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Next-generation sequencing-based
population genetics unravels the evolutionary
history of Rhodomyrtus tomentosa in China
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Abstract

Background Rhodomyrtus tomentosa (Ait.) Hassk. is useful for its ornamental, medicinal, and ecological
characteristics, and is considered a “Neglected and Underutilized Crop Species”. However, our understanding of the
geographic structure and evolutionary history of its wild populations is limited. To address this gap, we investigated
genomic data from 284 samples of R. tomentosa from 28 wild populations in southern China.

Results The genetic diversity of populations in different regions revealed the similar trends using whole-genome and
RAD-seq data, and Hainan Island having a higher genetic diversity than other regions. The 28 populations clustered
into three distinct groups: (@) GROUP1 on the eastern mainland within Guangdong, Fujian, and Hunan Provinces; (b)
GROUP?2 on the western mainland within Guangxi and Yunnan Provinces; and (c) GROUP3 on Hainan Island. Mantel
tests and redundancy analyses revealed population differentiation was affected by distance and environmental
factors such as annual average radiation. Demographic history and gene flow analyses indicated the mainland
populations and the Hainan Island populations diverged around 0.93 MYA, with gene flow primarily occurring from
Hainan Island and the coastal regions (such as Zhanjiang in Guangdong and Fangchenggang in Guangxi) towards the
mainland, reflecting an expansion trend within the species. PSMC'analyses indicated that the populations of the three
groups underwent a bottleneck during the Pleistocene due to glacial-interglacial cycles and geological events. Niche
analysis revealed that the ice ages caused habitat contraction for the species, and populations with higher genetic
diversity are generally distributed in areas with more suitable habitats.

Conclusions This study elucidates the current genetic distribution of the species within China and suggests that
drastic Pleistocene climate change and geographical events caused population divergence and fluctuations in
effective population size, shaping the current genetic distribution of R. tomentosa. These findings provide a theoretical
basis for the genetic conservation and improvement of R. tomentosa.
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Background

Rhodomyrtus tomentosa (Ait.) Hassk. (Myrtaceae) is a
robust monoecious evergreen shrub distributed in East
and Southeast Asia, including China, Japan, Thailand,
the Philippines, Vietnam, and Malaysia [1]. In China, R.
tomentosa predominantly inhabits regions between lati-
tudes of 25°18'N and 26°18'N [2]. Rhodomyrtus tomen-
tosa requires full sunlight and typically occurs along
forest fringes [3]. For monoecious insect pollinated
plants such as R. tomentosa, the reproduction mode var-
ies between facultative outcrosses, cross-pollination, and
same plant outcrosses [4].

Rhodomyrtus tomentosa is a versatile plant with sev-
eral valuable attributes. Its aesthetic appeal makes it a
popular choice for potted plants and bonsai owing to its
exquisite color-changing flowers and vibrant red fruits
[5]. In addition to its ornamental charm, R. tomentosa
has a wide variety of medicinal benefits, including anti-
microbial efficacy [6, 7], anti-tumor potential [8], and
anti-inflammatory [9] and antioxidant properties [10].
Rhodomyrtus tomentosa also plays a major role in ecolog-
ical landscapes, improving microhabitats in moderately
degraded grassland ecosystems and creating a favorable
environment for sandalwood seedlings [11, 12]. Recently,
R. tomentosa has gained attention and was identified as
one of the 240 “Neglected and Underutilized Crop Spe-
cies” by the scientific project “Agrofolio” [10]. To further
advance our understanding and utilization of R. tomen-
tosa, it is essential to explore the genetic foundations
of its distribution patterns and adaptive traits in wild
populations.

Population genetics is an effective approach to inves-
tigate the genetic basis of distribution patterns and
adaptive traits of species. Recent studies using various
molecular markers (e.g., ISSR and SSR) have investi-
gated genetic diversity and distribution patterns among
populations in different regions [13-15]. However, due
to the limitations of ISSR and SSR markers, past stud-
ies have not detailed the population history and current
distribution patterns of R. tomentosa. Species distribu-
tion patterns result from the interaction of both external
(e.g., historical climate, topography) and internal factors
(e.g., biology, population history). External factors typi-
cally shape species geographical distributions [16-18],
whereas internal factors often contribute to geographic
structural diversity [19, 20]. Understanding how exter-
nal factors, such as climate history, and internal factors,
such as population history, affect species distribution
patterns is crucial for predicting range shifts and guiding
conservation efforts [21]. Therefore, conducting popula-
tion genetics research on R. tomentosa using informative

molecular markers over a broad geographical range is
essential for understanding both the historical distribu-
tion and present genetic variation within the species.

Restriction site associated DNA sequencing (RAD-seq)
is a simplified genome sequencing method developed
using next-generation sequencing (NGS) technology
[22-24]. Its high throughput, ease of use, and relatively
low cost have made it a popular choice for genetic diver-
sity analyses [25-28]. Despite these advantages, RAD-
seq has limitations due to its reliance on restriction
enzymes, which can pose challenges in applications. For
example, in studies of evolutionary history over broader
time scales, using chloroplast or low copy nuclear gene
data can expand the range of outgroups and available
fossil evidence, and can improve the accuracy of analy-
ses. Furthermore, the low genome coverage of RAD-seq
data renders its results unreliable for analyzing histori-
cal effective population size [29], whereas whole-genome
sequencing (WGS) data meet the coverage and depth
requirements necessary for this analysis. Therefore, com-
bining RAD-seq datasets with other sequencing data,
such as whole chloroplast genome and WGS data is a
more efficient approach.

This study addresses three main questions: (a) What
are the genetic diversity and structural distribution pat-
terns of current R. tomentosa populations in southern
China; (b) What are the impacts of geographical isolation
and environmental factors on R. tomentosa population
differentiation; and (c) How are the current genetic dis-
tribution and population differentiation of R. tomentosa
related to climate oscillations, the formation of Hainan
Island, and marine transgressions?

Materials and methods
DNA extraction and RAD libraries
Following field investigations in southern China, we
selected 28 wild populations and sampled 10-20 plants
(at distances exceeding 30 m) at each population loca-
tion (Additional file 1: Table S1; Fig. 1C). The sample
collection work was approved by the Forestry Bureau of
Guangdong Province, China, and identified by Dr. Long-
yuan Wang from Zhongkai University of Agricultural
Engineering. Two voucher specimens for each plant were
retained and deposited separately in the Zhongkai Uni-
versity of Agricultural Engineering and Guangdong Eco-
engineering Polytechnic herbaria (accession number:
ZKU-LBY). The sampled leaves were dried directly with
silica gel in the wild, then taken back to the lab and fro-
zen in - 80 °C until DNA extraction.

Genomic DNA was extracted from leaf samples using a
modified CTAB method [30]. Subsequently, DNA quality
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Fig. 1 Patterns of the genetic structure of Rhodomyrtus tomentosa. A ADMIXTURE assignments for 28 populations. Model-based population assignments
at K from 2 to 7. Each vertical bar represents a sample, with its assignment probability to genetic clusters represented by different colors. B Principal
components analysis (PCA). Percent variation explained by each component is shown in parentheses. The color of the dots represents the population of
the samples, while the shape of the dots indicates the group of populations. C The geographic distribution of the 28 populations of R. tomentosa. The pie
charts depict the ancestry composition of each population for K=3 as inferred by ADMIXTURE

and concentration were assessed using 1% agarose gel
electrophoresis. DNA concentration was measured using
a ThermoFish Qubit 4.0 fluorometer (Invitrogen, USA),
and sample concentration was diluted to 150 ng/pl. Puri-
fied DNA was digested using Mse I and EcoR I enzymes
(New England Biolabs, Beverly, USA). The fragmented
DNA was ligated to unique paired-end adapters (P1) and
a common adapter (P2). Unique P1 adapters were used
to differentiate samples during downstream sequence
analysis. Samples were run on 2% gels, and DNA in the
range of 300-500 bp was excised and recovered using a
GEL Extraction Kit (Omega, Norcross, USA). Purified
products were amplified using PCR with forward and
reverse amplification primers (IGEBIO, Guangzhou).
The products were sequenced on an Illumina HiSeq 2500
platform (Jierui Biotech, Guangzhou), generating 135 bp

paired-end reads. Full uncropped Gels and Blots images
are provided in Additional file 3.

SNP calling
After evaluation and quality control of the raw sequenc-
ing data using FastQC, we used the process_radtags tool
from Stacks v.2.55 [31] to demultiplex the data into indi-
viduals. The demultiplexed data were aligned to the R.
tomentosa reference genome (GenBank accession num-
ber: GCA_028455895.1) [32] using BWA-MEM v.0.7.17
[33]. The alignment results from the BWA-MEM were
processed using SAMtools v.1.10 [34] and converted
to BAM files. Quality assessment was performed using
SAMotools flagstat (Additional file 1: Table S2).

To address various analytical requirements, differ-
ent datasets were generated from the initial total single
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nucleotide polymorphism (SNP) data using three differ-
ent filtering strategies. For Stacks, the gstacks program
assembled double-digested RAD loci for each locus
from the alignment results, and the population program
extracted and filtered SNPs. For the total SNP dataset,
the Stacks population program was configured with the
following settings: -r 0.7, to remove samples with miss-
ing data greater than 30%; --min-mac 10 to exclude SNPs
with minor allele counts<10; and --max-obs-het 0.7,
to eliminate SNPs with observed heterozygosity>0.7
across all populations; resulting in dataset (A) Dataset
A was further filtered using VCFtools v.0.1.16 [35]. First,
samples with >20% missing data were removed using
--max-missing 0.8. Next, SNPs with Hardy-Weinberg
equilibrium (HWE) p-values<10~7 within populations
were filtered out using --hwe 0.0000001, and records with
more than two alleles were excluded using --max-alleles
2, resulting in dataset (B) To minimize the impact of link-
age disequilibrium (LD) on population structure infer-
ence, additional LD filtering was performed on dataset
B using PLINK v.1.9 [36] with parameters set as --indep-
pairwise 50 10 0.2, resulting in dataset C.

Shallow whole-genome sequencing, alignment,
chloroplast genome assembly

From each population, 1-2 representative samples were
selected (Additional file 1: Table S3). WGS was per-
formed on the Illumina NovaSeq platform (provided
by Guangzhou Jierui Biotechnology) with paired-end,
2x150 bp reads. Each sample generated approximately
6 Gb of clean data. Quality-controlled data were aligned
to the R. tomentosa reference genome (GenBank acces-
sion number: GCA_028455895.1) using BWA-MEM
and sorted into BAM files using SAMtools [34]. The
alignment results from BWA-MEM were assessed sepa-
rately for quality using SAMtools flagstat and SAM-
tools coverage (Additional file 1: Table S3). Chloroplast
genome assembly was conducted with the GetOrganelle
toolkit [37] using k-mer values of 21, 55, 85, and 115,
using the published R. tomentosa chloroplast genome
(NC_043848.1) as a random seed input. The filtered
assembly results were manually inspected for accuracy
and completeness using Bandage [38] before generating
the final sequence.

Population genetic diversity and structure analysis

Population genetic diversity was calculated using the
Stacks population pipeline for dataset A, although this
may lead to biased estimates of population genetic
parameters [39]. Dataset A was used to calculate the
occurrence rate of private alleles (PA), average observed
heterozygosity (H,), average expected heterozygos-
ity (Hg), nucleotide diversity (IT), and Wright’s inbreed-
ing coefficient (Fjg). Pairwise mean population genetic
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differentiation coefficient (Fgr) was computed using data-
set B.

To assess population genetic structure of R. tomentosa,
we used ADMIXTURE v.1.3.0 [40] in conjunction with
principal component analysis (PCA) [41]. ADMIXTURE
uses a maximum likelihood-based approach to assign
ancestral allele frequencies across the entire genome. It
calculates the CV-error for K=1-10 using a cross-vali-
dation procedure and visualizes the genetic structure of
various populations. PCA of the samples was conducted
using PLINK. ADMIXTURE uses a likelihood model
to estimate ancestral allele frequencies based on SNPs
whereas PCA does not rely on biological assumptions,
provides complementary insights with ADMIXTURE.

Validating population structure based on whole-genome
sequencing data
First, the alignment results of the RAD-seq data for 30
samples were input into Stacks. The output results were
filtered using VCFtools with the parameter “--maf 0.01”
to select SNPs with a minor allele frequency greater than
0.01. Subsequently, the parameter “--max-missing 0.9”
was applied to retain only those variants for which geno-
type information was available in 90% or more of the sam-
ples. Next, alignment results from the BWA-MEM of the
WGS data were input into GATK v.4.3.0 [42] to extract
SNPs. HaplotypeCaller was used to extract variant infor-
mation for each sample individually, followed by merging
the alignment results for the 30 samples. SelectVariants
was used to extract SNPs from the variant information.
In VariantFiltration, the criteria “QD <2.0|| MQ<40.0||
FS>60.0|| SOR>3.0|| MQRankSum < -12.5|| ReadPos-
RankSum < -8.0” were used to filter low-quality SNPs.
The output results were filtered using VCFtools with fil-
tering strategies consistent with the RAD-seq data.
Genetic diversity for each group was calculated using
PLINK and the Hardy-Weinberg equilibrium was
assessed. Finally, both SNP datasets, after LD filter-
ing, were subjected to genetic structure analysis using
ADMIXTURE.

Testing the impact of geographical distance and
environmental differences on population differentiation
Isolation by Distance (IBD), Isolation by Environment
(IBE), and Redundancy Analysis (RDA) can be used to
elucidate the influence of geographical distance and envi-
ronmental differences on population genetic differentia-
tion. A genetic differentiation matrix (linearized pairwise
genetic differentiation, L.E., Fgp / (1 - Fgr)) was generated
from the Fg; matrix. Subsequently, the distm function
from the geosphere package in R [43] was used to convert
the latitude and longitude coordinates of each population
(Additional file 1: Table S1) into a geographic distance
matrix. To obtain the environmental distance matrix,
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data for 19 bioclimatic factors (BIO1-19), three soil fac-
tors (soil organic matter, soil moisture content, soil pH),
and four solar ultraviolet radiation factors (Uvb1-4) were
retrieved from the WORLDCLIM (https://www.worldc
lim.org/), Center for Sustainability and the Global Envi-
ronment  (http://www.sage.wisc.edu/atlas/index.php/),
and gIUV (http://www.ufz.de/gluv) database, respectivel
y. Environmental data for each population were extracted
using ArcGIS v.10.7 based on sampling locations (Addi-
tional file 1: Table S1). To mitigate the impact of multi-
collinearity, variables with a Variance Inflation Factor
(VIF) > 10 were excluded as bioclimatic factors, resulting
in the retention of four bioclimatic factors: BIO1, BIO2,
BIO12, and BIO14. In total, 11 environmental factors
were selected for further analysis (Table 1). In R, the dist
function from the vegan package [44] was used to calcu-
late the Euclidean distance of standardized environmen-
tal factors, which served as the environmental distance
matrix for 28 R. tomentosa populations. After obtain-
ing these three matrices, the IBD and IBE Mantel tests
were conducted using GENALEX v.6.5 [45], with 999
permutations.

RDA was used to estimate the percentage of genetic
variation attributed to the collinear portions of each
environmental factor. The pcum r function was used to
convert the pairwise genetic matrix into the principal
coordinates of neighboring matrices [46]. The rda func-
tion in the R vegan package was used to perform redun-
dancy analysis of the 11 environmental factors and
genetic distance, and the results were visualized using
ggplot2 package.

Demographic history analysis

The population history of R. tomentosa consists of two
key components, phylogenetic history and gene flow
events. To reconstruct this history, we employed: (1)
BEAST molecular clock analyses using chloroplast
whole-genome sequences; (2) Pairwise Sequentially

Table 1 The environmental factors used to construct the
environmental distance matrix and conducting ecological niche

predictions

NO Code Variable types Environment variable

1 BIO1 Bioclimatic factors Annual Mean Temperature

2 BIO2 Bioclimatic factors Mean Diurnal Range

3 BIO12 Bioclimatic factors Annual Precipitation

4 BIO14 Bioclimatic factors Precipitation of Driest Month
5 Soil1 Soil factors Soil pH

6 Soil2 Soil factors Soil organic matter

7 Soil3 Soil factors Soil moisture content

8 Uvb1 Radiation factors Annual Mean UV-B

9 Uvb2 Radiation factors UV-B Seasonality

10 Uvb3 Radiation factors Mean UV-B of Highest Month
11 Uvb4 Radiation factors Mean UV-B of Lowest Month
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Markovian Coalescent (PSMC’) modeling using shal-
low WGS data to estimate effective population sizes; (3)
DIYABC analysis to verify the evolutionary history; and
(4) TreeMix and (5) Dsuite analyses, to elucidate the gene
flow events among the 28 distinct R. tomentosa natural
populations.

First, we combined the 30 assembled chloroplast
sequences with 34 additional chloroplast whole-genome
sequences from Myrtaceae taxa accessible on NCBI
(Additional file 1: Table S4). These sequences were
aligned using MAFFT v.7.520 [47], examined using
MEGA X [48], and converted to FASTA format. Sub-
sequently, using the ModeFinder tool within IQ-TREE
v.1.4.4 [49] the GTR + F + R5 model was determined to be
the best-fitting DNA substitution model, with a Bayesian
Information Criterion (BIC) score of 903836.022. Diver-
gence time analysis was performed with BEAST v.2.4 [50]
using the Markov chain Monte Carlo (MCMC) method.
The BEAUi settings included a site model with the nucle-
otide substitution model set to GTR + F + R5, determined
by ModeFinder. The Clock model was set to Strict Clock,
and the speciation model was set to the Yule Model. For
Myrtoideae stem age, we used a normal distribution with
a mean of 85.0, Sigma of 1.5, and Offset of 5.0, based on
fossil records for Sterculia (http://www.malvaceae.info/
Classification/ Sterculioideae.html). Additionally, based
on fossil records from the Timetree website (https://ti
metree.org/home), we set the time mean for Corymbia
and Angophora to 2.0, with a Sigma of 1.0 and an Off-
set of 0.5. In BEAST, the MCMC chain length was set to
10,000,000 and samples were taken every 10,000 genera-
tions. The chain stability and convergence were assessed
using Tracer 1.5 (beast.community/tracer). A consensus
tree was generated using TreeAnnotator after discarding
the initial 10% of the tree.

The PSMC’ model [51] was used to infer changes in
the historical effective population size from genomic
sequences. Initially, the mpileup command from
BCFtools v.1.17 [52] and bamCaller.py (https://github.co
m/stschiff/msmc-tools) were used to generate VCF and
mask files from BAM files (Additional file 1: Table S3)
with default parameters. This process masked the gaps,
repetitive sequences, ad insertions in the genome. Sub-
sequently, generate_multihetsep.py (https://github.com
/stschift/msmc-tools) generated input files for MSMC2,
which analyzed the effective population size for each pair
of population genomes. The grouping was as follows:
GDMZ, GDSG, and FJZZ represented GROUP1; GXFC,
GXLB, and GZQN represented GROUP2; HNWZ,
HNWS, and HNHK represented GROUP3 (Additional
file 1: Table S3) with default parameters. The final output
results were plotted using R. The parameters were scaled
assuming a generation time (g) of five years and a muta-
tion rate (u) of 1x10~8 per generation per site [53]. The
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effective population size and time were represented by 0/
(4p) and d/(2p/g), respectively.

Finally, the population history was investigated using
approximate Bayesian computations in DIYABC v2.1.0
[54] based on SNP dataset C. Scenarios 1-3 were
assumed to verify the results of the divergence history
analysis. The prior information for the assumed popula-
tion effective size (Ne) and time (t) was set according to
the results from BEAST and PSMC' The generation time
was assumed to be g=>5, with t2 ranging from 150,000 to
200,000 and t1 ranging from 1,500 to 2,000. All Ne values
ranged from 10,000 to 100,000, with t2 being greater than
or equal to tl. The admixture rate (r) ranged from 0.001
to 0.999. According to the software’s recommendation,
the analysis was performed with 400,000 simulations.

TreeMix v.1.13 [55] was used to test the gene flow in
a phylogenetic context. The VCF file was converted to a
frequency file that could be transformed into a TreeMix
file using the plink2treemix script (https://github.com/ba
rbatom/plink2treemix). TreeMix simultaneously estimat
ed an ML species tree and the direction and weight (w) of
gene flow among populations and groups based on allele
frequencies. Initially, an ML species tree without migra-
tion was built, and migration events were sequentially
added until the model’s explanatory power no longer
increased significantly.

Dsuite [56] software, based on SNP dataset C, infers
Patterson’s D statistic, also known as the ABBA-BABA
statistic, often referred to as the f4 ratio statistic. In this
test, an outgroup was included for comparison. The anal-
ysis involved four populations, distinguishing between
ancestral (“A”) and derived (“B”) alleles, and quantified
the patterns known as “ABBA” and “BABA” Under the
assumption of a phylogenetic tree with no gene flow,
SNPs counts displaying “ABBA” and “BABA” patterns
should be equally frequent. An excess of either pattern
in the genome suggests a potential gene flow between
different populations, which can be calculated using
Patterson’s D statistic. For this analysis, the maximum
likelihood tree inferred with zero gene flow (m =0) events
using TreeMix was used as the input tree.

Table 2 Usage of different sequencing data sets

Data sets Usage
RAD-seq A Genetic diversity
B IBD, IBE, RDA

C Population genetic structure, Gene flow
Whole-genome sequencing  Genetic diversity, Chloroplast Genome
Assembly, PSMC'
chloroplast whole-genome BEAST2

sequence
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Niche model construction

After merging the geographic coordinates of R. tomen-
tosa obtained from the Chinese Virtual Herbarium
(CVH, https://www.cvh.ac.cn/) and the Global Biodive
rsity Information Facility (GBIFE, https://www.gbif.org/)
with the geographic coordinates of 28 populations (Addi-
tional file 1: Table S1), they were imported into ArcGIS
for distance calculation. Points that were too close were
manually removed, leaving 174 specimen coordinates for
analysis. The four bioclimatic variables used to construct
the environmental difference matrix (Table 1) were also
used as predictive factors for the potential habitat of R.
tomentosa. The geographic resolution of the environmen-
tal raster dataset was standardized to 2.5’ (approximately
4.5 km?).

For habitat prediction, geographic coordinates and
environmental raster data were imported into MaxEnt
v.3.4.4 [57]. Each model was run ten times, using 75% of
available records for training and 25% for validation. All
other parameters were set to their default values. Pre-
dictive accuracy was assessed using Receiver Operat-
ing Characteristic (ROC) analysis. The Area Under the
Curve (AUC) was used as an indicator of model predic-
tion accuracy, with models showing AUC values close to
1 considered more accurate [58]. These were classified
(0.5-0.6), poor (0.6-0.7), fair (0.7-0.8), good (0.8-0.9),
and excellent (0.9-1.0) [59, 60]. The average of ten output
asc files was used for subsequent analyses. Additionally,
we collected four bioclimatic variables from the Mid-
Holocene (MH, approximately 6,000 years BP), the Last
Glacial Maximum (LGM, approximately 22,000 years
BP), and Last Interglacial (LIG, approximately 140,000
years BP) periods in the WORLDCLIM bioclimatic data-
base  (https://www.worldclim.org/data/v1.4/paleol.4.h
tml) to simulate the distribution of R. tomentosa during
different historical periods. The output of the suitability
distribution raster data was imported into ArcGIS for
mapping, yielding four levels of potential habitat suit-
ability: excellent (> 0.6), good (0.4-0.6), fair (0.2-0.4), and
poor (<0.2) suitability [60, 61].

Results

Sequencing data preprocessing and snp calling

After initial filtering, RAD-seq data from 284 samples
representing 28 R. tomentosa populations were retained
for subsequent analysis (Additional file 1: Table S2). The
alignment results showed an average of 3,285,192 clean
reads with a 96.47% average alignment rate and 4.86%
average genome coverage. Three SNP datasets were gen-
erated based on the alignment results (Table 2): dataset
A contained 220,734 SNPs for genetic diversity analysis;
dataset B contained 13,229 SNPs for calculating FST,
Mantel tests, and RDA; and dataset C contained 3,021
SNPs for genetic structure and gene flow analysis. The
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WGS alignment results showed a total of 47,660,548
average clean reads, with a 93.98% average alignment
rate, 90.5% average genome coverage, and an average
depth of 13.95x (Additional file 1: Table S3). The nucleo-
tide composition analysis of the 30 successfully assem-
bled complete chloroplast genome sequences (Additional
file 1: Table S5) revealed an average sequence length of
156,153 base pairs, with an A+ T content of 62.8% and a
C+G content of 37.1%.

Population genetic diversity and structure analysis

The genetic diversity results from Stacks (using Vari-
ant positions) indicated that the number of PA across
all populations ranged from 45 (GDMZ) to 5,323
(GDZ]) (Table 3). Hy varied from 0.0222 (Z]JWZ) to
0.1924 (GDZJ), while Hy ranged from 0.0705 (FJQZ)
to 0.2535 (HNHK). IT ranged from 0.0759 (FJQZ) to
0.2665 (HNHK), and the Fig varied from 0.0282 (FJLY)
to 0.3155 (GXGL). The GDZ] population in the Guang-
dong Leizhou Peninsula and the HNHK population in
northern Hainan Island had the highest number of PA,
Hg, H, and I1. Populations with the highest Fg included
highland populations GXGL, YNWS, and GZQN, and
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island populations HNLS and HNWZ. Populations with
higher genetic diversity indices were mainly found near
Beibu Gulf in northern Guangxi Province, Leizhou Pen-
insula in Guangdong Province, and Hainan Island. Other
regions had relatively lower genetic diversity indices, with
Fyjian and Guangdong having lower indices than those of
Guangxi. Populations in mountainous and island areas
had higher F¢ values. The pairwise genetic differentiation
coeflicient Fgr (Additional file 2: Fig. S1), and the highest
value was observed between ZJWZ and HNWZ, reach-
ing 0.23. Most F¢p values between the populations ranged
from 0.05 to 0.15.

The cross-validation error rates for the number of
ancestral populations (K=1-10), indicated no significant
differences between K=3 and K=9 (Additional file 2: Fig.
S2). PCA further supported the grouping strategy at K=3
(Fig. 1B). PC1 (56.80%) differentiated the Hainan Island
populations from the mainland populations, whereas
PC2 (20.35%) separated the Guangxi Province popula-
tion from those in Guangdong and Fujian Provinces. For
K=3-9, the PCA results consistently supported K=3
(Fig. 1A and B). Based on ADMIXTURE, PCA, and pop-
ulation geographic distributions, the 28 populations were

Table 3 Population genetic diversity measures for Rhodomyrtus tomentosa populations based on 220,734 polymorphic sites

Pop ID Variant positions All positions (variant and fixed)
PA Ho Hg n Fis Ho He n Fis

FIFZ 116 0.0607 0.0753 0.0828 0.0500 0.0004 0.0004 0.0005 0.0003
FILY 316 0.0778 0.0836 0.0889 0.0282 0.0005 0.0006 0.0006 0.0002
FJPT 862 0.0742 0.0855 0.0924 0.0455 0.0003 0.0004 0.0004 0.0002
FQz 434 0.0544 0.0705 0.0759 0.0528 0.0003 0.0004 0.0004 0.0003
Flzz 92 0.0739 0.0983 0.1033 0.0752 0.0004 0.0005 0.0005 0.0004
GDGZ 71 0.1310 0.1556 0.1677 0.0852 0.0007 0.0008 0.0009 0.0004
GDHY 1218 01174 0.1287 0.1383 0.0516 0.0007 0.0007 0.0008 0.0003
GDJM 181 0.1031 0.1397 0.1442 0.1222 0.0004 0.0006 0.0006 0.0005
GDMN 235 0.1065 0.1470 0.1573 0.1315 0.0005 0.0007 0.0008 0.0007
GDMZ 45 0.0727 0.1125 0.1242 0.1149 0.0004 0.0007 0.0007 0.0007
GDSG 931 0.0901 0.1246 0.1346 0.1032 0.0005 0.0007 0.0007 0.0006
GDSW 75 0.1039 0.1541 0.1596 0.1505 0.0003 0.0005 0.0005 0.0005
GDXY 130 0.0569 0.1544 0.1748 0.2509 0.0002 0.0004 0.0005 0.0007
GDZJ 5323 0.1924 0.2011 0.2184 0.0625 0.0011 0.0012 0.0013 0.0004
GXBH 97 0.1415 0.2048 02218 0.1857 0.0004 0.0006 0.0007 0.0006
GXCZ 1337 0.1562 0.1942 0.2121 0.1304 0.0009 0.0011 0.0012 0.0007
GXFC 664 01712 0.2044 0.2230 0.1164 0.0009 0.0011 0.0012 0.0006
GXGL 342 0.0968 0.2103 02179 03155 0.0006 0.0012 0.0013 0.0019
GXHZ 369 0.0973 0.1697 0.1766 02218 0.0005 0.0009 0.0009 0.0011
GXLB 1236 0.1692 0.2289 0.2422 0.1858 0.0010 0.0013 0.0014 0.0011
GXQz 276 0.1298 0.1906 0.2093 0.1805 0.0006 0.0008 0.0009 0.0008
GZQN 363 0.0787 0.1612 0.1682 0.2408 0.0004 0.0008 0.0008 0.0012
HNHK 4389 0.1744 0.2535 0.2665 0.2256 0.0010 0.0014 0.0015 0.0013
HNLS 264 0.1138 0.2145 0.2299 0.2770 0.0003 0.0005 0.0005 0.0006
HNWZ 2591 0.1547 0.2130 0.2348 0.1765 0.0007 0.0010 0.0011 0.0008
HUCZ 138 0.0959 0.1521 0.1590 0.1606 0.0005 0.0008 0.0008 0.0008
YNWS 1048 0.0504 0.1149 0.1200 0.2185 0.0003 0.0006 0.0007 0.0012
ZJWZ 134 0.0222 0.0921 0.0963 0.1652 0.0001 0.0004 0.0004 0.0007
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classified into three groups (Fig. 1A and C). GROUP],
located in the eastern mainland, included 17 popula-
tions distributed in the Guangdong, Fujian, Zhejiang, and
Hunan provinces. GROUP2, in the western mainland,
consisted of eight populations distributed in the Guangxi,
Yunnan, and Guizhou provinces. GROUP3 comprised
three populations on Hainan Island. The populations at
the distribution boundaries of the three groups exhibited
mixed genetic components. Substructures appeared at
K=4-7 (Fig. 1A). At K=4, the GDJM, GDXY, GDZ]J, and
GDMN populations, located at the boundary between
GROUP1 and GROUP2, were separated from GROUPI.
At K=5, the populations in the southern and northern
parts of the GROUP2 distribution area were also differ-
entiated. Finally, at K=7, the YNWS population was sep-
arated from GROUP2.

We further validated the results of this analysis using
WGS data. In genetic diversity analyses, WGS data
retained 10,521,071 SNPs, while the RAD-seq data
retained 47,524 SNPs. In genetic structure analyses
WGS data retained 1,661,223 SNPs, and RAD-seq data
retained 13,476 SNPs. The genetic diversity analysis of
WGS data (Additional file 2: Fig. S3) showed that Hg,
ranged from 0.071 (GROUP1) to 0.188 (GROUP3) and
Hg ranged from 0.145 (GROUP1) to 0.200 (GROUP3).
In RAD-seq data, Hy ranged from 0.068 (GROUP1)
to 0.102 (GROUP3) and H; from 0.130 (GROUP1) to
0.186 (GROUP2) (Additional file 2: Fig. S3). The genetic
structure analysis (Additional file 2: Fig. S4) showed that
the cross-validation error rates reached a minimum at
K=2, differing from the results obtained from 284 sam-
ples (Additional file 2: Fig. S2). This discrepancy may be
due to the filtering strategy for the 30 samples, which
resulted in the deletion of population-specific SNPs. The
genetic structure results indicate that at K=2-5, both the
sequencing data types yielded similar results for the same
samples. These results indicate that although RAD-seq
data only capture a subset of genetic variation, they dem-
onstrate results nearly identical to the WGS data, further
supporting the reliability of our results.

Environmental and geographical effect on genetic variance
Genetic distance, geographic distance (R*=0.1808,
P=0.001), and environmental distance (R?>=0.0514,
P=0.035) were significantly correlated across all popu-
lations (Fig. 2A and B). In the RDA (Fig. 2C), RDA1
(19.667%) and RDA2 (18.86%) accounted for the major-
ity of genetic distance variation related to the predictor
variables. Among the 11 environmental factors (Table 1),
BIO1 (Annual Mean Temperature), BIO14 (Precipita-
tion of Driest Month), Uvbl (Annual Mean UV-B), Uvb4
(Mean UV-B of Lowest Month), and Soill (Soil pH) most
strongly explained the genetic distance effects. Notably,
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Uvbl appears to explain the differentiation between
GROUP3 and the other populations quite well.

Demographic history

The consensus tree generated using BEAST (Fig. 3A)
revealed that the 28 R. tomentosa populations can be
categorized into three groups. Clade 3 was diverged 0.93
(0.78-1.10, 95% HPD) million years ago (MYA), while
Clades 1 and 2 began to diversify around 0.09 (0.06-0.13,
95% HPD) MYA. With a few exceptions, grouping in the
chloroplast tree aligned closely with the population divi-
sions inferred from the ADMIXTURE analysis (Fig. 2A).

The PSMC’ method successfully inferred the historical
effective population sizes over the past 5 MYA (Fig. 3B
and C, and 3D). All three groups experienced bottlenecks
during the Pleistocene. Around 1.0-0.9 MYA, the effec-
tive size of all populations expanded to their maximum,
with GROUP3 expanding to 9 x 10% while GROUP1 and
GROUP2 expanded to 11 x 10*. However, from 0.9 to 0.05
MYA, there was a population contraction phase, with
all three groups shrinking to 1x 10 followed by expan-
sion again. Comparing the historical effective popula-
tions of GROUP1 and GROUP2 (Fig. 3B), a divergence
in effective population sizes occurred around 0.2 to 0.1
MYA. Comparing GROUP3 with GROUP2 (Fig. 3D) and
GROUPI1 (Fig. 3C), it was found that GROUP3 experi-
enced a contraction earlier, around 1.0 MYA, compared
to the other groups.

The DIYABC results (Fig. 4D) indicate that Scenario
1 (Fig. 4A) has the best performance. Under this sce-
nario, the population history includes two divergence
events: GROUP3 emerged first, followed by the diver-
gence of GROUP1 and GROUP2. The divergence time-
line for Scenario 1 shows (Additional file 1: Table S6) that
the first divergence (t2) occurred 152,000 generations
ago, approximately 760,000 years ago, with t1 occurring
10,000 years ago.

In the TreeMix analysis, as the number of gene flow
events increased from O to 8, the explanatory power of
the model increased from 92.10 to 97.44%. Therefore, the
model with m=8 was selected for presentation. Among
the eight gene flow events (Fig. 3E and F), events @, @,
®, @, ®, and ® were directed from coastal regions toward
inland areas, with the strongest gene flow originating
from GROUP3 toward GDZJ, with a migration weight of
0.54. Gene flow was also observed from Guangxi toward
Hainan Island (®) and from eastern to western mainland
regions (@).

The Dsuite analysis results (Fig. 3G) indicated that
within GROUPI, the gene flow was relatively lower,
being the strongest between GDJM and GDMN, similar
to the results from TreeMix. Some Hybridization events
were detected among the GDZ], GZQN, and YNWS
populations in GROUP1. And the HNHK population
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has hybridized with almost all populations, with a stron-
ger effect of gene flow on GROUP2 compared to that on
GROUPL.

Ecological niche modeling

Figures S5A (Additional file 2) displays the test omis-
sion rate and predicted area, averaged over 10 runs,
against the cumulative threshold. The black line in the
graph represents the predicted false negative rate within

the average range. The light blue line indicates the false
negative rate for model training samples, showing consis-
tency with predicted rates for the test set. Results suggest
that the model adapts well to both training and unique
test data. The average training AUC for 10 repetitions of
ecological niche modeling under current climatic con-
ditions (Additional file 2: Fig. S5B) is 0.966 with a stan-
dard deviation of 0.004, indicating excellent predictive
accuracy of the model, making it suitable for identifying
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potential habitat for R. tomentosa in China under current
conditions.

Under the current climatic conditions (Fig. 5A), the
potential distribution of R. fomentosa covers many south-
ern regions of mainland China, including the Guang-
dong, Guangxi, Hainan, and Fujian provinces, as well as
parts of Zhejiang, Jiangxi, Hunan, Guizhou, and Yunnan

(Fig. 5A). The excellent suitable area covers 8,782 grid
cells, while the good suitable area covers 10,997 grid
cells (Additional file 2: Fig. S6). In the identified three
time slices, the area with excellents and good suitability
followed the order: MH>LIG>LGM, which is consis-
tent with the temperature order of these periods. This
indicates that during historical cold periods, the suitable
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habitat of the species retreated southwards to areas near
Hainan Island and the Leizhou Peninsula (Fig. 5B, C, and
D).

Discussion

Genetic diversity

Discerning genetic diversity within populations is crucial
for evaluating the evolutionary potential and environ-
mental adaptability of species and is regarded as one of
the most important parameters for prioritizing conserva-
tion genetics research [62]. Unlike traditional molecular
markers such as SSRs, SNP markers offer higher density
and a more uniform distribution, enabling a more com-
prehensive and accurate understanding of species genetic

diversity [63]. For the first time, we assessed the genetic
diversity of natural R. fomentosa populations distrib-
uted in China using a large-scale genomic SNP dataset.
Genetic diversity varied significantly among populations
in different distribution areas, with Hy ranging from
0.0222 to 0.1924, H; ranging from 0.0705 to 0.2535, and
IT ranging from 0.0759 to 0.2665. Populations in regions
such as the Leizhou Peninsula (Guangdong), Beibu
Gulf (Guangxi), and northern Hainan Island exhibited
the highest levels of genetic diversity (Hy > 0.1500, Hg
> 0.2000, IT>0.2200). Conversely, populations in east-
ern Guangdong, Fujian, Zhejiang, and Hunan displayed
lower genetic diversity (Hg < 0.1000, Hg < 0.1000, and
I1<0.1000). Compared with other studies that used
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Stacks to calculate genetic diversity, the genetic diver-
sity of R. tomentosa is lower than that of other com-
mon shrub species, such as Camellia tunghinensis (H
= 0.253-0.297, Hy = 0.275-0.277, I1=0.227-0.280) [64],
and (Hg, = 0.058-0.111, IT=0.204-0.234) [65], as well as
Corylus avellana (Hy = 0.217-0.326, H = 0.113-0.290,
I1=0.195-0.316) [66]. However, it is higher than that of
endangered species, such as Rhododendron meddianum
(Hy = 0.0440-0.0578, Hy = 0.0646—0.0781, I1=0.0671—
0.0813) [67] and Glyptostrobus pensilis (Hy = 0.0754—
0.1008, Hy = 0.0263-0.0466, IT=0.0634-0.1010) [68].
Geographically, the center of genetic diversity for the
species in China is located in coastal regions of Hainan
Island and Guangxi (around Beibu Gulf), while lower
genetic diversity, comparable to that of endangered spe-
cies, is found in the eastern coastal regions of Zhejiang
and Fujian. These results provide a foundation for the
genetic conservation of R. tomentosa.

Previously, genetic diversity calculations based on SSR
markers revealed expected heterozygosity ranging from

0.63 to 0.85 in 12 wild R. tomentosa populations in Thai-
land [13]. In contrast, 16 wild R. tomentosa populations in
Guangxi, China, exhibited H, and Hg ranging from 0.000
to 0.563 and 0.121-0.667, with average values of 0.240
and 0.414, respectively [15]. Furthermore, based on the
ISSR markers, Malaysian populations displayed low levels
of genetic diversity (Hg = 0.0073; I=0.1085; PPB =20.14%)
[14]. Overall, R. tomentosa populations from differ-
ent geographical regions differed significantly, align-
ing with our findings. Although genetic diversity results
calculated using different molecular markers are gener-
ally challenging to compare directly, previous research
indicates that SSR markers estimate heterozygosity at
a rate two to three times higher than SNP markers [69,
70]. Therefore, upon further comparison, we found that
the Leizhou Peninsula, Beibu Gulf, and northern Hainan
Island R. tomentosa populations had genetic diversity
similar to those in Thailand [13], whereas the remaining
populations were more similar to those in Guangxi Prov-
ince [15]. Additionally, R. tomentosa populations located
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in mountainous regions and on islands had higher Fg val-
ues, but still maintained high genetic diversity (Hg, H),
indicating the influence of geographic barriers on island
populations, as documented in various plant species [4,
71]. An increase in the probability of selfing can lead to
the loss of certain alleles within R. tomentosa popula-
tions, thereby reducing the population genetic diversity
[72]. This suggests that although environmental barriers
may increase selfing in R. tomentosa populations, these
regional populations have retained relatively high genetic
diversity, likely due to the high levels of genetic diversity
accumulated during the expansion following a bottleneck
(Fig. 3C and D).

Environmental factor impacts on R. tomentosa population
differentiation

Natural populations differentiating into groups is often
caused by neutral processes such as random genetic drift,
admixtures from different population sources, bottle-
necks, founder effects, and local differentiation driven by
local environmental conditions during range expansion
[73-76]. The magnitude of geographic distance is related
to the interplay between genetic drift and migration, and
both geographic distance and environmental differences
are the most important driving factors influencing pop-
ulation genetic differentiation [18, 77]. IBD is typically
closely related to the migration patterns of populations
and the limitations of gene flow, and it applies to most
geographically isolated species. In the IBE model, genetic
differences between populations are mainly driven by
environmental factors, rather than solely by geographic
distance [77].

Investigating and quantifying the impact of environ-
mental factors on this differentiation is crucial for spe-
cies conservation. Our IBD and IBE analyses indicated a
significant correlation between R. tomentosa genetic dis-
tance and both geographic and environmental distances.
Similar results were found in studies of Cephalotaxus
oliveri populations in the same distribution areas, where
both IBD and IBE were found to jointly influence species
differentiation [78]. However, previous research in Thai-
land did not detect significant IBD [13], possibly owing
to insufficient geographic isolation in the sampling areas.
Through RDA of 11 environmental factors, we found
the environmental factors Uvb1, BIO1, BIO14, and Soill
explained a significant portion of the genetic distance
variation. Notably, Uvb1 significantly influenced the dif-
ferentiation between other populations and GROUP3
(Hainan Island populations). We used RDA to provide
initial insights into the contributions of environmental
differences to population genetic differentiation by com-
paring the explanatory power of 11 environmental fac-
tors (Table 1) on the differentiation of 28 populations.
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Historical formation of the distribution pattern of R.
tomentosa

Our study provides insights into the origin and diffusion
pathway of R. tomentosa in China. In the BEAST tree
(Fig. 3A), GROUP3 is located at the base of all popula-
tions, representing an ancestral population. Evidence of
gene flow also suggests migration from Hainan Island to
the mainland (Fig. 3F @ and ®) and from coastal popula-
tions inland (Fig. 3F ®, ®, @, and ®), indicating that main-
land populations of R. tomentosa originated from the
expansion of populations from Hainan Island or coastal
regions. To further determine the origin of Hainan Island
populations, we considered the geological history of
Hainan Island. During the Eocene, Hainan Island sepa-
rated from the Beibu Gulf region of northern Guangxi
and began a clockwise rotation of approximately 150°,
with most of this rotation occurring between 40 and 24
MYA [79]. Genetic distance analysis shows that, despite
Hainan Island being geographically closer to the Leizhou
Peninsula in Guangdong, the genetic distance between
the populations of Hainan Island and those in Guangxi
is significantly smaller. This evidence supports the
hypothesis that the species originated in Hainan Island
or the coastal areas of Guangxi. Although gene flow from
GROUP3 to GROUP2 (Fig. 3F ®) could suggest migra-
tion from Hainan Island to Guangxi, gene flow from
GXFC to HNHK (Fig. 3F ®) indicates another possibil-
ity, making it difficult to determine whether R. tomen-
tosa first appeared on Hainan Island or the coastal areas
of Guangxi. Considering the migration patterns of other
subtropical species in China [80-82], we believe that the
model of migration from Southeast Asia into Guangxi,
spreading to Hainan Island and further expanding inland,
is more plausible.

Our study also provides insights into the two major
diversification events of R. tomentosa in China. The first
divergence occurred around 0.93 MYA, when popula-
tions on Hainan Island (GROUP3) and mainland popula-
tions (GROUP1 and GROUP2) diverged. This divergence
may have been driven by three important factors: First,
historical effective population size analysis showed a
continuous decline in effective population size from 1
to 0.05 MYA, coinciding with the abrupt cooling period
of MIS 20 to MIS 21 (around 0.9 MYA), which caused
habitat contraction, reduced species interaction, and
promoted species differentiation. Land bridges between
Hainan Island and the mainland formed three times
during the Middle Pleistocene, approximately 0.6—0.8
MYA, 0.42-0.48 MYA, and 0.13-0.3 MYA [83]. How-
ever, since the divergence occurred around 0.93 MYA,
the absence of timely land bridges may have contributed
to species differentiation. Third, changes in bird activ-
ity due to extreme climate conditions could have altered
gene flow, further promoting species isolation. Evidence
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suggests that the shrub-feeding bird Alcippe morrisonia
on Hainan Island diverged into two lineages around 1.15
MYA [84]. The second divergence event occurred around
0.09 MYA between populations of the eastern mainland
(GROUP1) and the western mainland (GROUP2). His-
torical effective population size analysis revealed a slight
contraction-expansion cycle in GROUP1 populations
around 0.2-0.1 MYA (Fig. 3B). This period coincides
with marine transgression events in eastern China [85].
We infer that the second divergence was caused by iso-
lation due to species exchange barriers during marine
transgression events.

The distribution pattern of a species is the result of the
interaction between external factors (such as historical
climate and topography) and internal factors (such as
biological characteristics, population history, and gene
flow). Unveiling the distribution pattern of a species not
only aids in its understanding and conservation but also
provides insights into historical organismal evolution
within East Asia.

Conclusions

In the present study, genetic data from 284 samples
belonging to 28 populations were collected to assess pop-
ulation genetic structure, distribution, and genetic diver-
sity characteristics of R. tomentosa in southern China.
The populations were divided into three groups: the east-
ern mainland, western mainland, and Hainan Island. We
found that Hainan Island and its surrounding areas are
genetic diversity centers for the species. The low genetic
diversity of the eastern coastal populations indicates that
these populations need protection. By combining genetic
and environmental data, we determined the influence of
geographic and environmental differences on popula-
tion differentiation. By combining the results of evolu-
tionary history and gene flow, we infer that the Chinese
R. tomentosa originated from Southeast Asia, and that
dramatic climatic change and geological processes dur-
ing the Pleistocene were significant causes of bottleneck-
ing and population differentiation. These findings are of
major importance for the genetic conservation and uti-
lization of R. tomentosa. Future work should expand the
scope of the research and make more use of WGS data,
which provides more genetic information.
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