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Abstract: Trigonobalanus doichangensis is a rare and endangered species with important evolutionary
value and extremely small populations. We investigated the genetic diversity of T. doichangensis
to provide information on its effective preservation. We used genotyping-by-sequencing (GBS)
technology to assess the genetic diversity, genetic structure and gene flow of the six populations
of T. doichangensis. Analysis of SNPs indicated that there was high genetic diversity in the ML and
XSBN populations of T. doichangensis. FST values showed moderate genetic differentiation among the
populations of T. doichangensis. Meanwhile, admixture, principal components and gene flow analyses
indicated that the populations of T. doichangensis are not genetically separated in accordance with
their geographical distributions. Habitat destruction and excessive exploitation may have led to
a low gene flow, which has in turn resulted in the differences in seed and seedling morphological
traits among populations. Based on these findings, we recommend that T. doichangensis be conserved
through in situ approaches and artificial seedlings, including preservation of each extant population.
Particularly, the ML and XSBN populations have high diversity and more ancestral information, so
these two populations should be considered as conservation priorities, and seeds should be collected
to obtain germplasm and increase the genetic diversity.

Keywords: biodiversity; conservation; T. doichangensis; genetic structure; gene flow; conservation
priority

1. Introduction

The arrival of the Anthropocene is bringing an unprecedented challenge to the bio-
diversity that is essential to humans and enhancing the value of many of the benefits
of nature to human beings [1]. Biodiversity is vital to human well-being and an impor-
tant pillar of ecosystem balance [2]. Since the adoption of the Convention on Biological
Diversity (CBD), various countries have made several achievements and contributions
in different areas with the aim of maintaining biodiversity and safeguarding the Earth’s
resources, but biodiversity loss and ecosystem degradation remain important problems [3].
China is rich in biological resources and contains several global biodiversity hotspots. Its
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unique geographical distribution and climatic zones have shaped a wide range of diverse
biotypes and it is considered a major center of origins and diversity [4]. However, with
rapid economic growth and dramatic population increases, conflicts between economic
development and biological conservation have come to the fore, and China is becoming
one of the countries with the most serious threats to biodiversity [5]. An assessment of
over 35,000 species of wild higher plants in China found that approximately 10.84% of
species are in a threatened state [6]. Continued loss of biodiversity and chronic environmen-
tal conflicts suggest that conservation communities, including authorities, institutes and
scholars, need to re-examine the assumptions and practices upon which the conservation
endeavor has been founded, particularly in tropical China, which harbors hyper-diverse
plant species [7,8]. In recent years, the National Implementation Plan for Rescuing and Con-
serving China’s Plant Species with Extremely Small Populations (PSESP) was formulated
following the presentation of the concept of PSESP [9]. In China, it is these species that are
the focus of the PSESP program, species with extremely small populations are precisely
the ones most in need of urgent conservation action [10]. The goal of the PSESP program,
developed and implemented in 2005 in Yunnan Province, is to try to secure a long-term
future for these plants in peril [11]. From then on, some taxa of PSESP have been brought
into focus; e.g., Aristolochia delavayi [12], Camellia huana [13], Cycas panzhihuaensis [14],
Horsfieldia tetratepala [15], Rhododendron meddianum [16], Rhododendron pubicostatum [17],
etc. The introduction of the PSESP program provides a target for the conservation of
endangered plants in China; however, the endangerment mechanism and threat status of
species are important indicators for species conservation [18]. Only by clarifying the actual
threat status, endangerment mechanism and genetic diversity of species can the direction
of conservation be targeted and conservation measures clarified [18].

Genetic diversity is one of the key pillars of biodiversity, and high genetic diversity
increases wild plants ability to survive and reduces the risk of extinction for species, thus
allowing the prediction of the fitness of species through the study of genetic diversity [19,20].
In addition, genetic differentiation and gene flow are important elements in understanding
the evolutionary and adaptive potential of populations. Previous studies have shown that
many endangered plants tend to have low genetic diversity and high genetic differentiation
due to overexploitation and habitat destruction [15,21,22]. Inbreeding can occur between
populations as a result of fewer individuals existing, leading to the gradual accumulation
of deleterious mutations between populations, producing severe geographical isolation
and placing the survival of populations at risk [23]. The loss of endangered species habitats
also disrupts gene flow between populations and leads to population isolation, a negative
effect that seriously threatens the development and diversity structure of species, while
high gene flow reduces the incidence of inbreeding and population differentiation by
increasing the exchange of genetic material between populations [22]. However, there are
some endangered species that exhibit a genetic structure with high genetic diversity and
low genetic differentiation [24,25]. In general, plant genetic diversity is influenced by seed
dispersal, reproductive systems, life history, geographic range and evolutionary history.
Thus, species with long life histories, extensive seed dispersal routes and outcrossing
will likely retain more genetic variation, allowing them to resist environmental change,
but over-exploitation and habitat destruction, as well as limitations within the species
themselves, will lead to population contraction and a dramatic reduction in the number
of individuals. Then, over time, inbreeding and genetic drift will increase population
differentiation and reduce the gene flow between populations, leading again to a high
degree of differentiation between populations [15,20,26]. Therefore, the combination of
various aspects in the exploration of species diversity levels can help us to propose more
accurate conservation strategies [22].

The fields of ecological and conservation genetics have developed significantly in
recent decades thanks to the use of molecular markers to investigate organisms in their natu-
ral habitat and to evaluate the effect of anthropogenic disturbances [27]. However, previous
studies mainly focused on genetic diversity, population structure, genetic characterization
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based on chloroplast DNA sequence, single-copy nuclear genes and microsatellite markers.
Few studies have used next-generation sequencing (NGS) to investigate single nucleotide
polymorphisms (SNPs), which have become the marker of choice for determining popula-
tion structure as they are abundant, stable in the genome and can be accurately scored [28].
Among the NGS methods used in population genetics, the genotyping-by-sequencing (GBS)
approach is suitable for population studies, germplasm characterization, breeding and trait
mapping in diverse organisms [29]. GBS methods offer major advantages for population
genomics thanks to their capacity to screen thousands of polymorphisms throughout the
genome and highlight the full range of evolutionary histories (variation in drift, selection,
recombination, mutation) and consequences for genetic variation [27]. This method is
based on genome-wide sequencing of loci adjacent to conservative restriction sites, which
makes it possible to obtain thousands of homologous loci for a set of species with no prior
genome data [30].

Trigonobalanus shows many ancestral features typical of the Fagus-Quercus taxa [31,32].
Trigonobalanus doichangensis belongs to Trigonobalanus, which includes T. doichangensis,
T. verticillata and T. excelsa. T. doichangensis is restricted to south Yunnan, China—i.e.,
Ximeng, Menglian, Puer, Lancang and Cangyuan—and Chiang Mai in northern Thailand
(Figure 1) [32,33]. T. doichangensis and T. verticillata are distributed across tropical Asia,
while T. excelsa is found in Columbia, Central America, which is important to understand
the phylogeny and biogeography of Fagaceae in relation to continental drifts, climatic shifts
and the past global environment [8].
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(c) leaf of T. doichangensis.

T. doichangensis has been felled for firewood, house building and agricultural tools [34].
Due to this heavy exploitation, along with habitat degradation caused by clearing areas
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for agriculture, T. doichangensis has been pushed to the verge of extinction [35]. Despite
being a scientifically important tree with endangered status, the species is rare in China
and, thus, poorly represented in herbaria; the species has been proposed as the second
ranked endangered plant for national protection in the China Species Red List [36].

For the conservation of the rare and endangered T. doichangensis tree in southwest
China, the extent of the genetic variation in seed and seedling traits suggested seed collec-
tion of this species for ex situ conservation and species restoration [34]. Historically, most
studies on ecological and conservation genetics have relied on a small number of putatively
neutral molecular markers [27]. Similarly, the population genetics of T. doichangensis have
long been assessed using random amplified polymorphic DNA (RAPD), which suggested
that habitat degradation, overexploitation and reproductive barriers are most likely to
be the factors threatening the species [35]. To date, there has been little research on the
population structure and genetic diversity of T. doichangensis based on genome-wide SNP
information, although this information is important for the development of meaningful
conservation management strategies for this species.

In this study, we used GBS to investigate relationships between populations of T.
doichangensis based on 39 samples and determine the genetic diversity, population structure
and genetic distance and gene flow of T. doichangensis in Yunnan, China. Our aim in this
study was to develop meaningful conservation strategies and suggestions for T. doichangen-
sis.

2. Materials and Methods
2.1. Sample Collection and Genotyping-by-Sequencing

We collected 39 individuals from six populations of T. doichangensis from its distri-
bution areas in China (Figure 1; Table 1). The total genomic DNA of T. doichangensis was
extracted using a Plant Genomic DNA Kit (Tiangen Biotech, Beijing, China). A GBS library
was prepared by Shanghai Majorbio Bio-pharm Technology Co., Ltd. Double digestion was
performed using MseI and TaqαI then sequenced on an Illumina Hi-seq sequence platform
with paired-end (PE) 150 sequencing.

Table 1. Sample information for T. doichangensis.

No. Populations No. Locations Longitude Latitude Elevation (m)

1 XSBN 9 Padianliangzi, Xishuangbanna, Yunnan 100◦04′58′′ 22◦02′32′′ 2038
2 LC 6 Donghuixiang, Lancang, Yunnan 99◦48′50′′ 22◦43′20′′ 1400
3 CY1 5 Chengbian, Cangyuan, Yunnan 99◦14′28′′ 23◦10′18′′ 1482
4 CY2 8 Nanbancun, Cangyuan, Yunnan 99◦01′04′′ 23◦19′27′′ 1482
5 PE 5 Dazhaishuiku, Puer, Yunnan 101◦03′43′′ 22◦45′44′′ 1564
6 ML 6 Dengzhanzhai, Menglian, Yunnan 99◦32′30′′ 22◦18′47′′ 1153

2.2. SNP Calling and Quality Filter

We used FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc,
accessed on 14 Qctober 2021) and Fastp (http://github.com/OpenGene/fastp, accessed on
14 Qctober 2021) for quality control of the raw data, which was undertaken by Shanghai Ma-
jorbio Bio-pharm Technology Co., Ltd. skrTools (https://github.com/sharkLoc/skrTools,
accessed on 7 November 2021) was used to calculate the number of reads, the GC content
and the average quality of the data (Q30) for the GBS of T. doichangensis.

We employed the process_radtags module in STACKS v 2.55 [37] to filter low-quality
reads and ambiguous bases. Due to STACKS need for consistent sequence lengths, the
sequence lengths were trimmed to 135 bp to ensure subsequent analysis: -r -c -q -t 135.
Clean reads were aligned to the reference genome of Castanea mollissima [38] with default
parameters in BWA-MEM v 0.7.17 [39] and sorted via SAMtools v 1.8 [40], which provided
the final BAM file for each sample. We built loci from the aligned paired-end data with the
gstacks module in STACKS. Finally, we used the populations module in STACKS for SNP

https://www.bioinformatics.babraham.ac.uk/projects/fastqc
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calling, specifying a genotyping rate of at least 75% of individuals within populations and
a minimum number of three populations per locus, outputting the first SNP per locus.

To ensure downstream analysis, we conducted sample quality control on the SNPs,
using VCFtools v 0.1.16 [41] to view the missing rates of samples and loci, randomly
identifying samples with a missing rate of more than 70% according to the population
and merging the BAM file to increase the signal of variation sites using SAMtools-merge.
We reran the gstacks module and populations module in STACKS for the SNP calling; the
parameters were the same as before, and randomly sampling was conducted in R v 4.1 [42].

The vcf file was further filtered in VCFtools using the following parameters: SNPs
with missing rates greater than 20% were removed (–max-missing 0.8); SNPs with minor
allele counts lower than 3 (–mac 3) were retained; SNPs with average depths greater than
or equal to 3 were reserved (–minDP 3); minor allele frequencies lower than 0.05 were also
removed (–maf 0.05).

2.3. Calculation of Genetic Diversity Parameter and AMOVA

The parameters of population genetic diversity included private alleles (PAs),
expected heterozygosity (He), observed heterozygosity (Ho), pairwise genetic distance
(FST), inbreeding coefficient (FIS) and nucleotide polymorphism (Pi), which were calculated
using the populations module in STACKS; the FST value was calibrated using the p-value.

In order to determine whether genetic variation was present within the populations,
we used Arlequin v3.5.2 [43] for analysis of molecular variance (AMOVA), where groups
were defined based on the results of the structural clustering. The corresponding file
formats were converted using PGDspider v 2.1.1.5 [44].

2.4. Isolation by Distance

FST was used as the genetic distance between populations. Geographic distances
between populations were calculated according to their geographic coordinate information
using the geosphere package [45]. The relationship and significant differences between
genetic distance and geographic distance were assessed with the Mantel test using the ade4
package [46] in R, and 9999 permutations were performed to determine significance.

2.5. Population Structure and Gene Flow

Population structure was analyzed in terms of the different numbers of ancestors (K) in
Admixture v 1.3 [47], where K was chosen between 1 and 7 (assumed populations + 1) [48].
The most likely number of genetic clusters was computed with a fivefold cross-validation
(CV) error. Finally, population structure was visualized via the pophelper package [49] in
R. Principal components analysis (PCA) clearly showed hierarchical clustering for each
population. Based on the previous results, PLINK v 1.9 [50] was used to generate files for
PCA analysis, and then the ggplot2 package [51] in R software were used for the PCA display.
Discriminant analysis of principal components (DAPC) was used to infer the population
structure by determining the number of clusters observed without prior knowledge, and
the principal components from the PCA obtained from the data dimensionality reduction
were used to perform linear discriminant analysis (LDA) [52]. Since DAPC is more robust
than PCA [53,54], we added DAPC to verify the results from Admixture and the PCA. We
used the adegenet package [55] in R to plot DAPC results. TreeMix v 1.12 [56] was used
to infer splitting and mixture patterns among populations of T. doichangensis. Migration
events (m) from 0 to 6 were specified between populations, and 10 iterations per event
were tested. For this analysis, “-global” and “-se” options were used to calculated the
standard errors, the “-noss” parameter prevented overcorrection of the sample size and
the “-bootstrap -k 1000” parameter was used to build a maximum likelihood tree (ML) by
resampling blocks of 1000 SNPs [57]. The OptM package [58] in R was used to determine
the optimal number of migration edges using the output file from the TreeMix, and the R
script plotting_funcs.R (https://github.com/joepickrell/pophistory-tutorial/blob/master/
example2/plotting_funcs.R, accessed on 6 March 2022) was used to visualize the migration

https://github.com/joepickrell/pophistory-tutorial/blob/master/example2/plotting_funcs.R
https://github.com/joepickrell/pophistory-tutorial/blob/master/example2/plotting_funcs.R
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results. Then, we ran the threepop module and fourpop module in TreeMix to analyze the f3-
statistics and f4-statistics with -k 1000. In the f3-statistics (C; A, B), a significantly negative
statistic for the f3 score (Z-score < −3) indicated that C was a mixture of A and B. In the
f4-statistics (A, B; C, D), a significantly negative statistic for the f4 score (Z-score < −3)
indicated gene flow between populations related to A and D or B and C, and a significantly
positive statistic for the f4 score (Z-score > 3) indicated gene flow between populations
related to A and C or B and D [59].

3. Results
3.1. Genotyping-by-Sequencing and Quality Control

All 39 samples of T. doichangensis were sequenced using GBS, which produced 412,410,372
clean reads and the average value for the quality scores of the reads (Q30) was 88.52%, while
the GC content was 41.74%. After running the process_radtags module, a total 377,488,916
clean reads were obtained, in which the GC content was 41.66% and the Q30 was 89.06%.

SNP calling was conducted according to the method described in Section 2.2. Since
the missing rates in the sampling locations XSBN and ML were relatively high (Figure 2),
the XSBN and ML populations were randomly sampled and merged as new BAM files for
SNP calling. A total of 38,182 variant sites were obtained, and 7591 filtered SNPs were used
for downstream analysis.
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3.2. Genetic Diversity and Genetic Differentiation

The results for the genetic diversity parameters of T. doichangensis are summarized in
Table 2 and Figure 3. The observed heterozygosity (Ho) ranged from 0.3129 to 0.5571; the
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expected heterozygosity (He) ranged from 0.2232 to 0.3059; nucleotide diversity (Pi) ranged
from 0.2504 to 0.3343; the inbreeding coefficient (FIS) ranged from −0.4213 to −0.0879
(Table 2). The ML population showed the highest genetic diversity (Ho = 0.5571; He = 0.3059;
Pi = 0.3343; Table 2) followed by the XSBN population, and the PE population showed
the lowest genetic diversity (Ho = 0.3129; He = 0.2232; Pi = 0.2504; Table 2). Furthermore,
the XSBN population had the most private alleles, and the CY1 population had the fewest
private alleles, while the FIS values of the six populations were negative, indicating that
there was no inbreeding within the six populations.

Table 2. Genetic diversity parameters for T. doichangensis populations based on GBS.

Populations PA Ho He Pi FIS

XSBN 642 0.5410 0.3044 0.3235 −0.4213
LC 10 0.3169 0.2383 0.2621 −0.1022

CY1 3 0.3129 0.2335 0.2637 −0.0879
CY2 48 0.3150 0.2430 0.2598 −0.1033
PE 32 0.3129 0.2232 0.2504 −0.1151
ML 284 0.5571 0.3059 0.3343 −0.4166

Notes: PA, private allele; Ho, observed heterozygosity; He, expected heterozygosity; Pi, nucleotide diversity; FIS,
inbreeding coefficient.
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The values of FST ranged from 0.0462 to 0.1402 (Table 3, Figure 4a) with an average
of 0.0921, and the average Nm = (1 − FST)/4 ∗ FST = 2.7194. The results showed that there
was genetic differentiation and gene flow between populations. In addition, the CY1 and
CY2 populations showed the lowest FST (FST = 0.0462) and the ML and XSBN populations
showed the largest FST (FST = 0.1402), indicating that only 4.62% of the variation occurred
between the CY1 and CY2 populations and most (95.38%) occurred within populations.
CY1 and CY2 were geographically closest and in the same region (Figure 1; Table 3), which
may also have been the reason for the low genetic differentiation between CY1 and CY2.
However, after we analyzed the correlation between genetic distance and geographic
distance, we found that there was no significant correlation between genetic distance and
geographic distance (Figure 4b). The AMOVA results also indicated that variation occurred
within populations rather than among populations (Table 4).
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Table 3. Genetic distance and geographic distance between populations of T. doichangensis. Below
diagonal: genetic distance among populations (FST). Above diagonal: geographic distance between
populations (km).

Populations XSBN LC CY1 CY2 PE ML

XSBN - 80.5984 152.6067 179.8030 128.7604 63.4062
LC 0.0980 - 77.1407 105.5585 128.2083 53.4627

CY1 0.1014 0.0573 - 28.4602 192.1101 100.4373
CY2 0.1121 0.0561 0.0462 - 218.5402 124.7333
PE 0.1210 0.0779 0.0829 0.0779 - 164.1128
ML 0.1402 0.0957 0.1004 0.1013 0.1133 -

Diversity 2022, 14, x FOR PEER REVIEW  9  of  16 
 

 

 

Figure 4. Pairwise FST for T. doichangensis populations (a) and the correlation between genetic dis‐

tance and geographic distance (b). 

3.3. Genetic Structure of T. doichangensis 

We performed PCA, DAPC and genetic structure analysis to understand the genetic 

structure of each population. Fivefold cross‐validation (CV) was chosen for the genetic 

structure analysis, and the results showed that the optimal number of ancestral compo‐

nents for the T. doichangensis populations was 3 (Figure S1). When K = 3, XSBN and ML 

populations formed cluster 1 (red) and cluster 3 (purple), respectively, except for a few 

admixed individuals. The LC, CY1, CY2 and PE populations formed a mixed‐component 

cluster (cluster 2, green) (Figure 5c). Moreover, the results of the PCA analysis also con‐

firmed  the  results  from Admixture  (Figure  5a). The PCA  results based on  7591  SNPs 

showed that principal components (PC1, PC2) represented 45.3% and 29.4% of all varia‐

tion, respectively (Figure 5a). The XSBN and ML populations from Xishuangbanna and 

Menglian  each  formed  a  single  cluster, while  the  LC, CY1, CY2  and  PE  populations 

formed close clusters (Figure 5a). In addition, we increased the number of principal com‐

ponents and further analyzed the first three principal components. We found that, with 

three principal components, the PE population was further separated (Figure S2). The PE 

population is located in Puer city, Yunnan, China, and is separated from the XSBN, LC, 

CY1 and CY2 populations on both sides of the Lancang River. Therefore, we assumed that 

the geographical barrier was the reason for the separation of the PE population. We used 

the first three PC axes and two discriminant axes to perform DAPC, using the Bayesian 

information criterion (BIC) to define the best cluster (Figure S3). The first eigenvalue was 

369.2 and the second eigenvalue was 151.3. The results are the same as in the genetic struc‐

ture analysis and the first two principal components of the PCA (Figure 5b).   
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Table 4. Analysis of molecular variance (AMOVA) of the genetic variation in T. doichangensis.

Source of Variation d.f. Sum of Squares Variance
Components

Percentage of
Variation

Among groups 2 3210.467 49.1535 9.97
Among populations

within groups 3 1617.129 8.8010 1.79

Within populations 72 31312.635 434.8977 88.24
Total 77 36140.231 492.8522 -

Notes: Groups are optimal results of genetic structure. d.f., degree of freedom.

3.3. Genetic Structure of T. doichangensis

We performed PCA, DAPC and genetic structure analysis to understand the genetic
structure of each population. Fivefold cross-validation (CV) was chosen for the genetic
structure analysis, and the results showed that the optimal number of ancestral components
for the T. doichangensis populations was 3 (Figure S1). When K = 3, XSBN and ML popula-
tions formed cluster 1 (red) and cluster 3 (purple), respectively, except for a few admixed
individuals. The LC, CY1, CY2 and PE populations formed a mixed-component cluster
(cluster 2, green) (Figure 5c). Moreover, the results of the PCA analysis also confirmed the
results from Admixture (Figure 5a). The PCA results based on 7591 SNPs showed that
principal components (PC1, PC2) represented 45.3% and 29.4% of all variation, respectively
(Figure 5a). The XSBN and ML populations from Xishuangbanna and Menglian each
formed a single cluster, while the LC, CY1, CY2 and PE populations formed close clusters
(Figure 5a). In addition, we increased the number of principal components and further
analyzed the first three principal components. We found that, with three principal compo-
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nents, the PE population was further separated (Figure S2). The PE population is located in
Puer city, Yunnan, China, and is separated from the XSBN, LC, CY1 and CY2 populations
on both sides of the Lancang River. Therefore, we assumed that the geographical barrier
was the reason for the separation of the PE population. We used the first three PC axes
and two discriminant axes to perform DAPC, using the Bayesian information criterion
(BIC) to define the best cluster (Figure S3). The first eigenvalue was 369.2 and the second
eigenvalue was 151.3. The results are the same as in the genetic structure analysis and the
first two principal components of the PCA (Figure 5b).
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Figure 5. (a) Principal components analysis (PCA) plot generated for T. doichangensis. (b) Discriminant
analysis of principal components (DAPC) plot generated for T. doichangensis. (c) Genetic structure
bar plots at K = 3 from clustering analysis among six populations using Admixture. (d) Unrooted
maximum likelihood phylogenies from ten iterations of three migration events. The variance of
relatedness explained by this model was estimated to be 99.98%. The line represents gene flow; the
direction of the arrow is the direction of gene flow; the color bar shows the migration weight, with
red representing strong gene flow and yellow representing weak gene flow. The direction of gene
flow was PE into ML, LC into CY1 and ML into CY2. (e) Residuals matrix for migration model.

3.4. Gene Flow Analysis

In order to infer the split pattern and mixtures among populations of T. doichangensis,
we used allele frequencies from six populations to infer admixture events. Supplementary
Figure S4 shows the maximum likelihood value and variance explained for each event based
on OptM package analysis in TreeMix, which was used to choose migration events varying
from 0 to 6. The model without migration events explained 99.71% of the variance, with the
highest score for the variance (99.98%) being achieved when m = 3; adding more migration
events did not explain more variance. Figure 5d shows the optimal “migrate” result for
the last iterations. The result indicated that the direction of gene flow was PE into ML,
LC into CY1 and ML into CY2. Although TreeMix detected no strong signal of migration
between CY1 and CY2, the residues showed moderate gene flow between CY1 and CY2
(Figure 5e). The ML into CY2 inferred migration event did not match geographical patterns,
indicating a special flow channel between the populations, which affected the introgression.
We then used the three-population and four-population test (f3-statistic/f4-statistic) to
evaluate the statistical significance of the mixtures (Tables S1 and S2). The three-population
test indicated that a mixture existed between populations, in which CY1 was the mixing
result of multiple populations (Table S1). The four-population test confirmed that there was
greater gene flow between the two populations CY1 and CY2 in Cangyuan county with a
relatively high mixing degree (Table S2), which also suggested low genetic differentiation
between CY1 and CY2. Meanwhile, the TreeMix results were corroborated by the four-
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population tests. Furthermore, the f4-statistic results showed that there was lower gene
flow between most populations, and it has been suggested that the existence of gene flow
can maintain the stability of small populations [60]. Although we did not add outgroups to
the analysis, the results can still be used as a reference for relations of populations.

4. Discussion
4.1. Genetic Diversity

The genetic variation of species is the premise of local adaptation and evolution,
and it is also considered an important parameter to determine the priority of population
conservation in the protection of endangered plants [12,61]. According to the CBD, genetic
diversity is one of the three basic elements of biodiversity, and it is the focus of many
conservation genetics studies [62]. Therefore, genetic diversity is one of the most important
values in assessing biodiversity for conservation.

When studying the genetics of wild populations, it is desirable to sample tens, hun-
dreds or even thousands of individuals. However, there are some rare and endangered
taxa with narrow distributions. The genetic diversity of narrowly distributed species is
likely to be lower than widespread plant species because of inbreeding depression and
genetic drift [16,63]. A previous study on the genetic diversity of T. doichangensis based on
random amplified polymorphic DNA indicated high genetic differentiation, a low level
of genetic diversity and a poor gene flow [35]. Ramanatha and Hodgkin [64] stated that
different molecular markers show different levels of genetic diversity and, unexpectedly,
GBS indicated that the nucleotide genetic diversity of T. doichangensis is high (Figure 3;
Table 2). In all populations, the results for the diversity parameters for T. doichangensis
populations utilizing the expected heterozygosity (He), observed heterozygosity (Ho) and
nucleotide polymorphism (Pi) indicated that ML and XSBN had higher genetic diversity
(Figure 3). Moreover, the number of private alleles was the highest in XSBN (Table 2). The
genetic diversity of species is generally influenced by their distribution range, life history,
breeding system, seed dispersal mechanism and evolutionary history [16]. According
to previous studies, T. doichangensis has a low germination rate and low fruiting rate in
nature, thus limiting the development of the population [65]. Furthermore, T. doichangensis
is distributed in evergreen broad-leaved forests where sunlight cannot reach the ground
through the tree layer, and the dense trees increase the mortality of young T. doichangensis
seedlings competing for sunlight and space to survive [66]. This is one of the reasons for the
lower genetic diversity (He = 0.2232–0.3059; Table 2) compared to other genera in the family;
e.g., Castanopsis (EST-SSR, He = 0.644; [67]) or Quercus castanea (nSSR, He = 0.762; [68]).
T. doichangensis is also facing the dual impact of biological invasion and human activities,
and its habitat has also suffered serious damage. Shrinking habitats, lower population sizes,
and fewer individuals in species seriously affect genetic diversity [35]. In this study, the
populations of T. doichangensis still retained a certain degree of genetic diversity (Table 2;
Figure 3), which showed that populations of T. doichangensis still have a certain ability to
resist external risks. However, in species protection, only relying on the species itself to
resist the adverse environment is not desirable. Accelerated habitat fragmentation and
population size reduction can exacerbate genetic drift and inbreeding, resulting in rapid
loss of genetic diversity.

In addition, genetic diversity is usually higher in outcrossing species than in selfing
species [69,70]. Notably, inbreeding coefficients (FIS) of all populations were negative
(Table 2; Figure 3a), implying that there is no inbreeding in the populations of T. doichangen-
sis, thus increasing the genetic diversity. We assume that, in the past few decades, with the
rapid reduction of the population size, the genetic drift effects have not yet accumulated,
and the species are not strongly affected by genetic drift or inbreeding and retain relatively
high heterozygosity and genetic variation in limited populations.
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4.2. Genetic Differentiation, Genetic Structure and Gene Flow

Genetic differentiation is often strongly influenced by selection pressure, gene flow
and life history [71]. For endangered populations, isolated populations and broken habi-
tats are highly susceptible to producing high genetic differentiation [72]. The FST values
of T. doichangensis ranged from 0.0462 to 0.1402, with an average FST value of 0.0921
(Table 3), revealing that moderate genetic differentiation among the populations occurred
according to Wright’s theory (Wright, 1965). However, it is generally accepted that gene
flow can block genetic differentiation due to genetic drift when Nm > 1 [73]. We cal-
culated that Nm = (1 − FST)/4 ∗ FST =2.7194 in the T. doichangensis populations, which
implied that there was gene flow among the populations counteracting genetic differentia-
tion [73,74]. Furthermore, AMOVA showed that 88.24% of the genetic variation occurred
within T. doichangensis populations but not among populations (Table 4), while the FIS
results showed that the inbreeding coefficients of all the populations of T. doichangensis
were negative (Table 2), indicating that there was no inbreeding within populations and,
thus, genetic differentiation was lower [23]. For rare and endangered plants, population
genetic differentiation is usually affected by large geographical distances between sam-
pled populations [69,70]. However, the genetic distance and geographic distance between
populations of T. doichangensis, the Admixture analyses, the PCA and the gene flow demon-
strated that the populations of T. doichangensis are not genetically separated in accordance
with their geographical distributions (Figures 4b and 5). The previous finding that pairwise
genetic distances between populations were not correlated with geographical distances
was supported by the observation that one of the Chinese populations is most similar to
the Thai population [75].

The distance among the populations in this study was about 50 km, which hardly
allows gene flow (pollen or seeds) between populations. However, there were three gene
flow events among the six populations in TreeMix; i.e., PE to ML, LC to CY1 and ML to
CY2 (Figure 5d). Three-population and four-population tests also indicated partial gene
flow between populations (Tables S1 and S2). Admixture, PCA and DAPC showed that
the optimal cluster of populations was 3, and the genetic structure of some populations
was mixed (Figure 5). All the above results indicated that there was some gene flow
among the populations of T. doichangensis and that their genetic structure is not strongly
geographically heterogeneous. At the same time, we found that Admixture, PCA and
DAPC all pointed to the possibility that the more independent genetic components for
XSBN and ML populations may retain more ancestral information, while the PE populations
may have gradually separated due to river barriers after dispersal.

Previous studies found that most of the seed and seedling traits of T. doichangensis
showed significant differences among populations [75], confirming the hypothesis that
T. doichangensis possesses very strong genetic differentiation within its populations. In
addition, in line with our observations, seedlings grow sporadically around the parent
tree. Meanwhile, Sun [35] noted the presence of small beetles in the male flowers of
T. doichangensis, so it can be presumed that pollinator beetles may be active. However, the
flowers of T. doichangensis are small and dull in color, so they cannot attract more pollinating
insects, and pollination by beetles will cause T. doichangensis pollen to spread over a short
distance and make the gene flow between populations difficult, leading to differences
between populations. Hence, the differentiation among the populations could be attributed
to distance-limited pollen flow and short-distance seed dispersal. We suggest that habitat
destruction and excessive exploitation may have led to low gene flow, which in turn
resulted in the differences in seed and seedling morphological traits among populations.

4.3. Conservation Significance

Trigonobalanus doichangensis is a rare and endangered fagaceous plant with evolution-
ary significance for the understanding of the phylogeny and biogeography of Fagaceae
and even Chinese flora more generally. It is currently restricted to a few sites in Yunnan
province in southwestern China, as well as one in northern Thailand [35,75]. T. doichangensis
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was placed on the national Rare and Endangered Species List of China in 1984 because of its
limited distribution and the destruction of its habitat within China [66,76]. T. doichangensis
is China’s second-ranked taxon for priority of national protection [36] because of its endan-
gered status and its scientific value. However, the rare and endangered T. doichangensis is
exposed to the risk of extinction due to the destruction and degradation of forest habitats,
agriculture, silviculture and the harvesting of wood for fuel and tool making [75].

The disappearance of rare plants prevents the tracking of the evolutionary and bio-
geographic history of plants, which not only has consequences for medicinal and other
economic uses but also limits the potential resources about past climate change and future
implications [77]. In addition, although only a small number of plant species have been
exploited by humans, many others play important roles in natural ecosystems, and rare
species may also have novel traits that could be useful in the future. Thus, the impacts
of economic development on rare plants and their habitats need to be recognized and
addressed before these potential resources are lost forever.

The genetic diversity of T. doichangensis obtained through GBS has important con-
servation significance for narrowly distributed species. The most effective approach to
conserving endangered species is in situ conservation [25]. A previous study based on
RAPD suggested that conservation of this species should include preservation of each
extant population [75]. Seedlings and saplings are rarely found in wild populations of
T. doichangensis, and its habitat has been disturbed and destroyed as a result of various
factors, including insects and low seed-germination percentages [34,35]. Therefore, it is
imperative to establish conservation plots to protect its natural habitat. In accordance with
its genetic diversity and structure, we suggested that ML and XSBN should be protected as
in situ conservation priorities as soon as possible so they can be used as germplasms with
high diversity. Moreover, because moderate genetic differentiation and certain genetic struc-
ture were revealed among populations—particularly, the gene flow in the ML and XSBN
populations—germplasm resources from each population should be not mixed and instead
should be used separately to avoid the risk of outbreeding depression. Considering that the
habitats of T. doichangensis have been devastated and fragmented by human activity, and
that the seed setting percentage is low and seedling growth is limited, artificial seedlings
should also be raised and transplanted to areas with similar habitats in order to expand
the population size and protect the gene pool of the species. In addition, conservation
campaigns should be conducted in towns and villages around the distribution area of T.
doichangensis to protect the original habitat and restore the function of the surrounding
plant community.

5. Conclusions

In summary, we used the high density of SNP loci generated by GBS for population
genomic analysis of T. doichangensis with 39 individuals from 6 populations. Our data
indicated that there was high genetic diversity and moderate genetic differentiation in
the six populations of T. doichangensis. At the same time, most of the genetic variation
in T. doichangensis occurred among populations, and there was some gene flow among
populations to counteract the genetic differentiation caused by genetic drift. Based on these
results, we propose a strategy for in situ conservation of the ML and XSBN populations of
T. doichangensis with high genetic diversity and highlight the importance of germplasm col-
lection, artificial seedlings and conservation promotion, providing an important reference
and guidance for the conservation of T. doichangensis populations and similarly endangered
species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14080666/s1, Figure S1: The results of cross-validation error
(a) and ancestry composition when K = 2 to K = 6 in Admixture analysis (b); Figure S2: The results
of PCA based principal component 1 to principal component 3 (PC1 and PC2 and PC3); Figure S3:
Variance explained by PCA eigenvalues (a) and optimal K-value results based on BIC (b) in DAPC
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analysis; Figure S4: OptM results for TreeMix when run from 0 - 6 migration event(s); Table S1:
Three-population test for T. doichangensis; Table S2: Four-population test for T. doichangensis.

Author Contributions: Conceptualization, L.H., H.-H.M., Y.C. and J.L.; Funding acquisition, H.-H.M.
and Y.C.; Project administration, H.-H.M. and J.L.; Visualization, L.H. and H.-H.M.; Formal analysis,
L.H.; Writing—original draft, L.H. and H.-H.M.; Writing—review and editing, L.H., X.-G.L., S.-S.Z.,
C.-Y.Z., Y.-H.T., Q.R., H.-H.M., Y.C. and J.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by funding from the Southeast Asia Biodiversity Research
Institute, Chinese Academy of Sciences (No. Y4ZK111B01), to H.-H.M.; from the CAS “Pioneer
Hundred Talents” Program awarded to Y.C.; from the Youth Innovation Promotion Association,
Chinese Academy of Sciences (No. 2018432), to H.-H.M.; and from the CAS “Light of West China”
Program to H.-H.M.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The Data and Code supporting the current study is available from the
first author (Ling Hu; huling20@outlook.com or huling@xtbg.ac.cn) on requeste.

Acknowledgments: We thank Jian-Hua Xiao and Chao-Nan Cai for help in the GBS and AMOVA.
We also thank Xiao-Yan Zhang for kind help in using ArcGIS. Thanks to Chu-Meng Zhu, Huan-Xing
Ren and Liu-Qing Yang for help in using R and Linux.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Meng, H.H.; Gao, X.Y.; Song, Y.G.; Cao, G.L.; Li, J. Biodiversity arks in the Anthropocene. Reg. Sustain. 2021, 2, 109–115. [CrossRef]
2. Folke, C.; Polasky, S.; Rockström, J.; Galaz, V.; Westley, F.; Lamont, M.; Scheffer, M.; Österblom, H.; Carpenter, S.R.; Chapin, F.S.;

et al. Our future in the Anthropocene biosphere. Ambio 2021, 50, 834–869. [CrossRef] [PubMed]
3. Hu, Y.; Wang, M.; Ma, T.; Huang, M.; Huang, G.; Zhou, W.; Ping, X.; Lu, Y.; Wei, F. Integrated index-based assessment reveals

long-term conservation progress in implementation of Convention on Biological Diversity. Sci. Adv. 2022, 8, eabj8093. [CrossRef]
4. López-Pujol, J.; Zhang, F.M.; Ge, S. Plant biodiversity in China: Richly varied, endangered, and in need of conservation. Biodivers.

Conserv. 2006, 15, 3983–4026. [CrossRef]
5. Mi, X.; Feng, G.; Hu, Y.; Zhang, J.; Chen, L.; Corlett, R.T.; Hughes, A.C.; Pimm, S.; Schmid, B.; Shi, S.; et al. The global significance

of biodiversity science in China: An overview. Natl. Sci. Rev. 2021, 8, nwab032. [CrossRef] [PubMed]
6. Qin, H.N.; Zhao, L.N. Evaluating the threat status of higher plants in China. Biodivers. Sci. 2017, 25, 689–695. [CrossRef]
7. López-Bao, J.V.; Chapron, G.; Treves, A. The Achilles heel of participatory conservation. Biol. Conserv. 2017, 212, 139–143.

[CrossRef]
8. Meng, H.H.; Zhou, S.S.; Li, L.; Tan, Y.H.; Li, J.W.; Li, J. Conflict between biodiversity conservation and economic growth: Insight

into rare plants in tropical China. Biodivers. Conserv. 2019, 28, 523–537. [CrossRef]
9. Yang, W.Z.; Xiang, Z.Y.; Zhang, S.S.; Kang, H.M.; Shi, F.Q. Plant species with extremely small populations (PSESP) and their

significance in China’s national plant conservation strategy. Biodivers. Sci. 2015, 23, 419–425. [CrossRef]
10. Crane, P. Conserving our global botanical heritage: The PSESP plant conservation program. Plant Divers. 2020, 42, 319–322.

[CrossRef]
11. Sun, W.B.; Ma, Y.P.; Blackmore, S. How a new conservation action concept has accelerated plant conservation in China. Trends

Plant Sci. 2019, 24, 4–6. [CrossRef] [PubMed]
12. Yu, Y.L.; Wang, H.C.; Yu, Z.X.; Schinnerl, J.; Tang, R.; Geng, Y.P.; Chen, G. Genetic diversity and structure of the endemic and

endangered species Aristolochia delavayi growing along the Jinsha River. Plant Divers. 2021, 43, 225–233. [CrossRef] [PubMed]
13. Li, S.; Liu, S.L.; Pei, S.Y.; Ning, M.M.; Tang, S.Q. Genetic diversity and population structure of Camellia huana (Theaceae), a

limestone species with narrow geographic range, based on chloroplast DNA sequence and microsatellite markers. Plant Divers.
2020, 42, 343–350. [CrossRef] [PubMed]

14. Xiao, S.Y.; Ji, Y.H.; Liu, J.; Gong, X. Genetic characterization of the entire range of Cycas panzhihuaensis (Cycadaceae). Plant Divers.
2020, 42, 7–18. [CrossRef] [PubMed]

15. Cai, C.N.; Xiao, J.H.; Ci, X.Q.; Conran, J.G.; Li, J. Genetic diversity of Horsfieldia tetratepala (Myristicaceae), an endangered Plant
Species with Extremely Small Populations to China: Implications for its conservation. Plant Syst. Evol. 2021, 307, 50. [CrossRef]

16. Zhang, X.J.; Liu, X.F.; Liu, D.T.; Cao, Y.R.; Li, Z.H.; Ma, Y.P.; Ma, H. Genetic diversity and structure of Rhododendron meddianum, a
plant species with extremely small populations. Plant Divers. 2021, 43, 472–479. [CrossRef]

17. Zhang, X.M.; Qin, H.T.; Xie, W.J.; Ma, Y.P.; Sun, W.B. Comparative population genetic analyses suggest hybrid origin of
Rhododendron pubicostatum, an endangered plant species with extremely small populations endemic to Yunnan, China. Plant
Divers. 2020, 42, 312–318. [CrossRef]

http://doi.org/10.1016/j.regsus.2021.03.001
http://doi.org/10.1007/s13280-021-01544-8
http://www.ncbi.nlm.nih.gov/pubmed/33715097
http://doi.org/10.1126/sciadv.abj8093
http://doi.org/10.1007/s10531-005-3015-2
http://doi.org/10.1093/nsr/nwab032
http://www.ncbi.nlm.nih.gov/pubmed/34694304
http://doi.org/10.17520/biods.2017146
http://doi.org/10.1016/j.biocon.2017.06.007
http://doi.org/10.1007/s10531-018-1661-4
http://doi.org/10.17520/biods.2014183
http://doi.org/10.1016/j.pld.2020.06.007
http://doi.org/10.1016/j.tplants.2018.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30409685
http://doi.org/10.1016/j.pld.2020.12.007
http://www.ncbi.nlm.nih.gov/pubmed/34195507
http://doi.org/10.1016/j.pld.2020.06.003
http://www.ncbi.nlm.nih.gov/pubmed/33134617
http://doi.org/10.1016/j.pld.2019.10.001
http://www.ncbi.nlm.nih.gov/pubmed/32140633
http://doi.org/10.1007/s00606-021-01774-z
http://doi.org/10.1016/j.pld.2021.05.005
http://doi.org/10.1016/j.pld.2020.06.012


Diversity 2022, 14, 666 14 of 16

18. Sun, W.B.; Han, C.Y. Researches and conservation for plant species with extremely small populations (PSESP). Biodivers. Sci. 2015,
23, 426–429. [CrossRef]

19. Phillips, R.D.; Dixon, K.W.; Peakall, R. Low population genetic differentiation in the Orchidaceae: Implications for the diversifica-
tion of the family. Mol. Ecol. 2012, 21, 5208–5220. [CrossRef]

20. Zhang, Y.H.; Jia, H.X.; Wang, Z.B.; Sun, P.; Cao, D.M.; Hu, J.J. Genetic diversity and population structure of Populus yunnanensis.
Biodivers. Sci. 2019, 27, 355–365.

21. Xiao, J.H.; Ding, X.; Li, L.; Ma, H.; Ci, X.Q.; van der Merwe, M.; Conran, J.G.; Li, J. Miocene diversification of a golden-thread
nanmu tree species (Phoebe zhennan, Lauraceae) around the Sichuan Basin shaped by the East Asian monsoon. Ecol. Evol. 2020, 10,
10543–10557. [CrossRef] [PubMed]

22. Waqar, Z.; Moraes, R.C.S.; Benchimol, M.; Morante-Filho, J.C.; Mariano-Neto, E.; Gaiotto, F.A. Gene flow and genetic structure
reveal reduced diversity between generations of a tropical tree, Manilkara multifida Penn., in atlantic forest fragments. Genes 2021,
12, 2025. [CrossRef] [PubMed]

23. Pekkala, N.; Knott, K.E.; Kotiaho, J.S.; Nissinen, K.; Puurtinen, M. The effect of inbreeding rate on fitness, inbreeding depression
and heterosis over a range of inbreeding coefficients. Evol. Appl. 2014, 7, 1107–1119. [CrossRef] [PubMed]

24. Gordon, S.P.; Sloop, C.M.; Davis, H.G.; Cushman, J. Population genetic diversity and structure of two rare vernal pool grasses in
central California. Conserv. Genet. 2012, 13, 117–130. [CrossRef]

25. Wu, F.Q.; Shen, S.K.; Zhang, X.J.; Wang, Y.H.; Sun, W.B. Genetic diversity and population structure of an extremely endangered
species: The world′s largest Rhododendron. AoB Plants 2015, 7, plu082. [CrossRef]

26. Ci, X.Q.; Chen, J.Q.; Li, Q.M.; Li, J. AFLP and ISSR analysis reveals high genetic variation and inter-population differentiation in
fragmented populations of the endangered Litsea szemaois (Lauraceae) from Southwest China. Plant Syst. Evol. 2008, 273, 237–246.
[CrossRef]

27. Narum, S.R.; Buerkle, C.A.; Davey, J.W.; Miller, M.R.; Hohenlohe, P.A. Genotyping-by-sequencing in ecological and conservation
Genomics. Mol. Ecol. 2013, 22, 2841–2847. [CrossRef]

28. Deschamps, S.; Llaca, V.; May, G.D. Genotyping-by-sequencing in plants. Biology 2012, 1, 460–483. [CrossRef]
29. Elshire, R.J.; Glaubitz, J.C.; Sun, Q.; Poland, J.A.; Kawamoto, K.; Buckler, E.S.; Mitchell, S.E. A Robust, Simple Genotyping-by-

Sequencing (GBS) approach for high diversity species. PLoS ONE 2011, 6, e19379. [CrossRef]
30. Shekhovtsov, S.V.; Shekhovtsova, I.N.; Kosterin, O.E. Genotyping-by-Sequencing Analysis Shows That Siberian Lindens Are

Nested within Tilia cordata Mill. Diversity 2022, 14, 256. [CrossRef]
31. Forman, L. Trigonobalanus, a new genus of Fagaceae, with notes on the classification of the family. Kew Bull. 1964, 17, 381–396.

[CrossRef]
32. Nixon, K.C.; Crepet, W.L. Trigonobalanus (Fagaceae): Taxonomic status and phylogenetic relationships. Am. J. Bot. 1989, 76,

828–841. [CrossRef]
33. Hsu, Y.C.; Wang, C.J.; Wu, C.Y.; Li, H.W. Trigonobalanus Forman-A new recorded genus of Fagaceae in China. Acta Bot. Yunnan

1981, 3, 213–215.
34. Zheng, Y.L.; Sun, W.B.; Zhou, Y.; Coombs, D. Variation in seed and seedling traits among natural populations of Trigonobalanus

doichangensis (A. Camus) Forman (Fagaceae), a rare and endangered plant in southwest China. New For. 2009, 37, 285–294.
[CrossRef]

35. Sun, W.B.; Zhou, Y.; Han, C.Y.; Zeng, C.X.; Shi, X.D.; Xiang, Q.B.; Coombes, A. Status and conservation of Trigonobalanus
doichangensis (Fagaceae). Biodivers. Conserv. 2006, 15, 1303–1318. [CrossRef]

36. Wang, S.; Xie, Y. China Species Red List; High Education Press: Beijing, China, 2004.
37. Catchen, J.; Hohenlohe, P.A.; Bassham, S.; Amores, A.; Cresko, W.A. Stacks: An analysis tool set for population genomics. Mol.

Ecol. 2013, 22, 3124–3140. [CrossRef]
38. Staton, M.; Addo-Quaye, C.; Cannon, N.; Yu, J.; Zhebentyayeva, T.; Huff, M.; Islam-Faridi, N.; Fan, S.; Georgi, L.L.; Nelson, C.D.;

et al. A reference genome assembly and adaptive trait analysis of Castanea mollissima ‘Vanuxem,’a source of resistance to chestnut
blight in restoration breeding. Tree Genet. Genomes 2020, 16, 1392. [CrossRef]

39. Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv 2013, arXiv:1303.3997v2.
40. Danecek, P.; Bonfield, J.K.; Liddle, J.; Marshall, J.; Ohan, V.; Pollard, M.O.; Whitwham, A.; Keane, T.; McCarthy, S.A.; Davies, R.M.;

et al. Twelve years of SAMtools and BCFtools. GigaScience 2021, 10, giab008. [CrossRef]
41. Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E.; DePristo, M.A.; Handsaker, R.E.; Lunter, G.; Marth, G.T.; Sherry, S.T.;

et al. The variant call format and VCFtools. Bioinformatics 2011, 27, 2156–2158. [CrossRef]
42. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna,

Austria, 2020.
43. Excoffier, L.; Lischer, H.E. Arlequin suite ver 3.5: A new series of programs to perform population genetics analyses under Linux

and Windows. Mol. Ecol. Resour. 2010, 10, 564–567. [CrossRef] [PubMed]
44. Lischer, H.E.; Excoffier, L. PGDSpider: An automated data conversion tool for connecting population genetics and genomics

programs. Bioinformatics 2012, 28, 298–299. [CrossRef] [PubMed]
45. Hijmans, R.J.; Karney, C.; Williams, E.; Vennes, C. Package “geosphere”: Spherical Trigonometry. 2021. Available online:

https://cran.r-project.org/web/packages/geosphere/geosphere.pdf (accessed on 10 March 2022).
46. Dray, S.; Dufour, A.B.; Chessel, D. The ade4 package-II: Two-table and K-table methods. R News 2007, 7, 47–52.

http://doi.org/10.17520/biods.2015026
http://doi.org/10.1111/mec.12036
http://doi.org/10.1002/ece3.6710
http://www.ncbi.nlm.nih.gov/pubmed/33072279
http://doi.org/10.3390/genes12122025
http://www.ncbi.nlm.nih.gov/pubmed/34946973
http://doi.org/10.1111/eva.12145
http://www.ncbi.nlm.nih.gov/pubmed/25553071
http://doi.org/10.1007/s10592-011-0269-y
http://doi.org/10.1093/aobpla/plu082
http://doi.org/10.1007/s00606-008-0012-4
http://doi.org/10.1111/mec.12350
http://doi.org/10.3390/biology1030460
http://doi.org/10.1371/journal.pone.0019379
http://doi.org/10.3390/d14040256
http://doi.org/10.2307/4113784
http://doi.org/10.1002/j.1537-2197.1989.tb15061.x
http://doi.org/10.1007/s11056-008-9124-5
http://doi.org/10.1007/s10531-005-3873-7
http://doi.org/10.1111/mec.12354
http://doi.org/10.1007/s11295-020-01454-y
http://doi.org/10.1093/gigascience/giab008
http://doi.org/10.1093/bioinformatics/btr330
http://doi.org/10.1111/j.1755-0998.2010.02847.x
http://www.ncbi.nlm.nih.gov/pubmed/21565059
http://doi.org/10.1093/bioinformatics/btr642
http://www.ncbi.nlm.nih.gov/pubmed/22110245
https://cran.r-project.org/web/packages/geosphere/geosphere.pdf


Diversity 2022, 14, 666 15 of 16

47. Alexander, D.H.; Novembre, J.; Lange, K. Fast model-based estimation of ancestry in unrelated individuals. Genome Res. 2009, 19,
1655–1664. [CrossRef] [PubMed]

48. Rodríguez-Ezpeleta, N.; Bradbury, I.R.; Mendibil, I.; Álvarez, P.; Cotano, U.; Irigoien, X. Population structure of Atlantic mackerel
inferred from RAD-seq-derived SNP markers: Effects of sequence clustering parameters and hierarchical SNP selection. Mol. Ecol.
Resour. 2016, 16, 991–1001. [CrossRef] [PubMed]

49. Francis, R.M. pophelper: An R package and web app to analyse and visualize population structure. Mol. Ecol. Resour. 2017, 17,
27–32. [CrossRef] [PubMed]

50. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; De Bakker, P.I.; Daly, M.J.; et al.
PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81, 559–575.
[CrossRef]

51. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.
52. Jombart, T.; Devillard, S.; Balloux, F. Discriminant analysis of principal components: A new method for the analysis of genetically

structured populations. BMC Genet. 2010, 11, 94. [CrossRef]
53. Liu, Y.; Chen, L.; Duan, X.Z.; Zhao, D.S.; Sun, J.T.; Hong, X.Y. Genome-wide single nucleotide polymorphisms are robust in

resolving fine-scale population genetic structure of the small brown planthopper, Laodelphax striatellus (Fallén) (Hemiptera:
Delphacidae). J. Econ. Entomol. 2019, 112, 2362–2368. [CrossRef]

54. Dierickx, E.G.; Shultz, A.J.; Sato, F.; Hiraoka, T.; Edwards, S.V. Morphological and genomic comparisons of Hawaiian and
Japanese Black-footed Albatrosses (Phoebastria nigripes) using double digest RADseq: Implications for conservation. Evol. Appl.
2015, 8, 662–678. [CrossRef]

55. Jombart, T. adegenet: A R package for the multivariate analysis of genetic markers. Bioinformatics 2008, 24, 1403–1405. [CrossRef]
56. Pickrell, J.K.; Pritchard, J.K. Inference of population splits and mixtures from genome-wide allele frequency data. PLoS Genet.

2012, 8, e1002967. [CrossRef] [PubMed]
57. Ma, Y.; Liu, D.; Wariss, H.M.; Zhang, R.; Tao, L.; Milne, R.I.; Sun, W. Demographic history and identification of threats revealed by

population genomic analysis provide insights into conservation for an endangered maple. Mol. Ecol. 2022, 31, 767–779. [CrossRef]
[PubMed]

58. Fitak, R.R. OptM: Estimating the optimal number of migration edges on population trees using Treemix. Biol. Methods Protoc.
2021, 6, bpab017. [CrossRef]

59. Pickrell, J.K.; Patterson, N.; Barbieri, C.; Berthold, F.; Gerlach, L.; Güldemann, T.; Kure, B.; Mpoloka, S.W.; Nakagawa, H.;
Naumann, C.; et al. The genetic prehistory of southern Africa. Nat. Commun. 2012, 3, 1143. [CrossRef] [PubMed]

60. Liu, Y.F.; Huang, H.W. Gene flow dynamics and related adaptive evolution in plant populations. Chin. Bull. Bot. 2009, 44, 351.
61. Laikre, L.; Allendorf, F.W.; Aroner, L.C.; Baker, C.S.; Gregovich, D.P.; Hansen, M.M.; Jackson, J.A.; Kendall, K.C.; McKELVEY, K.;

Neel, M.C.; et al. Neglect of genetic diversity in implementation of the convention on biological diversity. Conserv. Biol. 2010, 24,
86–88. [CrossRef] [PubMed]

62. Zhang, Y.; Song, Y.G.; Zhang, C.Y.; Wang, T.R.; Su, T.H.; Huang, P.H.; Meng, H.H.; Li, J. Latitudinal diversity gradient in the
changing world: Retrospectives and perspectives. Diversity 2022, 14, 334. [CrossRef]

63. Setoguchi, H.; Mitsui, Y.; Ikeda, H.; Nomura, N.; Tamura, A. Genetic structure of the critically endangered plant Tricyrtis ishiiana
(Convallariaceae) in relict populations of Japan. Conserv. Genet. 2011, 12, 491–501. [CrossRef]

64. Ramanatha, R.V.; Hodgkin, T. Genetic diversity and conservation and utilization of plant genetic resources. Plant Cell Tissue
Organ Cult. 2002, 68, 1–19. [CrossRef]

65. Zhou, Y. Preliminary study on geographic populations of Trigonobalanus doichangensis and its effect on seed germination and
seedling. Seed 2003, 4, 3–4.

66. Sun, W.B.; Zhou, Y.; Zhao, J.C.; Chen, G. Current distribution, population attributes and biological characters of Trigonobalanus
doichangensis in relation to its conservation. Acta Ecol. Sin. 2004, 24, 352–358.

67. Aoki, K.; Ueno, S.; Kamijo, T.; Setoguchi, H.; Murakami, N.; Kato, M.; Tsumura, Y. Genetic differentiation and genetic diversity of
Castanopsis (Fagaceae), the dominant tree species in Japanese broadleaved evergreen forests, revealed by analysis of EST-associated
microsatellites. PLoS ONE 2014, 9, e87429. [CrossRef] [PubMed]

68. Valencia, C.L.; Piñero, D.; Mussali, G.P.; Valencia-Ávalos, S.; Tovar-Sánchez, E. Effect of a red oak species gradient on genetic
structure and diversity of Quercus castanea (Fagaceae) in Mexico. Tree Genet. Genomes 2014, 10, 641–652. [CrossRef]

69. Hamrick, J.L.; Godt, M.J.W. Plant Population Genetics, Breeding, and Genetic Resources; Sinauer: Sunderland, MA, USA, 1990.
70. Nybom, H. Comparison of different nuclear DNA markers for estimating intraspecific genetic diversity in plants. Mol. Ecol. 2004,

13, 1143–1155. [CrossRef]
71. Gamba, D.; Muchhala, N. Global patterns of population genetic differentiation in seed plants. Mol. Ecol. 2020, 29, 3413–3428.

[CrossRef]
72. Li, S.; Gan, X.H.; Han, H.Y.; Zhang, X.M.; Tian, Z.Q. Low within-population genetic diversity and high genetic differentiation

among populations of the endangered plant Tetracentron sinense Oliver revealed by inter-simple sequence repeat analysis. Ann.
For. Sci. 2018, 75, 74. [CrossRef]

73. Souza, F.L.; Cunha, A.F.; Oliveira, M.A.; Pereira, G.A.; Reis, S.F.d. Estimating dispersal and gene flow in the neotropical freshwater
turtle Hydromedusa maximiliani (Chelidae) by combining ecological and genetic methods. Genet. Mol. Biol. 2002, 25, 151–155.
[CrossRef]

http://doi.org/10.1101/gr.094052.109
http://www.ncbi.nlm.nih.gov/pubmed/19648217
http://doi.org/10.1111/1755-0998.12518
http://www.ncbi.nlm.nih.gov/pubmed/26936210
http://doi.org/10.1111/1755-0998.12509
http://www.ncbi.nlm.nih.gov/pubmed/26850166
http://doi.org/10.1086/519795
http://doi.org/10.1186/1471-2156-11-94
http://doi.org/10.1093/jee/toz145
http://doi.org/10.1111/eva.12274
http://doi.org/10.1093/bioinformatics/btn129
http://doi.org/10.1371/journal.pgen.1002967
http://www.ncbi.nlm.nih.gov/pubmed/23166502
http://doi.org/10.1111/mec.16289
http://www.ncbi.nlm.nih.gov/pubmed/34826164
http://doi.org/10.1093/biomethods/bpab017
http://doi.org/10.1038/ncomms2140
http://www.ncbi.nlm.nih.gov/pubmed/23072811
http://doi.org/10.1111/j.1523-1739.2009.01425.x
http://www.ncbi.nlm.nih.gov/pubmed/20028412
http://doi.org/10.3390/d14050334
http://doi.org/10.1007/s10592-010-0156-y
http://doi.org/10.1023/A:1013359015812
http://doi.org/10.1371/journal.pone.0087429
http://www.ncbi.nlm.nih.gov/pubmed/24498103
http://doi.org/10.1007/s11295-014-0710-8
http://doi.org/10.1111/j.1365-294X.2004.02141.x
http://doi.org/10.1111/mec.15575
http://doi.org/10.1007/s13595-018-0752-4
http://doi.org/10.1590/S1415-47572002000200007


Diversity 2022, 14, 666 16 of 16

74. Wright, S. The interpretation of population structure by F-statistics with special regard to systems of mating. Evolution 1965, 19,
395–420. [CrossRef]

75. Sun, W.B.; Han, C.Y.; Gao, L.M.; Wilson, C.A. Genetic diversity of the rare Asian plant, Trigonobalanus doichangensis (Fagaceae).
Aust. J. Bot. 2007, 55, 10–17. [CrossRef]

76. Fu, L.G. China Plant Red Data Book; Science Press: Beijing, China, 1992; Volume 1, pp. 302–303.
77. Meng, H.H.; Zhou, S.S.; Jiang, X.L.; Gugger, P.F.; Li, L.; Tan, Y.H.; Li, J. Are mountaintops climate refugia for plants under global

warming? A lesson from high-mountain oaks in tropical rainforest. Alp. Bot. 2019, 129, 175–183. [CrossRef]

http://doi.org/10.1111/j.1558-5646.1965.tb01731.x
http://doi.org/10.1071/BT05113
http://doi.org/10.1007/s00035-019-00226-2

	Introduction 
	Materials and Methods 
	Sample Collection and Genotyping-by-Sequencing 
	SNP Calling and Quality Filter 
	Calculation of Genetic Diversity Parameter and AMOVA 
	Isolation by Distance 
	Population Structure and Gene Flow 

	Results 
	Genotyping-by-Sequencing and Quality Control 
	Genetic Diversity and Genetic Differentiation 
	Genetic Structure of T. doichangensis 
	Gene Flow Analysis 

	Discussion 
	Genetic Diversity 
	Genetic Differentiation, Genetic Structure and Gene Flow 
	Conservation Significance 

	Conclusions 
	References

