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Abstract

Primula beesiana is a perennial herbaceous plant predominantly distributed in the alpine
wetland regions of Yunnan Province, China. This species faces dual threats from habitat
fragmentation and climate change, but research into its genetic background is severely
lacking. Consequently, systematic analysis of the genetic diversity and population struc-
ture of Primula beesiana is crucial in formulating scientific conservation strategies. In this
study, 86 individuals from six natural populations in Lijiang City, Yunnan Province, were
collected and genotyped using double-digest restriction site-associated DNA sequenc-
ing (ddRAD-seq). A total of 1537 high-quality SNP loci were identified and used for
genetic diversity, principal component (PCA), population structure (STRUCTURE), and
gene flow analyses. Analysis of base substitutions revealed twelve mutation types, with
transversions accounting for 67.9% and a transition/transversion ratio (Ti/Tv) of 0.47,
potentially indicating strong environmental selection pressure. Although high overall
genetic diversity was observed, significant genetic differentiation may exist among popu-
lations (Fst = 0.0056-0.0407), with heterozygote deficiency detected across all populations.
Genetic structure analyses consistently grouped the six populations into four distinct
clusters. Populations MDJ, WH, and HS each formed independent clusters, exhibiting
clear genetic isolation, whereas XHC2, XHC1, and NX clustered together, showing high
genetic similarity and frequent gene flow. Mantel tests demonstrated a significant positive
correlation between genetic and geographical distances (r = 0.854, p < 0.01), supporting an
isolation-by-distance model. Gene flow estimates varied considerably among populations
(5.90-44.69) and decreased with increasing geographical distance. This study provides the
first genomic-level evidence of significant genetic differentiation and isolation based on
distance in Primula beesiana populations, offering crucial scientific support in identifying
evolutionarily significant units and developing zoned conservation management strategies
for this species.

Keywords: Primula beesiana Forrest; genetic diversity; population structure; ddRAD-seq;
single-nucleotide polymorphism (SNP)
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1. Introduction

Primula beesiana is a perennial herbaceous plant characterized by a flowering period
concentrated between June and July [1]. Recognized for its vividly colored and abundant
blooms, this species has considerable ornamental value and breeding potential. Its natural
distribution is primarily centered in the high-altitude regions of northern and northwestern
Yunnan Province, China, where it is typically found in wet grasslands, streamside areas,
marshy meadows, and open grasslands at elevations of 2400-3200 m [1]. In terms of
cultivation, it is often grown as a potted plant in greenhouses during early spring in
northern China, while in southern regions, it can be cultivated outdoors in flowerbeds
or on semi-shaded slopes. Notably, Primula beesiana demonstrates superior tolerance to
high-temperature stress compared to its relative, Primula secundiflora. Primula beesiana holds
significant horticultural value, with current commercial use centered on ornamental and
landscape development [2]. Its distinctive umbellate inflorescence and multi-layered whorls
of blush-pink flowers (Figure 1) create a striking visual display, making it a favored choice
for flower beds, streamside planting, and specialty garden design. As a summer-blooming
primrose endemic to high-altitude regions of southwestern China, it can effectively enrich
floral diversity in summer gardens in cool climates and allow ornamental plant displays to
attract interest for a longer, cross-seasonal period.

Figure 1. Morphological characteristics of Primula beesiana.

This species shows considerable ecological adaptability, performing well in cool,
moist environments. Under appropriate horticultural conditions, it is relatively easy to
cultivate and maintain, and it can be propagated via division or seed, showing potential for
broader landscape use. Moreover, its vivid flower color and upright inflorescence structure
represent valuable parental traits for hybridization within the genus Primula, providing
important genetic resources for breeding novel cultivars with enhanced ornamental appeal
and wider adaptability.

Primula beesiana, despite its significant ecological and economic value, continues to
face substantial survival pressures in its native habitats due to combined threats from
human activities and climate change [3]. These habitats are situated at the junction of the
Qinghai-Tibet Plateau and the Hengduan Mountains, a region characterized by a com-
plex topography, pronounced altitudinal variation, and diverse climatic conditions. Such
environmental heterogeneity supports rich ecosystems and high biodiversity [4]. Within
this landscape, alpine wetlands and streamside habitats offer relatively suitable growing
conditions for Primula beesiana. However, the region’s distinctive geoclimatic features also
contribute to highly fragmented and spatially constrained habitats, increasing susceptibil-
ity to environmental fluctuations. These factors collectively impair the species” adaptive
capacity at the genetic level [5]. In recent years, intensified human disturbances—such as
overgrazing, tourism infrastructure development, and the effects of climate change—have
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further reduced inter-population gene flow [6]. This decline may exacerbate genetic drift
and alter spatial patterns of genetic diversity. As a result, habitat fragmentation has be-
come more severe, accompanied by gradual declines in population sizes and distribution
ranges [3]. Moreover, Primula beesiana is not included in China’s Catalogue of Key Pro-
tected Wild Plants, and no systematic conservation strategy has been established for its
preservation. With it being a morphologically distinctive species within the genus Prim-
ula, previous studies have largely focused on morphological description and cultivation
techniques. To date, there is a notable lack of systematic genomic research addressing the
species’ population, genetic background, differentiation patterns, and underlying drivers.
This knowledge gap limits the development of genetically informed conservation actions
and germplasm innovation, undermining the scientific rigor and long-term effectiveness
of existing protection measures. Therefore, there is an urgent need for in-depth genetic
studies to provide a robust basis for the effective conservation and sustainable utilization
of Primula beesiana [7].

Compared with traditional RAD-seq, the principal technical innovation in ddRAD-seq
lies in its capacity to generate a large number of single-nucleotide polymorphism (SNP)
markers. This method includes a dual-restriction-enzyme strategy, which eliminates the
uncertainties associated with random DNA fragmentation [8]. By utilizing two restriction
endonucleases with distinct cleavage specificities, ddRAD-seq yields a more uniform and
reproducible set of fragments, thereby significantly reducing sequencing bias. Moreover,
as the technique does not require a reference genome, it is particularly well suited to
studying non-model organisms [4]. In recent years, ddRAD-seq has been widely employed
to assess genetic diversity and population structure in plants, uncovering patterns of ge-
netic variation and differentiation across numerous species. These findings reflect the
combined effects of ecological pressures and evolutionary history [9,10]. For instance, a
study on Cryptomeria japonica var. sinensis Miq. revealed low genetic diversity and high
differentiation among its seven populations, suggesting that historical glacial fluctuations
and anthropogenic disturbances have shaped its genetic architecture [11]. Similarly, an
analysis of 37 natural populations of caper (Capparis spinosa) identified six genetic lineages
through ADMIXTURE analysis, illustrating a progressive decline in genetic diversity and
effective population size [12]. Genomic studies on the endangered genus Opisthopappus
demonstrated high genetic diversity in Opisthopappus longilobus, whereas Opisthopappus
taihangensis showed signatures of recent genetic divergence, albeit with ongoing gene
flow [13]. Correspondingly, research on 16 wild populations of Strobilanthes biocullata indi-
cated low within-species genetic diversity and clear differentiation between southeastern
and northwestern lineages, separated by the Xuefeng Mountains, a finding with important
implications for breeding and conservation [14]. Collectively, these studies underscore
the feasibility, effectiveness, and reliability of SNP markers developed via ddRAD-seq for
population genetic analyses. This approach enables the detection of genetic diversity loss
and extinction risk, thereby providing robust data support for biodiversity conservation
and species management.

The application of ddRAD-seq in Primula beesiana allows for the clarification of inter-
population genetic differentiation patterns, the identification of genetically vulnerable
groups, and the quantification of gene flow dynamics. These insights provide critical data
support for delineating evolutionarily significant units (ESUs) and formulating targeted
strategies for in situ and ex situ conservation, as well as germplasm resource collection.
In this way, this technique demonstrates substantial potential for enhancing the scien-
tific foundation and precision of conservation strategies in this species. In this study,
we collected 86 samples from six natural populations of Primula beesiana in Lijiang City,
Yunnan Province, China. Using double-digest restriction site-associated DNA sequencing
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(ddRAD-seq), we systematically evaluated genetic diversity, population structure, and
gene flow through a series of analytical approaches—including genetic diversity indices,
principal component analysis (PCA), population genetic structure inference, and gene flow
estimation. This integrated approach revealed the key factors shaping genetic diversity
and population structure in Primula beesiana. This study breaks away from the traditional
research paradigm in this species, which has long relied on morphological observation.
For the first time, it systematically analyses the genetic patterns of wild populations of
Primula beesiana, an ornamental plant endemic to southwestern China, at the genomic
level. This addresses a significant gap in our understanding of the genetic background of
this horticulturally important species and facilitates the transition of horticultural prac-
tice from empirically based approaches to precision design and management informed
by genetic data. Furthermore, through this research, by accurately identifying popula-
tions with high genetic diversity and formulating science-based introduction and ex situ
conservation strategies according to population genetic differentiation patterns, we can
effectively enhance cultivated adaptability and landscape performance, while reducing
ecological and economic risks, in practical horticulture. This work yields direct scientific
evidence supporting systematic conservation and sustainable horticultural development in
this species.

2. Materials and Methods
2.1. Sample Collection

Field surveys conducted in the Lijiang City area of Yunnan Province, China, identified
natural populations of Primula beesiana in six locations: Wenhai Village, Nanxi Village,
Xuehua Village 1, Xuehua Village 2, Heishui Ercun, and Mudijing Reservoir. A total
of 86 experimental specimens representing these six distinct natural populations were
collected (Table 1, Figure 2). Healthy young leaves free from pests and diseases were
selected as the experimental materials. Samples were assigned unique identifiers, placed in
separate zip-lock bags with corresponding labels, and preserved in silica gel for subsequent
DNA extraction. Sampling at each site followed these standardized protocols: (1) sample
size was determined based on population size and plant density, with a minimum of five
individuals collected per population; (2) a minimum spacing of 10 m was maintained
between sampled individuals to avoid collecting closely related plants; (3) fresh, healthy
mature leaves were collected from each individual, properly labeled, and immediately
preserved in silica gel desiccant; (4) detailed records were made for each population,
including the locality name, geographic coordinates (latitude and longitude), sample size,
and elevation.

Table 1. Geographic information and sample sizes of six natural populations of Primula beesiana
around Lijiang.

Location County and Township Population = Sample Size (n) Longitude Latitude Elevation (m)

Wenhai

Baisha Town, Yulong
County, Lijiang City, WH 16 100.1749° E 26.9754° N 3131

Village Yunnan Province, China
Nanxi Huangshan Town, Yulong
. County, Lijiang City, NX 15 100.1567° E 26.7686° N 3093
Village . /
Yunnan Province, China
Xuehua Daju Township, Yulong
Village 1 County, Lijiang City, XHC1 7 100.2693° E 27.1906° N 3224

Yunnan Province, China
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Table 1. Cont.
Location County and Township Population = Sample Size (n) Longitude Latitude Elevation (m)
Xuehua Daju Township, Yulong
. County, Lijiang City, XHC2 16 100.2501° E 27.1367° N 3025
Village 2 . .
Yunnan Province, China
Heishui Daju Township, Yulong
County, Lijiang City, HS 16 100.7250° E 27.5410° N 3207
Ercun . .
Yunnan Province, China
Daxing Town, Ninglang
Mudijing County, Lijiang City, MDJ 16 100.6750° E  27.6683° N 2876
Reservoir

Yunnan Province, China

28°N

99°E 100°E 101°E 102°E

Figure 2. Distribution of six sampling sites for Primula beesiana.

2.2. DNA Extraction

Genomic DNA was isolated from healthy leaf tissue of Primula beesiana using a modi-
fied cetyltrimethylammonium bromide (CTAB) protocol [15].

2.3. ddRAD-seq Library Preparation and Sequencing

The ddRAD library was constructed according to the method described by Peterson
et al., with modifications [8]. High-quality genomic DNA was digested with the restriction
enzymes EcoRI and Msel in a reaction incubated at 37 °C for 8 h, followed by enzyme
inactivation at 65 °C for 20 min. The digested DNA was stored at 12 °C for subsequent steps
(Table 2). Digestion efficiency was verified using 1.5% agarose gel electrophoresis with 5 pL.
of the product. Enzyme digestion/ligation products from distinctly barcoded samples were
pooled in equal volumes to ensure equimolar representation in the pooled library [8]. DNA
fragments were separated via 2% agarose gel electrophoresis, and the target fragments
(350-550 bp) were excised and purified using a gel extraction kit (Omega Bio-Tek, Norcross,
GA, USA). The purified DNA fragments were used as templates for PCR amplification
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in a 50 pL reaction system containing 10 x PCR buffer, ANTPs, adapter-specific primers,
high-fidelity DNA polymerase, and template DNA. The PCR amplification procedure is
as follows: first, pre-denature at 95 °C for 3 min. Then, enter the cycling phase, which
consists of 15 cycles: denature at 95 °C for 30 s, anneal at 58 °C for 30 s, and extend at 72 °C
for 30 s. After completing the cycles, extend at 72 °C for 5 min. Finally, store at 4 °C. The
amplified products were analyzed using an Agilent 2100 Bioanalyzer (Santa Clara, CA,
USA) to verify that fragment sizes were distributed within the 350-550 bp range and that
concentrations met sequencing requirements. Then, library concentrations were accurately
quantified using quantitative PCR (qQPCR). Libraries passing quality control were subjected
to paired-end 150 bp (PE150) sequencing on an Illumina NovaSeq platform, performed by
a commercial service provider. To ensure sufficient sequencing depth, the expected data
output was set at approximately 0.5 GB per sample, yielding a total data volume of about
42 GB.

Table 2. Double-digestion reaction system.

Components Volume

High-quality genome DNA (200 ng, 20 ng/uL) 10 uL

Double-enzyme digestion mixture
(10 U EcoR Tand 10 U Mse I, NEB) 10 uL

10x enzyme digestion buffer

Total volume 20 uL

2.4. Quality Control and Filtering of Raw Data

Following sequencing on the Illumina HiSeq PE150 platform, raw RAD-seq data
were subjected to quality control using FastQC software (version 0.12.1) [16]. This tool
generated comprehensive quality reports by evaluating key metrics such as data volume,
quality score distribution, base composition, and GC content before and after filtering. The
quality control process effectively removed low-quality reads, adapter contamination, and
excessively short sequences, ensuring that the resulting clean reads met quality standards
for subsequent analyses.

2.5. SNP Identification and Genotype Determination

The ddRAD-seq data were processed using the Stacks software package (version 2.70;
http:/ /catchenlab life.illinois.edu/stacks/ (accessed on 27 March 2025) [17] following a
structured analytical workflow: (1) Data Quality Control: Raw sequencing data were ini-
tially processed using the process radtags module in Stacks to perform demultiplexing and
quality filtering. The parameter settings were as follows: process_radtags -1 xxx.R1.fq.gz -2
xxx.R2.fq.gz -b barcode.txt --renz-1 ecoRI --renz-2 msel -c -q -r -0 pro_out --len_limit 140
-t 135. (2) Locus Assembly per Sample: The ustacks module was used to assemble RAD
loci for each sample based on the R1 read data. The parameter settings were M (number of
mismatches allowed between alleles in a heterozygous locus) = 5 and n (minimum stack
depth) = 2, following recommendations from Catchen et al. [17], and were validated in
preliminary experiments. Each sample was assigned a unique identifier during this step.
(3) Catalog Construction: A catalog of consensus loci was generated across all individuals
using the cstacks module. (4) Locus Matching across Samples: The sstacks module was
employed to match RAD tags from each sample against the catalog, producing a matches
file that recorded polymorphism and sequencing depth information. The average per-locus
sequencing depth ranged from 4x to 11x. (5) Data Format Conversion: The tsv2bam
and gstacks modules were used to convert file formats and assemble paired-end reads in
preparation for SNP calling. (6) SNP Calling and Filtering: SNP calling was performed
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using the populations module [18]. The parameter M was set to 5 (the mismatch threshold
for heterozygous genotypes), and n was set to 2 (the minimum stack depth). Sites with low
frequency or excessive heterozygosity were filtered out. Summary statistics were exported
to the populations.sumstats_summary.tsv file. (7) Output and Site Selection: All analysis
results were saved in the bch_allsingleoutput directory. SNPs were categorized into se-
lected and non-selected sets based on Tajima’s D values [19]. For downstream population
structure and principal component analyses, the first SNP from each locus was retained.

2.6. SNP Site Analysis

Statistical analysis of mutation types at identified SNP loci was conducted to character-
ize SNP distribution patterns and assess quality [20,21]. (1) Mutation type statistics: Python
(version 3.13.1) scripts were employed to read VCEF files, parsing the reference (Ref) and
alternative (Alt) bases at each SNP site to quantify the 12 possible single-base substitution
types. Classify substitution types as transitions (Ti) and transversions (Tv), separately
quantifying their respective frequencies. Simultaneously, visualize the statistical results by
plotting mutation type distribution charts and Ti/Tv ratio diagrams. (2) Calculate Transi-
tion/Transversion Ratio (Ti/Tv): Perform mutation type statistics and Ti/Tv ratio analysis
on the obtained SNP sites. Employ Python scripts to count the 12 nucleotide substitution
types, compute the frequencies of transitions (Ti) and transversions (Tv), calculate the
Ti/Tv ratio, and evaluate sequencing data quality and mutation characteristics.

2.7. Genetic Diversity Analysis

To evaluate the genetic diversity of Primula beesiana, a multi-parameter analysis was
performed on SNP data using GenAlEx 6.5 [22]. SNP genotypes were organized in Excel
format according to individual and population identifiers to meet GenAlEx input specifica-
tions. The following genetic diversity indices were calculated: Number of Alleles (Na): The
total number of alleles per locus, indicating the degree of gene polymorphism. Effective
Number of Alleles (Ne): The number of alleles effectively contributing to genetic variation,
calculated as Ne = Z%ﬁ?’ where pi is the frequency of the i-th allele. Shannon Diversity
Index (I): A measure of allele richness and evenness, calculated as I = — }_ (pi X In pi). Ob-
served Heterozygosity (Ho) and Expected Heterozygosity (He): Ho refers to the proportion
of heterozygous individuals observed in the population, while He represents the expected
heterozygosity under Hardy—Weinberg equilibrium [23], calculated as He=1 — }_ pi"2.
Nei’s Gene Diversity (H): This reflects the overall level of genetic variation within a popula-
tion, with values approximating He. Percentage of Polymorphic Sites (PPB): The proportion
of polymorphic loci among all loci examined, serving as a comprehensive indicator of
genetic diversity. Subsequently, one-way analysis of variance (ANOVA) was conducted
using SPSS statistical software (version 31) to compare genetic diversity levels among
populations, with statistical significance set at p < 0.05. This analysis allowed the systematic
identification of populations exhibiting relatively high or low genetic diversity.

2.8. Analysis of Genetic Distance and Similarity Between Populations

To evaluate the degree of genetic differentiation and relatedness among populations,
the following analyses were performed using SNP data: (1) Genetic Similarity and Dis-
tance Calculation: Nei’s genetic distance (D) and genetic similarity coefficient (I) between
populations were computed using GenAlEx 6.5, following Nei (1972) [24]. The genetic
similarity coefficient was calculated as I = }_ (pxi X pyi), where py; and py; represent
the frequencies of the i-th allele in populations X and Y, respectively. Subsequently, the
genetic distance was calculated using the formula D = —-In(I), where In denotes the natu-
ral logarithm. (2) Visualization and Heatmap Generation: The resulting genetic distance
and similarity matrices were imported into Python. Heatmaps were generated using the
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Seaborn visualization library (https://seaborn.pydata.org/ (accessed on 27 January 2026))
to intuitively illustrate genetic relationships among populations.

2.9. Cluster Analysis

To investigate population clustering patterns and genetic structure in Primula beesiana,
hierarchical clustering was performed based on Nei’s genetic distance matrix. Analysis
was conducted in Python using the hierarchy module from the SciPy library. Clustering
was carried out under the complete linkage criterion, in which the distance between two
clusters is defined as the maximum distance between any individual from one cluster
and any individual from the other, a conservative approach suitable for revealing robust
genetic relationships. A clustering threshold of 0.03 was applied to ensure biologically
meaningful and stable groupings. The resulting dendrogram was visualized using the
matplotlib library.

2.10. Principal Component Analysis

Principal component analysis (PCA) was performed on SNP data using the adegenet
package in R (version 4.4.3) [25] to examine genetic distribution patterns among individuals
and assess population genetic differentiation. SNP genotype data were imported into the R
environment and converted into a genind object compatible with the adegenet package.
Loci or individuals with high rates of missing data were filtered out to minimize potential
bias in the analysis. PCA was conducted using the dudi.pca function to extract major axes
of genetic variation. The first two principal components (PC1 and PC2), which captured
the majority of genetic variance, were selected for visualization. Scatter plots of PC1
versus PC2 were generated using the ggplot2 visualization system, with individuals from
different populations distinguished by color and symbol. Ninety-five percent confidence
ellipses were superimposed to represent the distribution range of individuals within each
population. The distribution and clustering patterns of points in the principal component
space provided preliminary insights into the extent of genetic differentiation and potential
genetic admixture among populations.

2.11. Mantel Test and Isolation-Based Distance (IBD) Analysis

To examine the relationship between genetic differentiation and geographical distance
in Primula beesiana, a Mantel test was conducted within the isolation-by-distance (IBD)
framework [26]. The analysis comprised the following steps: (1) Genetic Distance Matrix
Construction: Pairwise Fst values between populations were computed using GenAlEx
6.5 to generate a genetic distance matrix. (2) Geographic Distance Matrix Calculation:
Based on the latitude and longitude coordinates of each sampling site, straight-line geo-
graphical distances between populations were measured using ArcGIS 10.2, forming the
geographic distance matrix. (3) Mantel Test Implementation: The Mantel test module in
GenAlEx 6.5 was used to assess the correlation between the genetic and geographic distance
matrices. The test was run with 9999 permutations to compute the Pearson correlation
coefficient (r-value) and its statistical significance (p-value), evaluating whether genetic
distance increased with geographic distance as predicted by the IBD model. (4) Result
Visualization: A scatter plot of pairwise Fst values against geographic distances was gener-
ated in Python using the matplotlib and seaborn libraries, with a regression line fitted to
illustrate the relationship.

2.12. Population Gene Flow Analysis

To quantify and visualize gene flow levels among geographical populations, genetic
data were processed and analyzed using GenAlEx 6.5. Population-specific genetic differ-
entiation coefficients (Fst) were calculated and arranged into symmetric matrices. The
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gene flow (Nm) between each population pair was then estimated using Wright’s formula

under the neutral selection hypothesis: Nm = }L;Eg This formula reflects the degree to

which gene exchange counteracts genetic differentiation between populations. For visu-
alization, the Nm values were represented as a matrix heatmap using Python with the
matplotlib and numpy libraries. The color intensity in the heatmap corresponds to the rela-
tive strength of gene flow, providing a two-dimensional representation of inter-population
gene flow patterns.

2.13. Analysis of Population Genetic Structure

To identify genetically distinct populations and assign individual membership prob-
abilities, Bayesian clustering analysis was implemented in SNP data using STRUCTURE
v2.3.4 [27]. (1) Parameter Configuration: The number of assumed genetic clusters (K)
was varied from 1 to 7 to encompass the full range of possible population structures. An
admixture model with correlated allele frequencies was applied to account for potential
historical gene flow and shared allelic variation. Each run included a burn-in period of
100,000 steps followed by 100,000 Markov chain Monte Carlo (MCMC) iterations. For
each value of K, 10 independent replicates were performed to assess clustering consistency.
(2) Determination of Optimal K: The log-likelihood of the data, LnP(D), was recorded for
each run. The optimal number of clusters was inferred using the AK method described
by Evanno et al. [28] via the Structure Harvester web platform, where the value of K
corresponding to the peak in the AK plot was selected. To integrate results across replicates
for the selected K, CLUMPP [29] was used to align membership coefficients and address
label switching and multimodality. Final membership probabilities were visualized using
Distruct [30] to display individual assignments across inferred genetic clusters.

2.14. Analysis of Genetic Distance Between Individuals

To examine genetic relationships within and among geographical populations of
Primula beesiana at the individual level, a genetic distance-based clustering analysis was
conducted using MEGA X (version 10.2). The following steps were performed: (1) Data
Preparation: SNP genotype data were converted into the FASTA format, compatible with
MEGA X, with each individual represented as a nucleotide sequence. The resulting align-
ment was imported into MEGA X for preliminary validation, including checks for missing
data and the exclusion of uninformative sites. (2) Genetic Distance Calculation: A pairwise
genetic distance matrix was computed using the p-distance model. Gaps and missing
data were handled through partial deletion to minimize their influence on genetic distance
estimates. (3) Tree Construction: A dendrogram was generated from the genetic distance
matrix using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) al-
gorithm in the Phylogeny module. Branch support was assessed with 1000 bootstrap
replicates. (4) Visualization and Interpretation: The resulting tree was visualized and
annotated using the built-in tree visualization tools in MEGA X. Individual population
affiliations were indicated, and topological patterns such as population-specific branching
and admixture were examined. These results were later compared with those from PCA
and STRUCTURE analyses to evaluate concordance across methods.

3. Results
3.1. SNP Site Statistics

Following site clustering and stringent quality filtering across all samples, a high-quality
dataset comprising 1537 SNP loci was obtained. Analysis of nucleotide substitutions
revealed twelve distinct mutation types (Figure 3). C > T and G > A transitions were the
most frequent, occurring 372 and 314 times, respectively, and collectively accounting for
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44.63% of all SNPs. In contrast, the T > G transversion was the least frequent, observed only
33 times. Among all SNPs, transitions (C>T, T > C, A> G, G > A) totaled 494, representing
32.14% of mutations and indicating considerable substitution bias between bases of the
same type. Notably, C > T substitutions constituted 75.30% of all transitions. Transversions
(e.g., C> A, G>T, A >T) were more prevalent, with 1043 occurrences accounting for
67.86% of SNPs. C > A and G > T transversions were relatively common, occurring 149 and
115 times, respectively. The overall distribution pattern suggests a noticeable transversion
bias among SNP loci in the studied populations. As summarized in Figure 4, A total of
494 transition mutations and 1043 transversion mutations were detected, accounting for
32.1% and 67.9% of the total mutations, respectively. The transition-to-transversion ratio
(Ti/Tv) calculated from these figures was 0.47.

G>C| 61

T>G| 60

A>T 59

0 50 100 150 200 250 300 350
SNP Number

Figure 3. Mutation types and SNP counts.

Transition (494)

Transversion (1043)

Figure 4. Transition vs. transversion mutation ratio (Ti/Tv).

3.2. Population Genetic Diversity

Analysis of genetic diversity across six geographical populations of Primula beesiana
revealed distinct variation patterns (Table 3). The number of alleles (Na) across populations
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decreased in the order HS (2.1516) > XHC2 (2.1509) > NX (2.1269) > WH (2.1093) > MD]J
(2.0644) > XHC1 (1.7886), with a mean value of 2.0653. The effective number of alleles
(Ne) ranged from 1.4108 (XHC1) to 1.4641 (HS), averaging 1.4365. Shannon’s diversity
index (I) varied between 0.4645 (XHC1) and 0.5001 (HS), with populations ordered as
HS > NX > XHC2 > WH > MDJ > XHC1 and an overall mean of 0.4819. Regarding het-
erozygosity, the observed values (Ho) ranged from 0.0759 (XHC1) to 0.0849 (HS), while the
expected heterozygosity (He) varied between 0.1068 (HS) and 0.1169 (WH). The mean Ho
and He across all populations were 0.0803 and 0.1083, respectively. All populations showed
consistently higher expected heterozygosity than that observed, indicating a general het-
erozygote deficit. Nei’s gene diversity index (H) averaged 0.9882 across the six populations,
with the highest value in XHC1 (0.9911) and the lowest in HS (0.9863). Statistical compar-
isons showed that populations NX, WH, and XHC2 consistently exhibited higher values
across all six genetic parameters compared to HS, MDJ, and XHC1. The percentage of
polymorphic loci (PPB) ranged from 31.24% (XHC1) to 49.97% (WH), with the following
values: WH (49.97%), NX (47.82%), XHC2 (47.27%), HS (47.07%), MD]J (45.47%), and XHC1
(31.24%). In summary, all six populations of Primula beesiana maintained relatively high
levels of genetic diversity, though significant inter-population differentiation was observed.

Table 3. Genetic diversity information for Primula beesiana provenances.

Effective ,. Observed Expected Nei’s Number Percentage
Number Shannon’s
. Sample Number . . Heterozy- Heterozy- Gene of Poly-  of Polymor-
Population . of Alleles Diversity . . . . . . .
Size (N) (Na) of Alleles Index (I) gosity gosity Diversity  morphic phic Loci
(Ne) (Ho) (He) (H) Loci (PPB%)
Wenhai
Village 16 2.1093 1.4359 0.4816 0.0802 0.1169 0.9863 768 49.9675
(WH)
Nanxi
Village 15 2.1269 1.4459 0.4882 0.0819 0.1108 0.9877 735 47.8204
(NX)
Xuehua
Village 1 7 1.7886 1.4108 0.4645 0.0759 0.0944 0.9911 477 31.2377
(XHC1)
Xuehua
Village 2 16 2.1509 1.4286 0.4767 0.079 0.1078 0.9884 726 47.2656
(XHC2)
Heishui 16 2.1516 1.4641 0.5001 0.0849 0.1068 0.9886 723 47.0703
Ercun (HS)
Xuehua
Village 2 16 2.0644 1.4339 0.4802 0.0799 0.1130 0.9872 698 45.4723
(MDJ)
Az’lslrzfe 14.333 2.0653 1.4365 0.4819 0.0803 0.1083 09882  687.8333  44.8056

As illustrated in Figure 5, the genetic similarity coefficients among the six populations
ranged from 0.8779 to 0.9481, with a mean of 0.9152, while pairwise genetic distances
varied between 0.0533 and 0.1302, averaging 0.0889. These metrics collectively indicate
generally close genetic relationships among all populations. Notably, populations XHC2
and WH showed the highest genetic similarity (0.9481) and smallest genetic distance
(0.0533), suggesting a particularly close phylogenetic relationship and minimal genetic
divergence. In contrast, populations XHC1 and MD]J exhibited the lowest genetic similarity
(0.8779) and largest genetic distance (0.1302), indicating that they are the most distantly
related among all populations, with comparatively greater genetic divergence.
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Figure 5. Heatmap analysis of Nei’s genetic similarity (above the diagonal) and genetic distance
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(below the diagonal) among Primula beesiana populations. Note: The red section in the upper right
represents Nei’s genetic similarity, while the blue section in the lower left represents genetic distance.

3.3. Cluster Analysis of Primula beesiana

Figure 6 displays a dendrogram generated via complete-linkage hierarchical clustering
of pairwise Fst values among the six populations of Primula beesiana, using a clustering
threshold of 0.03. The six populations are grouped into four major clusters (from bottom to
top in the dendrogram): the first cluster consists solely of MD], reflecting its distinct genetic
identity; the second cluster includes NX, XHC2, and XHC1, indicating the high genetic
similarity among them; and the third and fourth clusters contain HS and WH, respectively,
with each forming an independent group with strong genetic distinctiveness. These cluster-
ing results are largely consistent with the genetic similarity coefficients shown in Figure 5.
For example, XHC2 and XHC1, which cluster together, exhibit a high genetic similarity
coefficient of 0.9337, confirming their close genetic relationship. In contrast, WH and MD],
which show the lowest genetic similarity (0.8779) and largest genetic distance (0.1302),
occupy the most distant positions in the dendrogram, underscoring their pronounced
genetic differentiation.

WH

HS

XHC1

XHC2

NX

MD)

0.07 0.06 0.05 0.04 0.03 0.02 0.01 0.00

Figure 6. Cluster analysis of 6 provenances in Primula beesiana.
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3.4. Principal Component Analysis of Primula beesiana

Figure 7 presents the principal component analysis (PCA) results for 86 Primula beesiana
individuals based on SNP data. In the PCA scatter plot, individuals of the MD] population
clustered in the right-hand quadrants (first and fourth), with their confidence ellipse show-
ing no overlap with those of other populations, indicating strong genetic distinctiveness.
All individuals of the WH population were located in the third quadrant, also demonstrat-
ing clear genetic differentiation. Individuals of the HS population were widely distributed
across the second and third quadrants, showing substantial genetic variation and clear
separation from other populations. These patterns support the classification of MDJ, WH,
and HS as three distinct genetic clusters. In contrast, individuals of the NX, XHC2, and
XHC1 populations formed tightly overlapping clusters, with largely congruent confidence
ellipses, reflecting high genetic similarity among these three groups.

pop

-- HS
-~ MDJ
- NX
- WH
== XIIC1
-~ XHC2

-3

PC1

Figure 7. PCA scatter plot of Primula beesiana populations.

3.5. Mantel Test and Isolation-Based Distance (IBD) Model Analysis

A Mantel test revealed a strong positive correlation between genetic differentiation
(Fst) and geographical distance (r = 0.854, p = 0.001), indicating a significant pattern of
isolation by distance (IBD) in Primula beesiana at the regional scale. Analysis of genetic
diversity indices (Table 3) showed that the geographically isolated MDJ population ex-
hibited a below-average effective allele number and Shannon’s diversity index, whereas
populations such as NX demonstrated higher diversity. This pattern suggests restricted
gene flow in geographically isolated populations such as MDJ, leading to increased genetic
differentiation. Pairwise comparisons of Fst values and geographical distances (Table 4)
further supported this relationship. Despite being separated by 66.42 km, MDJ and XHC1
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exhibited the highest Fst value (0.04068). Conversely, the geographically closest popula-
tions, XHC2 and XHC1 (6.27 km apart), showed the lowest Fst (0.00557), indicating more
frequent gene flow over shorter distances. Notably, although NX and MDJ represent the
most geographically distant pair (112.14 km apart), their Fst value (0.03338) was lower
than that between MDJ and XHC1, suggesting that factors beyond geographical distance
may modulate genetic differentiation at local scales. The scatter plot in Figure 8 visually
confirms this positive correlation, showing Fst values increasing with geographical dis-
tance (range: 6.27-112.14 km). Cluster analysis (Figure 6) corroborates these findings, with
MDJ forming a distinct cluster while the geographically proximate NX, XHC2, and XHC1
groups cluster together. Collectively, these results demonstrate that genetic differentiation
in Primula beesiana generally follows an isolation-by-distance pattern, though local factors
may modify the influence of geographical distance on gene flow.

Table 4. Integrated comparison of Fst (above the diagonal) and geographic distances (below the diagonal).

HS XHC2 XHC1 WH NX MD]
HS 0 0.02025 0.02166 0.02317 0.0197 0.03417
XHC2 64.93 0 0.00557 0.01737 0.01329 0.03122
XHC1 59.51 6.27 0 0.02204 0.01715 0.04068
WH 83.04 19.36 25.61 0 0.01965 0.03803
NX 102.47 41.83 48.08 22.99 0 0.03338
MD]J 14.94 72.36 66.42 91.35 112.14 0
XHC1-MDje x Population Pairs
0.040 ¢ === Trend Line
M !ﬁx
0.035 1Dk )
Ui
0.030
$0.025¢
3
“ 0.020}
0.015}
N
0.010
0.005F % ; ‘ ‘ ' .
20 40 60 80 100

Geographic Distance (km)

Figure 8. Mantel test results between Fst values and geographic distances among Primula beesiana
populations.

3.6. Analysis of Gene Flow Between Populations

Figure 9 presents a heatmap of gene flow (Nm) between populations. The Nm val-
ues ranged from 5.90 to 44.69, indicating substantial spatial heterogeneity in gene flow
intensity among populations of Primula beesiana. The strongest gene flow occurred be-
tween XHC2 and XHC1 (Nm = 44.69), which are separated by only 6.27 km and located
near the same village. This suggests that spatial proximity and habitat similarity effec-
tively promote genetic exchange. The second-highest gene flow was observed between
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XHC2 and NX (Nm = 20.03); although separated by a greater distance, these populations
maintain substantial genetic connectivity, potentially facilitated by ecological corridors
or human-mediated dispersal. In contrast, gene flow involving the MDJ population was
generally low. The lowest Nm value (5.90) was observed between MDJ and XHC1, corre-
sponding to their considerable geographical separation (66.42 km) and distinct ecological
conditions. MDJ is situated in an eastern reservoir wetland area characterized by lower
elevation and enclosed topography, creating pronounced microenvironmental isolation
from the high-altitude mountain slopes inhabited by XHC1. This demonstrates how natural
terrain and environmental filtering jointly constrain genetic exchange, further supporting
the genetic distinctiveness of MD]J. Overall, this study reveals significant variation in gene
flow intensity among the six populations of Primula beesiana, with a clear correlation with
geographical distance and ecological compatibility.

.- 12.10 11.29 10.54 12.44 7.07 40
o~ 35
g - 1210 14.14 20.03 7.76
>
30
i
£- 1129 11.09 14.33 5.90
x
()
= ]
25 E
§ - 1054 14.14 11.09 12.47 6.32
-20
X- 1244 20.03 14.33 12.47 7.24
g 15
8- 707 7.76 5.90 6.32 7.24
= -10
HS XHC2 XHC1 WH NX MD)

Figure 9. Heatmap of gene flow intensity matrix among populations.

3.7. Analysis of Population Genetic Structure in Primula beesiana

As shown in Figure 10a, the log probability of the data, LnP(D), increased significantly
from K =1 to K = 4, indicating a substantial improvement in model fit over this range.
Beyond K =4, the rate of increase in LnP(D) slowed considerably, and the inferred cluster
structure exhibited high explanatory power and robustness. Therefore, K = 4 was identified
as the optimal number of genetic clusters. Figure 10b shows the change in AK across
different values of K. A distinct peak in AK was observed at K = 4, further supporting this
as the optimal cluster number. This result is consistent with the earlier clustering analysis,
indicating that the six populations of Primula beesiana can be grouped into four genetic
clusters: the first comprising MD], the second HS, the third WH, and the fourth XHC1,
XHC2, and NX. This grouping is also supported by the Q-matrix derived from STRUCTURE
analysis. Figure 11 illustrates the genetic composition of the populations under K = 4. The
MDJ population is characterized by a highly homogeneous green genetic component,
consistent with its geographically isolated status. The WH population is dominated by
a distinct red component, showing high internal uniformity and clear differentiation
from other groups. The HS population is primarily represented by a cyan component,
with a consistent secondary presence of purple, supporting its recognized status as an
independent genetic cluster. In contrast, the XHC1, XHC2, and NX populations share a
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mixed genetic composition dominated by cyan but with varying proportions of purple and
red components, reflecting a pattern of genetic admixture suggestive of ongoing gene flow
among these three populations.
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Figure 10. (a) Trend of LnP(D) with K value. (b) Trend of AK with K value.
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Figure 11. Group genetic structure of sample material.

3.8. Analysis of Genetic Distance Between Individuals in Primula beesiana

The dendrogram in Figure 12 (distance scale: 0.000-0.025) illustrates pronounced
genetic divergence and a clear population structure among the studied populations.
The MDJ population exhibits strong genetic distinctiveness, with most individuals
(e.g., MDJ-1-MDJ-9, MDJ-12, MDJ-16) forming a well-defined cluster in the lower-middle
section of the tree, clearly separated from other populations. This pattern suggests that
the MDJ population may have experienced long-term geographical or ecological isolation,
resulting in restricted gene flow. Similarly, the WH population demonstrates a clustering
tendency, with the majority of its individuals (e.g., WH-3-WH-8, WH-12, WH-15) located
in the upper-middle part of the tree and forming a relatively independent branch. The
HS population (e.g., HS-2, HS-4, HS-8) is primarily distributed in the upper region of the
dendrogram, also showing a concentrated distribution, further supporting the genetic
independence of both WH and HS. In contrast, individuals from the XHC2, XHC1, and NX
populations are extensively intermingled. For instance, several samples from XHC2 and
XHC1 (e.g., XHC2-11 and XHC1-4, XHC2-5 and XHC1-1) are closely positioned in the upper
part of the tree, indicating a close genetic relationship. A similar pattern is observed in the
NX population, with individuals such as NX-13 and NX-7 showing an admixed distribution
with XHC2 and XHC1, suggesting frequent gene flow among these three populations, likely

https:/ /doi.org/10.3390/horticulturae12020178


https://doi.org/10.3390/horticulturae12020178

Horticulturae 2026, 12, 178 17 of 24

facilitated by geographical proximity or ecological similarity. High bootstrap values at key
nodes further support the reliability of the inferred topological structure.
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Figure 12. Dendrogram of genetic distance between individuals.

4. Discussion

The transition-to-transversion ratio (Ti/Tv) serves as a crucial indicator in evaluating
genomic genetic variation and a key parameter in quality control in high-throughput
sequencing data. A Ti/Tv ratio below the typical level observed in common species may
be associated with environmental stresses unique to alpine wetlands, such as intense
ultraviolet radiation [31], temperature fluctuations [32], and oxidative damage [33,34].
The distribution of mutation types also reflects the genome’s response characteristics to
environmental stresses. Under natural conditions, transition mutations are relatively stable,
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whereas transversion mutations typically occur at lower frequencies. Consequently, the
increased proportion of transversion mutations may indicate that Primula beesiana has
undergone intense selective pressure within alpine wetland ecosystems. Further analysis
suggests this mutational bias likely arises from the combined effects of persistent ultraviolet
radiation and low-temperature stress in high-humidity, high-altitude environments. These
conditions exacerbate DNA damage and repair processes, thereby promoting frequent
transversions. This phenomenon has been corroborated in numerous studies. For instance,
under elevated temperatures, oxidative damage leads to increased DNA mutation rates,
particularly during specific cell cycle phases. Reports indicate that oxidative damage
primarily impacts the G1 and S phases of the cell cycle, likely due to the reduced DNA repair
capacity in cells during these stages. This represents a common adaptive response in plants
at high altitudes [35,36]. In such environments, plants generally exhibit similar adaptive
responses by increasing mutation frequency to enhance genomic plasticity. These mutations
not only directly contribute to genetic diversity within populations but also provide a
potential genomic foundation for the subsequent adaptive evolution of the species.

This pattern aligns with findings in European primrose (Primula vulgaris), where a
clear genetic diversity gradient was observed, with populations in the eastern Caucasus
and Carpathian Mountains displaying significantly higher allelic richness than those in
western lowlands [37]. Similarly, in the Lijiang region of Yunnan, China, Primula beesiana
exhibits notable spatial genetic differentiation: populations in contiguous habitats with
sufficient pollinators and minimal anthropogenic disturbance (e.g., XHC2, WH) maintain
high genetic diversity, whereas those in remote or topographically isolated areas (e.g., MD])
experience limited gene flow. The MD] population, situated at a relatively low elevation
(2876 m) and naturally isolated by surrounding higher mountains, exemplifies how physical
barriers can reduce genetic diversity. Thus, the coexistence of high intraspecific variation
(over 97% of genetic variation is found within populations) alongside reduced diversity
in specific regional populations reflects the complex evolutionary dynamics of Primula
beesiana at fine geographical scales.

Genetic diversity arises from dynamic changes in allele number and frequency within
a species, a process governed by multiple evolutionary mechanisms—including genetic
drift, gene mutation, and reproductive modes—and further modulated by anthropogenic
environmental disturbances [38]. As a key regulatory factor, plant mating systems shape
the genetic architecture of populations by influencing heterozygosity and genetic differenti-
ation, thereby affecting the spatiotemporal distribution of gene flow [39]. The evolutionary
trade-off between outcrossing and selfing strategies is particularly significant. Theoretically,
Primula beesiana could maintain high outcrossing rates via insect pollination. However, the
average observed heterozygosity across the six studied populations was significantly lower
than expected, with a heterozygote deficiency rate of approximately 25.9%. This overall
heterozygosity deficit in Primula beesiana may result from habitat fragmentation or abrupt
population decline, which reduces the effective mating pool and increases the likelihood
of inbreeding. In particular, within the areas covered, certain populations are distributed
across farmland and zones of frequent human activity, where environmental fragmentation
is unavoidable. This may well be one reason for the overall low heterozygosity observed in
Primula beesiana. From a conservation standpoint, the genetic vulnerability observed in the
XHC1 and MDJ populations—attributable to small population sizes and restricted gene
flow—requires urgent attention. This pattern is consistent with findings from numerous
studies, particularly in small or isolated populations where a loss of genetic diversity is
often linked to genetic drift and inbreeding depression [40-42].

Genetic differentiation, a fundamental concept in population genetics, quantifies the
divergence in genetic composition among populations. Analysis of molecular variance
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(AMOVA) revealed that approximately 97.62% of molecular variation in Primula beesiana
occurs within populations, while only 2.38% is distributed among populations. This pat-
tern aligns with genetic structures observed in other ecologically adaptable plant species,
where high within-population diversity coexists with limited inter-population differentia-
tion [43,44]. Previous studies on European Primula vulgaris populations similarly reported
generally low Fst values, indicating maintained gene flow across geographical scales [37].
Consistently, the six geographical populations of Primula beesiana in this study exhibited
overall low Fst values despite significant altitudinal and topographical variation, demon-
strating how gene flow effectively counteracts genetic differentiation. Notably, the lowest
Fst was observed between the geographically proximate XHC2 and XHC1 populations,
where spatial proximity and habitat similarity likely facilitate pollinator movement and
seed dispersal, thereby minimizing genetic divergence. In contrast, the highest Fst occurred
between MDJ and XHC1, corresponding to their substantial geographical separation, with
distance and topographical barriers collectively restricting gene flow. This observation
corroborates studies on Rhizophora species, where molecular phylogenetics and popula-
tion genetic analyses using multiple nuclear genes confirmed that geographical isolation
imposes localized constraints on gene exchange [45].

Inter-population gene flow (Nm) serves as a crucial indicator in assessing the level of
genetic exchange between populations. Higher gene flow typically implies lower genetic
differentiation between populations, as gene exchange reduces genetic variation through
mechanisms such as migration and diffusion [46]. When Nm < 1, genetic drift often exerts
a greater influence on differentiation than gene flow; conversely, when Nm > 1, gene flow
is sufficient to suppress inter-population genetic differentiation to a certain extent [5,47].
Analysis reveals that Nm values among the six populations are generally greater than 1.
Moderate gene flow was detected among populations of Primula beesiana, with the strongest
exchange occurring between XHC2 and XHC1. This pattern reflects their geographical
proximity and comparable ecological conditions, which jointly facilitate pollen and seed
dispersal. In contrast, gene flow was lowest between MDJ and XHC1, constrained by both
topographic barriers and pronounced habitat heterogeneity. Similarly, genetic exchange
between MDJ and both HS and XHC2 remained limited, indicating that the MD] population
is largely genetically isolated within the species’ metapopulation system. The observed
low genetic diversity and heterozygosity deficit in the MD] population may result from
long-term independent evolution and restricted gene flow, potentially due to historical
bottleneck or founder effects [48-50]. These processes have likely intensified its genetic
divergence from other populations.

Genetic differentiation (Fst) among the six populations of Primula beesiana showed
a significant positive correlation with geographical distance, supporting the isolation-by-
distance (IBD) model as a major driver of population structure in this species. However,
certain population pairs—such as HS-MD] and NX-XHC2—displayed levels of genetic
differentiation not fully consistent with geographical proximity. For instance, despite
the relatively short distance between HS and MD)], their elevated Fst values suggest that
factors such as topographic barriers, habitat heterogeneity, or historical divergence may
locally override or amplify IBD effects. This phenomenon is supported by several previous
studies. Research in a narrow hybrid zone in the Iberian Peninsula demonstrated that gene
flow between two cryptic populations was substantially shaped by microenvironmental
variation, leading to asymmetric genetic exchange and reinforcing isolation [51]. Similarly,
populations of Eperua falcata Aubl. under contrasting environmental conditions exhibited
pronounced genetic divergence, likely driven by natural selection [52]. Genetic structure
analysis of the blue fan palm (Brahea armata) further revealed that although geographical
isolation strongly influenced differentiation, long-distance gene flow persisted, particularly
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across climatically favorable areas [53]. These patterns illustrate how plant populations
can maintain genetic connectivity over long distances despite geographical separation—a
phenomenon also observed in alpine plants of the Tibetan Plateau [54]. Moreover, stud-
ies on Iris atropurpurea revealed that ecological differences exerted a more pronounced
influence on reproductive isolation than geographical distance, further underscoring the
dominant role of environmental factors in population genetic differentiation processes [55].
Certain sampling sites within the study area were proximate to farmland, reservoirs, or
tourist development zones. Human activities such as the deliberate relocation of seedlings,
landscaping projects, and road construction may inadvertently facilitate pollen or seed
dispersal between populations. This locally circumvents the constraints of geographical
distance on gene flow, resulting in a more complex spatial genetic structure. The gener-
ally low Fst values and high Nm values observed in Primula beesiana indicate that gene
exchange between populations remains unimpeded. This facilitates the maintenance of
high intrapopulation genetic diversity in geographically adjacent areas and enhances re-
silience to environmental disturbances. However, certain local populations (e.g., MDJ, HS,
XHC1) exhibit significant differentiation from neighboring populations due to historical,
environmental, or anthropogenic factors. While this differentiation may foster adaptive
gene pools within specific microhabitats, it also implies heightened genetic risk in these
populations [56]. Research indicates that even at close geographical distances, strong
selective pressures across different ecological gradients can drive genomic differentiation.
This microgeographic selection pattern indicates that spatial environmental heterogeneity
aids in maintaining intrapopulation genetic diversity [57]. Consequently, conservation
management should treat these markedly differentiated local populations as Evolution-
arily Significant Units (ESUs) warranting priority protection. Should these populations
be lost due to external disturbances, the unique gene pools that they harbor would be
irrecoverable, resulting in irreversible genetic loss. Consequently, conservation efforts for
Primula beesiana must balance two primary objectives: maintaining overall gene flow and
safeguarding distinctively differentiated populations. For instance, research indicates that
gene flow is crucial in preserving species genetic diversity and adaptive capacity. However,
simultaneously, distinctively differentiated populations may show unique adaptations to
specific environments, necessitating special protection [58,59].

The six geographical populations of Primula beesiana can be classified into four major
genetic clusters: MDJ, WH, and HS each form distinct groups, while NX, XHC1, and XHC2
cluster together. The results from principal component analysis (PCA) are largely consistent
with the dendrogram topology. In the PCA scatter plot, MDJ individuals are concentrated
on the right side, showing minimal overlap with other populations, reflecting a highly
differentiated genetic background. Similarly, WH and HS form relatively independent
clusters, whereas NX, XHC1, and XHC2 exhibit substantial overlap, indicating closer
phylogenetic relationships or more frequent gene flow among them. These patterns align
with findings from Fst and gene flow (Nm) analyses: geographically adjacent or ecologically
similar populations (e.g., XHC2-XHC1-NX) maintain closer genetic connections, whereas
relatively isolated populations such as MDJ demonstrate stronger genetic independence.
This is consistent with the general principle that geographically or ecologically proximate
populations tend to show reduced genetic divergence, as observed in Brazilian tall coconut
populations, where genetic similarity decreases with geographical distance [60]. Within
the overall genetic structure, the distinct differentiation of MDJ, WH, and HS merits
further investigation to clarify the underlying ecological or historical causes. In the overall
clustering results, the distinct differentiation of MDJ, WH, and HS populations to varying
degrees corroborates the hypothesis that ‘geographical proximity coupled with ecological
similarity’ may enhance gene flow between populations. Simultaneously, this highlights
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the MDJ population’s status as a ‘genetic island” within the region. Combining analyses of
the MDJ population’s geographical location, microenvironmental differences, and potential
historical bottlenecks, it can be inferred that its prolonged independent evolution has
resulted in low genetic diversity and significant differentiation from other populations.
Priority conservation strategies should therefore be implemented for this population.

Studies indicate that Primula beesiana exhibits considerable plasticity in environmental
adaptation. These findings not only offer key insights into the evolutionary mechanisms
and adaptability of this species but also highlight the importance of developing differ-
entiated conservation strategies from the perspectives of germplasm preservation and
population management. By rationally planning potential gene exchange pathways among
distinct populations and implementing targeted conservation measures in key isolated
populations, it is possible to maintain the species’ high genetic diversity and long-term
evolutionary potential across its distribution range. Specifically, maintaining ecological
corridors and regulating land use can help preserve pollination pathways and seed dis-
persal routes between adjacent populations. Meanwhile, highly isolated populations with
low genetic diversity (e.g., MD]) should be prioritized for conservation and continuous
monitoring to prevent inbreeding depression and excessive genetic drift, thereby sustaining
regional-scale diversity and evolutionary potential [61,62]. Furthermore, based on the four
major genetic clusters (MDJ], WH, HS, and a tightly clustered group comprising XHC2,
XHC1, and NX) of Primula beesiana identified in this study, along with its gene flow patterns,
we propose a systematic strategy, spanning from resource conservation to variety develop-
ment. The core strategy involves utilizing the XHC2-XHC1-NX population—characterized
by high gene flow and rich genetic diversity—as a foundational breeding germplasm
repository to broadly aggregate adaptive genes. Specific breeding programs include the
following: Breeding Broadly Adaptable Cultivars: Conducting preferential hybridization
within the XHC2, XHC1, and NX populations to enhance their inherent adaptability. Syner-
gistic Conservation and Breeding: Designating the three independent clusters MDJ, WH,
and HS as Evolutionarily Significant Units (ESUs) for priority in situ conservation while
simultaneously utilizing their germplasm as a strategic breeding resource and maintain-
ing ecological corridors between adjacent populations such as XHC2-XHC1-NX to ensure
sustained gene flow and natural evolutionary processes. This approach translates genetic in-
formation into precise parental selection and sustainable germplasm management, enabling
the sustainable performance of both species conservation and horticultural practices.

5. Conclusions

Primula beesiana maintains relatively high overall genetic diversity yet exhibits signif-
icant inter-population differentiation. Populations such as WH, NX, and XHC2 display
comparatively rich diversity, whereas MDJ and XHC1 show reduced levels, potentially
due to factors including limited sample size, geographical isolation, and historical genetic
drift. Genetic differentiation among populations is generally low, with most molecular
variance occurring within populations. A significant positive correlation was observed
between genetic differentiation and geographical distance (r = 0.854, p = 0.001), supporting
the isolation-by-distance (IBD) model. However, local populations such as MDJ exhibit
markedly elevated differentiation beyond that predicted by distance alone, likely reflecting
the influence of topographical or ecological barriers. Gene flow analysis reveals frequent
genetic exchange between geographically adjacent populations (e.g., XHC2 and XHC1),
whereas spatially isolated populations (e.g., MDJ) show restricted connectivity. The six
populations form four genetic clusters, with MDJ, WH, and HS constituting distinct groups
recommended for priority conservation as independent evolutionary significant units
(ESUs). In contrast, NX, XHC1, and XHC2 demonstrate strong local adaptation and dis-
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persal potential. At the regional scale, Primula beesiana exhibits a genetic architecture
characterized by high within-population diversity, limited inter-population differentiation,
and pronounced local isolation in specific populations.
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