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Abstract: In order to protect and utilize the germplasm resource better, it is highly necessary to carry
out a study on the genetic diversity of Camellia chekiangoleosa Hu. However, systematic research
on population genetics analysis of the species is comparatively rare. Herein, 16 highly variable
simple sequence repeat (SSR) markers were used for genetic structure assessment in 12 natural
C. chekiangoleosa populations. The genetic diversity of C. chekiangoleosa was low (h = 0.596), within
which, central populations (such as Damaoshan (DMS), Sanqingshan (SQS), and Gutianshan (GTS)) at
the junction of four main mountain ranges presented high diversity and represented the center of the
C. chekiangoleosa diversity distribution; the Hengshan (HS) population in the west showed the lowest
diversity, and the diversity of the eastern and coastal populations was intermediate. C. chekiangoleosa
exhibited a high level of genetic differentiation, and the variation among populations accounted for
approximately 24% of the total variation. The major reasons for this situation are the small population
scale and bottleneck effects in some populations (HS and Lingshan (LS)), coupled with inbreeding
within the population and low gene flow among populations (Nm = 0.796). To scientifically protect
the genetic diversity of C. chekiangoleosa, in situ conservation measures should be implemented for
high-diversity populations, while low-diversity populations should be restored by reintroduction.

Keywords: Camellia chekiangoleosa; SSR; genetic diversity; genetic differentiation; population
genetic structure

1. Introduction

The genus Camellia L. includes many valuable shrubs, economic trees, and endan-
gered species belonging to the family Theaceae, among which Camellia japonica L. is an
internationally known ornamental flower [1]. In addition, C. oleifera Abel., a species of oil
tea camellia, is considered one of the four major woody oil tree species [2]. Oil tea camellia
generally refers to a tree species in the genus Camellia with a high oil content and high
production and cultivation value [3]. In China, oil tea camellia has a cultivation history of
more than 2300 years, and it has been used as an oil tree species for more than 1000 years [4].
Currently, there are more than 20 species of oil tea camellias that are mainly planted in
China [5]. As the two major oil tea camellia species, C. oleifera and C. chekiangoleosa Hu.
have been usually cultivated in southern China [6]. However, compared with the former,
no varieties or superior clones of C. chekiangoleosa have been developed, and it is urgent to
utilize the germplasm resource of this species [7].
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Camellia chekiangoleosa is a typical diploid oil tea camellia species (2 n = 30). The
species is a relative of C. japonica and C. oleifera with excellent ornamental and oil value
due to its beautiful flower color and excellent oil quality [8,9]. This species has become
an important economic tree in southern China [7]. C. chekiangoleosa is still growing in the
wild, without sufficient studies on related breeding and horticultural culture [8,10]. Early
plant taxonomists believed that C. chekiangoleosa was naturally distributed in the mountains
at an altitude of 600~1400 m (117◦ 34′~120◦14′ E and 28◦08′~29◦13′ N) at the junction of
five provinces (southern Zhejiang, southern Anhui, northeastern Jiangxi, southern Hunan,
and northern Fujian), and its distribution once was narrow but continuous [11]. However,
because of low natural fruit yield and great ornamental value, C. chekiangoleosa are often
felled and transplanted in the natural environment. The large-scale excavation of mountains
for farmland has also seriously damaged the natural habitat of C. chekiangoleosa, resulting in
a sharp reduction in its natural resources. As early as the 1990s, due to the shrinking wild
habitat, the concentrated distribution of C. chekiangoleosa is very rare. Nowadays, it has
been listed as a precious and endangered plant in Zhejiang Province, China, and has been
listed as a key protected plant in Fujian Province, China [12]. Today, the survival situation
of C. chekiangoleosa is even very serious, and it is urgent to protect its natural resources.

The key to protecting biodiversity is to maintain the genetic diversity or evolutionary
potential of species. The genetic variation levels and population genetic structures of
plant populations result from the comprehensive actions of various factors, such as their
evolutionary history, distribution range, life form, breeding mode, and seed dispersion
mechanism, which are closely related to adaptability and evolutionary potential [13]. There-
fore, the assessment of genetic variation levels and spatial structure of plants is the basis
for exploring their adaptability, speciation process, patterns, and evolutionary mechanisms,
and is related to the formulation of strategies and measures for species protection and
population restoration [14,15]. A large amount of evidence shows that the average level of
genetic variation in narrowly distributed species is significantly lower than that in widely
distributed species [16,17]. However, even among narrowly distributed species, diversity
levels and genetic structures are very different [18]. The population genetic structure of
a species is also a product of its long-term evolution, and the population genetic struc-
ture observed in the endemic habitats of many species may reflect distinct events in their
evolutionary history. For example, species with fragmented habitats are more prone to
inbreeding depression and reduced diversity [19]. Therefore, the formulation of species
protection strategies, on the basis of a full understanding of species diversity levels and
population genetic structures, is a reasonable scientific approach. In addition, understand-
ing the population genetic structures of cultivated species and wild relatives can help us to
maintain their genetic integrity and diversity during breeding [20], thus allowing the in-
depth discovery and utilization of various genes and genotype resources in the population
and the prediction and scientific use of the variation of important economic traits.

The genetic diversity of C. chekiangoleosa, based on inter-simple sequence repeat (ISSR)
markers, was carried out [12]. The previous research results are worth referencing; how-
ever, because of the limitations of the applied research methods and sample numbers,
the results are relatively limited. Due to highly polymorphic, reproducible, abundant,
inherited, co-dominant, and distributed genomes, simple sequence repeat (SSR) markers
are very effective molecular markers in population genetics [17]. In recent years, there have
been many research reports on the population genetic structure of species in the genus
Camellia using SSR markers, such as those of C. petelotii (C.W. Chi), C. sinensis (L.) (Kuntze),
C. huana (T.L. Ming and W.J. Zhang), and C. oleifera [21–24]. Therefore, under the premise
of clarifying the resource distribution, the purpose of this study was to use SSR markers
to analyze population genetic structure of C. chekiangoleosa. This approach can provide
a molecular basis for the protection of C. chekiangoleosa natural resources and provide a
technical reference for their rational utilization.
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2. Materials and Methods
2.1. Population Sample Information

Samples were taken from 12 existing natural populations of C. chekiangoleosa within
a certain scale in 4 provinces within the Jiangxi, Zhejiang, Fujian, and Hunan Provinces
(Supplementary Materials Table S1). An appropriate sample size was selected according
to the population size, but at least 30 single plants were sampled in each population; the
distance between individuals was more than 20~30 m; the sampled plants showed normal
growth without diseases or pests. Young tissue samples (young leaves, buds, or flower
buds) were collected and stored via the silica gel drying method. Based on the longitude
and latitude of the sampling points indicated by a GarminGPS60 device (WGS84 coordinate
system), and the sampling map (Figure 1) was drawn by using Global Mapper [25]. The
distribution of the geographic information and sample quantities at each sampling point
(correspondence between population name and code) are also shown in Table S1.

Figure 1. Geographic distribution of the 12 sampled populations of C. chekiangoleosa. The dots
in the figure are the collection points of each test sample. A—Wuyi mountain range population;
B—Donggong mountain range population; C—Xianxia mountain range population; D—Huaiyu
mountain range population.

2.2. Experimental Methods

Total DNA was extracted via the cetyl trimethylammonium bromide (CTAB) method [26],
and a NanoDrop-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA)
was used to detect the concentration of DNA. After electrophoresis in 0.8% agarose gelatin,
the integrity of the purified DNA was determined, and qualified DNA samples were stored
at −20 ◦C.

In this study, 16 pairs of highly polymorphic EST-SSR primers (Supplementary Mate-
rials Table S2) for C. chekiangoleosa were selected out from our previous research [11]. All
primers were synthesized by Shanghai Generay Biotech Co., Ltd. The polymerase chain
reaction (PCR) system had a volume of 10 µL, which included 1 µL of 10 × PCR buffer,
1.5 mM Mg2+, 100 µM dNTPs, upstream and downstream primers at 0.5 µM, 1.25 U of
Taq polymerase (5 U/µL), and 50 ng of DNA. The amplification reaction procedure was as
follows: pre denaturation at 94 ◦C for 5 min; 30 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and
72 ◦C for 30 s; a final extension at 72 ◦C for 1 min; then, storage at 8 ◦C. During the test, the
annealing temperature was increased or decreased according to the melting temperature
(Tm) of each primer. The PCR products were uniformly added to 8% polyacrylamide gels,
along with a 50 bp labeled fragment size marker (TIANGEN, Beijing, China); standard
electrophoresis was performed at a 120 V constant voltage for 2 h; the product was detected
by silver staining. Digital photographs were recorded, and Quality One software (Bio–Rad
Laboratories Inc., California, USA) was used to quantitatively analyze the fragment size of
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each detection site according to the standard molecular weight of the 50 bp marker; finally,
the data were finally counted.

2.3. Data Analysis

The electrophoretic bands were read according to codominant markers, and the sizes
of the allele fragments at each point were recorded. The data were imported into Excel
according to the requirements. The polymorphism information content index (PIC) and
linkage disequilibrium were calculated by using PowerMarker 3.25 (bioinformatics research
center; North Carolina State University, Raleigh, NC, USA) [27], and Bonferroni correction
was performed to adjust the P value. Popgene 1.32 software [28] was used to calculate
the following: number of observed alleles (Na); number of effective alleles (Ne); Nei’s
gene diversity (h); the Shannon diversity index (I); observed heterozygosity (Ho); expected
heterozygosity (He); the inbreeding index (F). The genetic differentiation index (GST, based
on He; FST, based on an infinite allele model, IAM; RST, based on a stepwise mutation
model—SMM), gene flow (Nm = (1−FST)/4FST), and allele richness (AR) were calculated
across all populations at each locus and over all loci using FSTAT 2.9.3 [29].

The genotype data format was transformed by using Genelex 6.4 [30]; an analysis
of molecular variance (AMOVA) was carried out for the sources of different levels of
genetic variation within and among populations using Arlequin 3.5 [31]. The results of
the analysis of the genetic relationships between populations were displayed by factorial
correspondence analysis (FCA) with the analysis software Genetix 4.05 (CNRSUMR 5000;
Universite Montpellier II, Montpellier, France) [32]. The isolation by distance pattern
(IBD) was detected by Mantel tests with 1000 permutations based on matrices of pairwise
genetic differentiation (Multilocus estimates of genetic differentiation, Fst, expressed as
Fst/(1−Fst)), and geographic distance among populations were performed in NTSYS
2.10e [33–35]. STRUCTURE 2.3.1 software [36] was used to infer the population genetic
structure with the allelic model. Moreover, the number of distinguishable groups was
initially set between k = 1 and k = 15, and the false positioning points were independent. The
length of the burn-in period at the beginning of the Markov chain Monte Carlo simulation
algorithm (MCMC) was set to 50,000 times, and the MCMC after non-counting iteration
was then set to 50000 times for the estimation of the α value to determine whether a separate
population existed (α ≤ 0.2 was the standard for the classification of the test samples). A
suitable value of was selected according to the size of ∆K. ∆K is the difference in LnP(D)
based on adjacent K values. Finally, Bottleneck 1.2 software [37] was used to determine
whether each group had experienced a bottleneck effect in its recent history. A two-phase
mutation model (TPM) and a stepwise mutation model (SMM) were used for Wilcoxon
signed rank tests. The parameter settings included a 90% SMM and 10% TPM with 12%
variation in TPMs and 1000 repeats.

3. Results
3.1. Genetic Diversity

Using 16 pairs of primers to detect 528 individuals in 12 geographical populations
of C. chekiangoleosa (Table 1), a total of 74 alleles were obtained. The amplified alleles of a
single primer ranged from 3 to 7. The average and effective allele values were 4.625 and
2.682, respectively. The highest amplified effective allele value obtained was for CC_eSSR03
(3.311), and the lowest obtained was for CC_eSSR16 (1.545). The average PIC value of the
16 loci was 0.616, reflecting a high polymorphism level, among which CC_eSSR16 showed
the lowest PIC (0.352), and CC_eSSR03 showed the highest (0.698). These results were
consistent with the effective equivalent gene comparison result, and the average h at the
species level reached 0.596.
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Table 1. Information on the polymorphism of 16 microsatellite loci amplified in C. chekiangoleosa.

Locus Na Ne PIC h GST RST FST Nm

CC_eSSR03 5 3.311 0.698 0.695 0.288 0.532 0.295 0.597
CC_eSSR15 5 1.985 0.496 0.468 0.213 0.086 0.215 0.913
CC_eSSR16 5 1.545 0.352 0.329 0.255 0.340 0.264 0.697
CC_eSSR29 4 2.641 0.621 0.625 0.352 0.486 0.372 0.422
CC_eSSR37 4 3.236 0.691 0.690 0.266 0.229 0.254 0.734
CC_eSSR41 4 2.643 0.622 0.623 0.181 0.316 0.189 1.073
CC_eSSR48 4 1.933 0.483 0.460 0.195 0.143 0.201 0.994
CC_eSSR49 5 2.560 0.609 0.589 0.183 0.260 0.188 1.080
CC_eSSR55 4 2.534 0.605 0.618 0.358 0.358 0.347 0.470
CC_eSSR83 3 2.283 0.562 0.562 0.169 0.140 0.171 1.212
CC_eSSR85 4 2.834 0.647 0.646 0.194 0.148 0.203 0.982
CC_eSSR87 5 3.057 0.673 0.660 0.371 0.447 0.376 0.415
CC_eSSR89 4 2.776 0.640 0.641 0.210 0.122 0.215 0.913
CC_eSSR92 5 2.421 0.595 0.569 0.195 0.157 0.206 0.964
CC_eSSR95 7 3.090 0.806 0.668 0.240 0.169 0.249 0.754

CC_eSSR101 6 4.056 0.761 0.699 0.067 0.113 0.071 3.271
Mean 4.625 2.682 0.616 0.596 0.234 0.253 0.239 0.796

Na—observed number of alleles; Ne—effective number of alleles; h—Nei’s diversity index; PIC—polymorphism
information content; I—Shannon’s information index; GST—genetic differentiation index based on Nei’s diversity;
FST—genetic differentiation index based on IAM; RST—genetic differentiation index based on SMM.

The results of the genetic diversity analysis of each geographical population of C.
chekiangoleosa are shown in Table 2. Overall, the genetic diversity levels of different geo-
graphical populations of C. chekiangoleosa were quite different. AR ranged from 1.625 (HS)
to 3.982 (GTS), with an average of 3.098, and the average He was 0.458. The SQS population
presented the highest level of genetic diversity and the highest value of He, at 0.575. The
lowest He value was found in the HS group, at 0.160. The 12 populations were ranked from
high to low, according to the values He, as follows: SQS > DMS > GTS > LS/RLX > WYS >
XP > tr > JRS > WYL > FA > HS. The diversity of LS and RLX was similar. The diversity
parameter I ranged from 0.290 to 1.029 in the populations, with an average of 0.787. Both
He and I show that the diversity of each population was maintained at an intermediate
level. The results for the 12 populations sorted according to He and I were different, but the
highest values appeared among DMS, SQS, and GTS, and the lowest values were obtained
in the HS population, which also showed the lowest percentage of polymorphic loci among
the 12 populations (43.75%). The above results indicate the reliability of genetic diversity
evaluation.

The fixed index (F), also known as the inbreeding coefficient, can reflect the gene flow
and inbreeding of the population. The F value of the natural C. chekiangoleosa population in
this study was greater than 0, and the F value of the HS population was 0.087, which was
the closest value to 0. The fixed indexes (F) of the RLX population and WYL population
were relatively large, at 0.345 and 0.360, respectively, but those of the other populations
were lower; the average F was 0.205, which generally indicated that the population deviated
from the Hardy–Weinberg equilibrium, as reflected in the excess of homozygotes (Table 2).
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Table 2. Genotypic variation and heterozygosity statistics of 16 loci of C. chekiangoleosa.

Pop Sample
Size

Allelic
Richness Ho b He b I F

Bottleneck Test r

TPM SMM

GTS 50 3.829 0.439 0.566 1.009 0.216 * 0.39098 0.86026
HS 36 1.625 0.160 0.177 0.290 0.087 0.03906 N 0.07813

WYS 50 3.245 0.369 0.509 0.873 0.268 * 0.10458 0.21143
SQS 50 3.694 0.478 0.575 1.005 0.162 * 0.17535 0.40375
LS 48 3.224 0.458 0.539 0.912 0.140 * 0.02139 N 0.03864 N
JRS 48 2.589 0.309 0.412 0.667 0.242 * 0.07300 0.12054
ZR 30 2.688 0.360 0.418 0.673 0.124 0.34839 0.40375
FA 32 2.793 0.285 0.357 0.606 0.188 * 0.33026 0.15143

WYL 40 2.961 0.258 0.408 0.705 0.360 * 0.85522 0.54163
RLX 48 3.508 0.349 0.539 0.936 0.345 * 0.32251 0.97995
XP 48 3.040 0.372 0.425 0.739 0.114 0.80396 0.59949

DMS 48 3.982 0.444 0.569 1.029 0.211 * 0.93988 0.63217
Mean 44 3.098 0.357 0.458 0.787 0.205

Na—number of alleles; AR—allelic richness; Ho—observed heterozygosity; He—expected heterozygosity; F—
inbreeding coefficient; TPM—a two-phase mutation model; SMM—stepwise mutation model; b—heterozygosity
at the population level; *—significant deviation from the Hardy–Weinberg equilibrium; N—significant deviation
from Wilcoxon signed rank tests (p < 0.05).

3.2. Genetic Differentiation

The level of population genetic differentiation was analyzed based on Nei’s genetic
diversity, IAM, and SMM. The statistics showed that the average GST, FST, and RST were
0.234, 0.239, and 0.253, respectively. It indicated that there was a high level of genetic
differentiation among the C. chekiangoleosa populations (Table 1). Additionally, the AMOVA
of the components within and among populations performed with Arlequin 3.5 software
also showed that there was significant genetic variation (p < 0.001), where 24.15% of the
genetic variation existed among populations, while 75.85% of the genetic variation occurred
within populations (Table 3). In addition, the gene flow (Nm), estimated based on FST, was
consistent with that estimated based on GST (Table 1; Supplementary Materials Table S3),
with values of 0.796 and 0.731, respectively, representing the numbers of individuals
that entered or exited a population in each generation among all populations studied.
The measured values showed that the gene flow among populations was low, indicating
relatively little exchange of genetic information among populations. The pairwise FST
values between populations are shown in Supplementary Materials Table S4. The genetic
differentiation between the SQS and DMS populations was lowest, at only 0.0901. The close
geographical distances of the populations and their altitude may be the reasons for this
phenomenon.

Table 3. Analysis of molecular variance (AMOVA) within and among populations.

Source of
Variation d.f. Sum of

Squares
Variance

Components
Percentage
Variation Probability

Among populations 11 1191.53 1.191 24.15 <0.001
Within populations 1044 3906.02 3.741 75.85 <0.001

Total 1055 5097.55 4.932

In this study, the TPM model and the SMM model of the Wilcoxon signed rank test [37]
were used to analyze the bottleneck effect. According to the data (see Table 2), with the
exception of the HS and LS groups, which recently experienced bottleneck effects (p < 0.05),
no other groups experienced bottleneck effects.

According to 3D graphics of factorial correspondence analysis, the 12 populations
were divided into 3 groups: Group I, Group II, and Group III. Group I was the western
cluster, and only contained HS groups; Group II was a central cluster with DMS at its
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core, which was distributed on the ridge connecting the Huaiyu Mountain Range to Wuyi
Mountain Range in the south, and included the LS, GTS, SQS, DMS, RLX, WYS, and LRS
populations; Group III was an eastern coastal cluster with WYL at its core, including the
WYL, ZR, FA, and XP populations (Figure 2). There were certain genetic differences among
the groups, especially between the HS population and the other populations.

Figure 2. Factorial correspondence analysis of the C. chekiangoleosa population. Axes 1, 2, and 3
explain 22.56, 16.96, and 12.54% of the genetic variation, respectively.

In addition, the correlation analysis between genetic differentiation (FST/1 − FST)
and spatial geographical distance was conducted (Supplementary Materials Table S3) to
check whether isolation by distance (IBD) existed. The correlation analysis showed that the
correlation between the 2 groups was very significant (r = 0.763, p < 0.001), indicating that
geographical isolation is the main cause of genetic differentiation (Figure 3).

Figure 3. Matrix plot of the Mantel test of genetic differentiation and geographic distance.
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3.3. Genetic Structure

The genetic structure of the 12 studied populations was inferred using the STRUC-
TURE software. The most probable division with the highest ∆K value was detected at
K = 10 (Supplementary Materials, Figure S1a,b). Figure 4 showed the genetic structure of
the 12 C. chekiangoleosa populations, simulated based on the mathematical model. Each
color represents a genetic cluster, and the colored segments show the individual’s estimated
ancestry proportion to each of the genetic clusters. The 12 populations were clustered
into 10 clusters. The DMS population presented the most gene introgression from the
GTS, WYS, SQS, LS, and XP populations. The GTS population presented the most gene
introgression from the WYS population and LS population. However, the ZR, FA, and WYL
populations were mixed, and the degree of differentiation between these populations was
extremely weak. Genes from the XP and LS populations mainly infiltrated the mixed group
composed of the last three populations. In the SQS, LS, and XP populations, there were
also some individuals with similar genetic backgrounds to the GTS population, and the HS
population was the most independent.

Figure 4. Population genetic structure based on the Bayesian clustering model among 528 samples of
C. chekaingoleosa at K = 10. Each color represents a genetic cluster.

4. Discussion
4.1. Evaluation of Genetic Diversity in Camellia chekiangoleosa

Previous research has shown that the geographical distribution range of a species
often presents a strong correlation with its genetic diversity [23]. Especially, compared with
widely distributed plant species, species with narrow geographical ranges or endangered
species theoretically show lower genetic diversity [38]. In this study, C. chekiangoleosa
showed low genetic diversity (h = 0.596) at the species level, that was higher than the
average He (when the calculation was based only on polymorphism and double allele loci,
this parameter was equivalent to Nei’s genetic diversity h) of endangered species (0.420)
but lower than that of widely distributed species (0.620) [17]. The results are consistent
with previous studies. The diversity level according to similar markers was even lower
than that in other widely distributed related species. A total of 96 pairs of EST-SSR primers
were used to evaluate the genetic diversity of C. sinensis in the main production areas of
China, and the value of h reached 0.64 [39]. When 4 pairs of SSR molecular markers were
used to evaluate the genetic diversity of the ancient C. japonica population, the He value
reached 0.84 [40], which was higher than the genetic diversity of the wild populations of
C. chekiangoleosa. Meanwhile, the assessment of population genetic diversity can reveal
the species adaptability to the different environment [41]. Among the C. chekiangoleosa
populations, the SQS, DMS, LS, and GTS populations, with high genetic diversity, are
concentrated in the area linking the Wuyi Mountain Range population and the Huaiyu
Mountain Range population in the north, which we believe is suitable establish areas for
C. chekiangoleosa. In addition, because of the barrier imposed by the Heng Mountains, the
diversity of the HS population in the west was lowest under the pressure accumulation of
environmental selection.

It is helpful to analyze the reasons for the low genetic diversity of C. chekiangoleosa
especially when compared with related species. In the genus Camellia, some endangered tree
species with narrow distributions also show low genetic diversity [42]. When researchers
evaluated the diversity of 12 wild populations of the narrowly distributed tree species
C. huana with chloroplast fragments and 12 pairs of SSR primers, the obtained He, based on
SSRs, was 0.466 [22]. Chen analyzed the genetic diversity of 7 populations of 3 endangered
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Camellia species (C. chrysanthoides (H.T. Chang), C. micrantha (S. Yun Liang and Y.C. Zhong),
C. parvipetala (J.Y. Liang and Z.M. Su)) based on SSRs, and the calculated He values were
0.379~0.543 [43]. Li and Lu carried out genetic diversity studies on the endangered tree
species C. petelotii and its variant C. petelotii var. microcarpa (S.L. Mo) (T.L. Ming and
W.J. Zhang), and the obtained He values based on SSR markers were 0.546 and 0.533,
respectively [20,44]. The genetic diversity of the above related species was thus shown to
be similar or slightly higher than that recorded in our study. This is related to the fact that
most populations of C. chekiangoleosa are not only affected by land loss but are also seriously
disturbed by human beings. In addition, certain inbreeding phenomena were identified
in each population, and the F values of the WYL and RLX populations reached 0.36 and
0.345, indicating that excess homozygosity is one of the internal reasons for the reduction
in genetic diversity [45]. Some individual populations, such as the HS population, have
experienced bottleneck effects and genetic drift, resulting in the loss of genetic diversity.

4.2. Population Genetic Structure Analysis Reveals Significant Differentiation of Populations

Compared with the genetic differentiation coefficients of 106 plant species based on
SSR molecular markers [17], the genetic differentiation level of C. chekiangoleosa populations
(FST = 0.239) was close to the average level of narrowly distributed species (FST = 0.23), but
lower than widely distributed species (FST = 0.25). Therefore, C. chekiangoleosa presents a
high differentiation level as a narrowly distributed species. AMOVA showed that 24.15%
of the observed variation occurred among the populations of C. chekiangoleosa, which
was similar to findings in the related species C. huana with a narrow distribution [23].
The result also reflected the fact that the population variation of C. chekiangoleosa was
mainly attributed to the variation between individuals within the population. Moreover,
our results (GST = 0.234) are lower than previous studies on the genetic differentiation of
C. chekiangoleosa (GST = 0.3758) [12], which may be caused by different markers, and the
population chosen in our study had higher coverage density.

Natural selection is the most important evolutionary driving force leading to popula-
tion differentiation, while gene flow is an important factor hindering population differenti-
ation [46]. In addition to the distribution characteristics mentioned above, the diffusion
mechanism of plant pollen and seeds also impacts the average gene flow between popula-
tions [47]. The seeds of C. chekiangoleosa exhibit similar large and heavy traits to C. japonica
and C. flavida (H.T. Chang), which are mainly transmitted by gravity [40,48]. C. chekian-
goleosa is mainly distributed in high mountains at altitudes of 600~1400 m and is pollinated
by insects. Therefore, mountains hinder the diffusion of seeds and pollen to a certain
extent, thus limiting the spread of seeds and pollen [49]. The FST-based gene flow value
(Nm) of C. chekiangoleosa was only 0.796, which is in line with the above statement. Slatkin
concluded that, if the Nm of migrating individuals per generation is less than 1, genetic
drift will become the dominant factor dividing the genetic structure of a population [50,51].
In this study, there was a significant positive correlation between spatial distance and
genetic differentiation that reflected a significant geographical isolation effect among the
populations of C. chekiangoleosa, which was consistent with the division of population
genetic structure caused by lower gene flow [51].

The small-scale distribution of genetic variation within populations, and the large-
scale spatial distribution among populations, are two of the important characteristics of
population genetic structure [41]. This study showed that 12 geographical populations
of C. chekiangoleosa were divided into 10 groups, and there was gene infiltration among
the 10 groups, which also reflected the continuity of the population historical distribution
of C. chekiangoleosa. The HS population was independent of several other populations,
and the genotypes within individuals of this population were relatively distinct due to
genetic drift. In addition, HS was located far from other populations, so it can be expected
that further genetic drift will be revealed in this population. From the perspective of gene
diversity and the Shannon index, it is found that the DMS population showed a relatively
high level of diversity. The reason may be that the frequent activities of insects lead to
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the intensification of gene interaction in the low altitude environment with high average
temperature. In addition, the combination of the FA, ZR, and WYL populations may have
been related to the fact that they were all located in the Donggong mountain range, and
these individuals may have come from the same or similar ancestors. In summary, we
infer that C. chekiangoleosa populations can be basically divided into 3 distribution clusters
according to the division of mountain ranges: a central cluster, with DMS as the center,
which was distributed on the ridge connected with 4 mountain ranges (Figure 1A–D); an
eastern coastal cluster with WYL as the center; a western cluster with HS as the center.

4.3. Conservation of Camellia chekiangoleosa Genetic Resources

In summary, this study indicates that the fundamental reason for the endangered
status of C. chekiangoleosa is the restriction of gene flow among its populations, resulting
in a reduction in genetic diversity and an inability to maintain the ability to adapt to the
changing environment [52]. First, similar to other Camellia species, the pollen transmission
mode of C. chekiangoleosa depends mainly on insects, while its seeds are mainly transmitted
by gravity and animals, which are affected by mountain isolation [48]. Additionally, human
activities have exacerbated the fragmentation of the natural habitat of C. chekiangoleosa,
which is bound to further reduce the pollen flow between groups. In addition, according
to the research of Yang [53], the pollen of C. chekiangoleosa shows a short survival time
and a long pollen tube germination time, which is likely to result in abortion if flowers
are not pollinated in a timely manner. According to our field investigation, due to the
low average temperature in high-altitude mountainous areas, the flowering period of C.
chekiangoleosa is long, from November to March of the next year. However, the flowering
branches growing on the sunny side of the outer layer of the canopy bloom earlier and
often bloom in the inner layer of the canopy, while the flowers in the outer layer are
overmature. Therefore, the asynchronous flowering periods within a given stand affect
the fruit setting of C. chekiangoleosa, imposing high environmental selection pressure on
the existing population. If the protection of the species is not strengthened, its genetic
differentiation will further increase, and the selfing rate of the remaining population and
the probability of genetic drift will also increase, which will continue to reduce genetic
diversity.

According to the results of the genetic diversity assessment and the genetic structure
analysis, priority should be given to the local protection of populations with high diver-
sity, such as the DMS, SQS, LS, and GTS populations. Protected areas or stations can be
established to strengthen management and eliminate logging and damage. Second, the
habitats suitable for the growth and population reproduction of C. chekiangoleosa should be
restored with the aim of increasing the heterogeneity and stability of the habitat, which is
particularly important for small populations. For populations with low genetic diversity
(HS, FA), seeds should be collected within the population (or the most genetically similar
population) whenever possible, and artificial seedling cultivation should be carried out ac-
cording to the biological characteristics of the plants. These plants can then be reintroduced
to the original habitat so that the population can slowly recover and grow—on the basis of
preserving the original genotype.

5. Conclusions

In our research, natural populations of C. chekiangoleosa, covering the main distributed
range, were used to study genetic diversity and differentiation. C. chekiangoleosa, as an en-
demic species with narrow distribution, has low genetic diversity, but its central population
still has relatively high genetic diversity. In addition, the level of genetic differentiation
among populations is high, and the genetic structure analysis also found that Hengshan
population, central populations, and eastern populations can be divided into independent
groups, indicating that the isolation of mountains may be the main reason for the forma-
tion of genetic differentiation. Therefore, considering the genetic diversity difference and
significant differentiation of C. chekiangoleosa population, appropriate diversity protection
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strategies should be adopted according to the genetic diversity level and geographical
distribution of different populations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13020234/s1, Table S1: Geographical distribution of 12 C. chekian-
goleosa geographic populations, Table S2: Repeat motif, primer sequence, fragment size, Tm and
data sources information for 16 EST-SSR loci, Table S3: Genetic differentiation in C. chekiangoleosa
populations by Ney’s, Table S4: Pair-wise FST value and spatial distance matrix of C. chekiangoleosa,
Figure S1: (a) The mean log-likelihood value of the data was based on ten repetitions for each K value,
(b) The delta K value was changed with each K value.
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