10% 102.63% 118.42% 117.32%

Core set 9 98 25.26% 97.85% 113.50% 115.41% 104.16% 116.57% 115.72%

Abbreviations for all parameters are consistent with those listed in Table 1.

https://doi.org/10.1371/journal.pone.0343623.t005

https://doi.org/10.1371/journal.pone.0343623.t004
https://doi.org/10.1371/journal.pone.0343623.t005
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discovery and utilization of key genetic resources [41,42]. Despite their importance, the vast volume of genetic resources 
poses challenges for their effective conservation and utilization [43]. Preserving and harnessing effective genetic diversity 
remains essential for maximizing their breeding potential.

Kam Sweet Rice (KSR), primarily grown in the mountainous regions of southeastern Guizhou, represent a unique 
group of glutinous rice landraces. Beyond its value as a genetic resource, KSR is a culturally embedded landrace 
closely tied to the cultural identity and traditional livelihoods of the Dong people. This cultural embeddedness supports 
its continued on-farm cultivation and maintenance [2,3]. Introduced during the Dong people migration, KSR possess 
a distinct genetic background compared to other Guizhou landraces [2]. In this study, 325 KSR and 63 non-KSR rice 
landraces from the 'He' cultivation zone were collected and preserved by the Qiandongnan Agriculture Science Insti-
tute [44] representing the genetic diversity characteristic of this region. The genetic diversity observed in this study 
is consistent with previous SSR-based analyses of glutinous rice landraces in southwest China, while also revealing 
clear regional and population-specific differences. For instance, a SSR-based study on glutinous rice landraces and 
promoted cultivated varieties in Tengchong, Yunnan reported an average of 4.6 alleles per locus, a mean I of 0.398 
and PIC values spanning 0.26–0.84, providing a useful regional reference for diversity estimates [45]. In contrast, 
a large-scale analysis of KSR from southeast Guizhou reported low within-group diversity and heterozygosity and 
suggested that KSR may represent a highly stabilized landrace group with a distinct genetic background [46]. Our 
results are consistent with these observations: non-KSR landraces in the 'He' cultivation zone exhibited higher diver-
sity than KSR, whereas KSR accessions were more genetically similar and numerically predominant. Clustering and 
genetic structure analyses classified both KSR and non-KSR varieties into two subpopulations: japonica and indica, 
without significant differentiation between the two groups. This supports the view that natural selection, more than 
artificial selection, drives the main divergence between rice subspecies [47]. KSR cultivation is deeply influenced by 
traditional dietary culture of ethnic minorities in southeastern Guizhou [48], and continuous selection and exchange 
among farmers have helped shaped rice diversity [49]. Notably, Ho was extremely low across loci in both KSR and 
non-KSR landraces, which is expected for predominantly self-pollinating rice. This pattern may be further reinforced by 
on-farm seed saving/purification and localized cultivation that limit gene flow, as farmer management can affect het-
erozygosity in landraces [50]. For KSR, recent genomic evidence also indicates domestication-related bottlenecks and 
reductions in effective population size, plausibly linked to major agricultural transitions in southeastern Guizhou (the 
"glutinous-to-nonglutinous" shift and the adoption of hybrid rice) [2].

Fig 5.  PCoA Analysis of Core sets 6(A) and 9(B).

https://doi.org/10.1371/journal.pone.0343623.g005

https://doi.org/10.1371/journal.pone.0343623.g005
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Genetic differentiation analysis of KSR and non-KSR reveled significant inbreeding within populations (Fis = 0.9141), 
moderate genetic differentiation between populations (Fst = 0.0737), and frequent gene exchange between the two popu-
lations (Nm = 37.7232) (S7 Table). AMOVA showed that 16.57% of the genetic variations was between the KSR and non-
KSR populations, while 73.43% accounted among individuals within populations (S8 Table), indicating that most diversity 
is intra-population.

KSR exhibited lower allele richness and frequency than non-KSR (Table 1), with dominance of specific alleles likely 
due to the long-term ethnic selection [48]. Non-KSR landraces had higher proportion of highly/moderately polymorphic loci 
(83.78%) compared to KSR (35.14%), indicating greater genetic diversity, consistent with previous findings [51].

Using 37 SSR markers, we constructed a core collection of 65 germplasm resources (16.75% of total), including 51 
KSR and 14 non-KSR samples (S6 Table). Five strategies (M-HS, SANA, A-NE, E-NE, and CV) were evaluated for a core 
collection construction of 388 glutinous rice resources. Since single genetic parameters cannot fully represent diversity, 
comprehensive evaluation using Ne, He and other indices is essential [52,53].

Individual strategies proved insufficient for constructing a core collection, either due to the significant variations in 
genetic diversity or excessive sampling proportions. In general, increasing sampling intensity improves allele coverage 
but simultaneously increases redundancy among accessions, thereby reducing the efficiency of the core collection for 
practical utilization [10,11,54]. For example, while the CV strategy at a 30% sampling generated representative sub-
set, the proportion was relatively high given the lower genetic diversity of the entire collection. Previous studies have 
suggested that an optimal sampling proportion for core collections typically ranges between 5% and 20%, providing 
a practical balance between manageable sample size and effective preservation of genetic variability for breeding 
and utilization purposes [10,11]. Moreover, minimizing redundancy while retaining maximal genetic diversity has been 
emphasized as a central principle in core collection construction [20]. Although a larger subset may achieve higher 
allele coverage, this gain often comes at the cost of a substantial increase in collection size. In this study, while a 
higher sampling ratio (25.26%) resulted in improved allele coverage, Core set 6 (16.75%) retained more than 90% of 
the alleles while exhibiting superior or comparable performance across multiple genetic diversity parameters, including 
Ne and distance-based measures. This indicates a more favorable balance between representativeness and redun-
dancy for a working core collection. The final core collection was therefore optimized through the integration of multiple 
strategies, retaining over 90% of alleles and showing genetic diversity indices (Ne, I, Ho, He, and PIC) comparable to 
those of the entire germplasm set. This finding is consistent with previous reports demonstrating that combining com-
plementary strategies enhances both efficiency and accuracy in core collection construction [19]. Overall, the optimized 
core collection of 65 of glutinous rice accessions effectively captured the genetic diversity of the 'He' cultivation zone. It 
offers a valuable foundation for future breeding efforts, enabling genetic improvement with minimal but representative 
germplasm resources. The core collection can support pre-breeding applications, such as prioritized multi-environment 
phenotyping and the selection of genetically diverse parents. Recent studies have identified agronomically relevant 
loci/genes and resistance-related haplotypes in KSR [2,46]. These findings underscore KSR's potential for breed-
ing climate-resilient and high-yield rice varieties. However, trait–marker relationships are often population- and 
environment-dependent. Therefore, systematic phenotypic evaluation and validation of candidate alleles/markers in the 
core collection will be an essential next step.

Conclusion

In this study, we analyzed the genetic diversity and population structure of 388 glutinous rice germplasms from the 'He' 
cultivation zone using SSR sequencing data from 37 SSR loci. The result revealed an uneven distribution of genetic 
diversity between KSR and non-KSR landraces, with KSR accessions being more genetically similar and numerically 
predominant, which strongly shaped the diversity pattern at the whole-collection level. Based on these findings, a 
core collection was constructed using optimized sampling. The SANA method, applied at a 16.75% sampling intensity 
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yielded a core collection of 65 samples. This core collection retained a high level of genetic diversity, with retention rate 
90.86% (Na), 117.61% (Ne), 116.10% (I), 102.63% (Ho), 118.42% (He), and 117.32% (PIC). No significant differences 
were observed between the core set and the entire collection, confirming the effectiveness of the strategy. Principal 
coordinate analysis also validated its representativeness, showing an even distribution across the entire collection. 
These results demonstrated the feasibility of constructing a compact yet representative core collection through inte-
grated strategies. This provides a strong foundation for future research and targeted utilization of glutinous rice genetic 
resources in Guizhou.
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