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Abstract: Cinnamomum camphora is a valuable broad-leaf tree indigenous to South China and East
Asia and has been widely cultivated and utilized by humans since ancient times. However, owing to
its overutilization for essential oil extraction, the Transplanting Big Trees into Cities Program, and over
deforestation to make furniture, its wild populations have been detrimentally affected and are declining
rapidly. In the present study, the genetic diversity and population structure of 180 trees sampled from
41 populations in South China were investigated with 22 expressed sequence tag-simple sequence
repeat (EST-SSR) markers. In total, 61 alleles were harbored across 180 individuals, and medium
genetic diversity level was inferred from the observed heterozygosity (Ho), expected heterozygosity
(He), and Nei’ gene diversity (GD), which were 0.45, 0.44, and 0.44, respectively. Among the 41 wild
populations, C. camphora had an average of 44 alleles, 2.02 effective alleles, and He ranging from 0.30
(SC) to 0.61 (HK). Analysis of molecular variance (AMOVA) showed that 17% of the variation among
populations and the average pairwise genetic differentiation coefficient (FST) between populations
was 0.162, indicating relatively low genetic population differentiations. Structure analysis suggested
two groups for the 180 individuals, which was consistent with the principal coordinate analysis
(PCoA) and unweighted pair-group method with arithmetic means (UPGMA). Populations grouped
to cluster I were nearly all distributed in Jiangxi Province (except population XS in Zhejiang Province),
and cluster II mainly comprised populations from other regions, indicating a significant geographical
distribution. Moreover, the Mantel test showed that this geographical distance was significantly
correlated with genetic distance. The findings of this research will assist in future C. camphora
conservation management and breeding programs.

Keywords: Cinnamomum camphora; microsatellite markers; genetic diversity; population structure

1. Introduction

The Cinnamomum L. (Lauraceae) genus of tree species is ecologically and economically important
and includes approximately 250 species that are widely distributed in the tropical and subtropical regions
of Asia and South America [1,2]. Most species have long been utilized as aromatic medicinal plants
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throughout human history because of their essential oils. Among these species, Cinnamomum camphora
is a broad-leaf tree species indigenous to South China, including Fujian, Zhejiang, Guangdong, Hubei,
Guizhou, and especially Jiangxi Provinces [3,4], and East Asia [5]. It has also been introduced into
a number of countries—including Australia, southeastern France, Madagascar, the Canary Islands,
and the United States [6–9]. It is one of the most valuable arbor species in Asia and has been widely
cultivated and utilized by humans since ancient times [10]. C. camphora can be used to make solid
wood flooring boards, high-grade furniture, handicrafts, etc. because of its brownish-yellow wood,
yellowish sapwood, and fragrant smell [11]. It is one of the top four most valuable trees for timber
production in China, and camphor timber was too expensive for people to use for building whole
houses in the past. In addition, it has long been prescribed in traditional medicine in India [12],
Korea [13], and China [14]. The fruits, wood, roots, bark, and leaves have been used in traditional
herbal medicine as dietary supplements, perfume, health care products, and incense since the Han
Dynasty [11]. Moreover, this species has important ornamental values because of its good structure,
large canopy, evergreen color, fragrance, and elegance. It has been widely used in landscape architecture
in recent decades in China [15]. Furthermore, camphor trees have significant cultural and religious
values to Chinese people because of their longevity. Many heritage trees were discovered in the
so-called ‘geomantic forest’ in addition to temples or villages, and some ancient trees were planted
2000 years ago. For example, three camphor trees were cultivated during the Han Dynasty (BC 202–AD
220) in Anfu county, Jiangxi Province [15]. Moreover, 2 provinces and 36 cities selected C. camphora as
the city tree, which include 172.81 million people in South China [11].

However, owing to over deforestation and overutilization for essential oil extraction in the past
half century [4,16], the Transplanting Big Trees (defined as over 100 cm in diameter at breast height,
DBH) into Cities Program in South China during recent decades, and illegal logging to make furniture,
wild populations of C. camphora have been detrimentally affected and are declining rapidly; currently,
the camphor tree is listed in “China Species Red List” [17]. Hence, there is an urgent need to carry out
research on its conservation systematically and strengthen the conservation of its natural habitat.

In previous studies, Yao et al. studied phenotypic variation in the seedling bud germination of
C. camphora in South China [18]. Li et al. [19] developed 21 simple sequence repeat (SSR) primers from
the transcriptome and investigated the genetic diversity of three Chinese Cinnamomum populations
and the cross-species transferability of six other related species in Cinnamomum. Kameyama et al. [20]
developed 22 pairs of SSR primers and investigated the genetic diversity of three C. camphora populations
in Japan. Furthermore, 11 primers were used to investigate the genetic differentiation among the
6 natural populations from Japan and China and how geographical isolation and human activity
mediated the gene flow between these populations [16]. However, no studies have reported the genetic
diversity and population structure of this species in South China.

Molecular markers are often used to investigate the genetic diversity and population genetic
structure in tree species, especially for those species with less genetic information [21–25]. SSR markers
are the ideal choices for wild tree populations because of their high variability and codominance [26,27].
In the present study, we aimed to evaluate the genetic diversity of wild C. camphora populations,
elucidate the phylogenic relationships of this species, and determine the spatiotemporal impact of
natural factors on its genetic composition. These findings will be useful for revealing the history of
C. camphora and assisting in future C. camphora conservation and breeding management.

2. Materials and Methods

2.1. Plant Material and DNA Isolation

In total, 180 wild individuals representing 41 C. camphora populations covering its whole native
distribution in South China were sampled (Figure 1, Table 1). Only trees with a DBH larger than
30 cm were included and sampled randomly, ensuring the distance between them was above 30 m.
Detailed information on sampling location, site name, and DBH is summarized in Table S1. Five leaves
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were collected from each individual and dried with silica gel. Total genomic DNA was isolated using the
Hi-DNAsecure Plant Kit (Tiangen Biotech, Beijing, China) according to the manufacturer’s instructions.
The quality and concentration of DNA were determined using a NanoDrop 2000 (Thermo Fisher
Scientific Inc., Waltham, MA, USA).

Figure 1. Geographical distribution of the plant materials. Solid dots indicate the populations that
were collected in South China.
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Table 1. Geographical location, diameter at breast height (DBH), and genetic diversity for 41 Cinnamomum camphora populations in South China.

Abbreviation Sample Size Locations Longitude (E) Latitude (N) Altitude
(m)

DBH
(cm) Alleles Na Ne Ho He GD FIS PPB%

Group I 86

QN 4 Quannan,
Jiangxi 114◦22′–114◦35′ 24◦ 38′–24◦ 46′ 257–352 115–165 44 2.00 1.77 0.58 0.45 0.40 −0.46 86.36

HK 4 Hukou, Jiangxi 116◦12′–116◦13′ 29◦ 43′ 20.9–190.1 51–111 46 2.09 1.84 0.61 0.48 0.42 −0.44 90.91
JA 5 Ji’an, Jiangxi 115◦08′ 27◦04′ 75.1–76.5 52–70 45 2.05 1.78 0.52 0.43 0.38 −0.36 81.82

PX 5 Pingxiang,
Jiangxi 113◦50′–114◦04′ 27◦36′–27◦38′ 113.7–194.1 125–260 49 2.23 1.83 0.49 0.44 0.40 −0.23 86.36

RC 3 Ruichang,
Jiangxi 115◦36′ 29◦43′ 23.7–39.6 83–127 41 1.86 1.70 0.44 0.40 0.34 −0.31 68.18

YF 5 Yongfeng,
Jiangxi 115◦27′–115◦31′ 27◦09′–27◦19′ 78.9–103.8 74–165 46 2.09 1.75 0.49 0.42 0.37 −0.32 86.36

RJ 5 Ruijing, Jiangxi 115◦57′–116◦00′ 25◦53′–25◦57′ 209.3–220.9 43–161 50 2.27 1.77 0.52 0.43 0.39 −0.35 95.45

WY 4 Wuyuan,
Jiangxi 117◦27′–118◦01′ 29◦05′–29◦23′ 71.8–165.8 110–222 44 2.00 1.73 0.52 0.41 0.36 −0.45 77.27

LA 4 Le’an, Jiangxi 115◦42′–115◦43′ 27◦17′–27◦20′ 97.1–175.7 106–149 46 2.09 1.65 0.47 0.36 0.32 −0.48 77.27
AY 4 An’yi, Jiangxi 115◦37′ 28◦48′ 43.8–68.7 101–176 47 2.14 1.77 0.53 0.45 0.39 −0.37 86.36
TH 3 Taihe, Jiangxi 114◦58′ 26◦48′ 49.7–50.9 129–185 44 2.00 1.76 0.50 0.42 0.34 −0.46 72.73
WA 5 Wan’an, Jiangxi 114◦52′ 26◦33′ 102.2–102.8 86–143 41 2.00 1.66 0.45 0.37 0.33 −0.36 77.27
DY 5 Da’yu, Jiangxi 114◦26′ 25◦26′ 159.9–164.8 50–85 46 2.09 1.64 0.46 0.38 0.34 −0.35 86.36

YX 3 Yongxiu,
Jiangxi 115◦33′–115◦35′ 29◦02′–29◦03′ 99.1–119.7 108–176 39 1.77 1.56 0.42 0.33 0.27 −0.56 59.09

TG 3 Tonggu, Jiangxi 114◦20′–114◦28′ 28◦31′–28◦37′ 215.6–270.2 108–336 44 2.00 1.79 0.44 0.46 0.38 −0.16 77.27
AF 4 An’fu, Jiangxi 114◦40′–114◦41′ 27◦22′–27◦23′ 77.1–87.6 191–312 45 2.05 1.71 0.45 0.40 0.35 −0.30 72.73
JS 5 Jishui, Jiangxi 115◦07′–115◦14′ 27◦13′–27◦26′ 41–55.1 53–207 46 2.09 1.88 0.53 0.44 0.40 −0.32 81.82

XG 5 Xin’gan, Jiangxi 115◦27′–115◦28′ 27◦48′–27◦50′ 45.9–62.1 100–171 39 1.82 1.62 0.31 0.34 0.30 −0.02 77.27

SC 5 Suichuan,
Jiangxi 114◦29′–114◦30′ 26◦18′ 84.5–113.9 83–120 43 1.96 1.66 0.30 0.37 0.33 0.10 68.18

XS 5 Xiangshan,
Zhejiang 121◦52′ 29◦22′–29◦28′ 10.4–24.7 45–500 43 1.96 1.67 0.42 0.37 0.33 −0.27 63.64
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Table 1. Cont.

Abbreviation Sample Size Locations Longitude (E) Latitude (N) Altitude
(m)

DBH
(cm) Alleles Na Ne Ho He GD FIS PPB%

Group II 94

AQ 5 An’qing, Anhui 117◦00′–117◦01′ 30◦30′–30◦31′ 26.5–52.1 105–165 42 1.86 1.67 0.34 0.36 0.32 −0.06 81.82
HA 5 Hong’an, Hubei 114◦38′–114◦42′ 31◦20′–31◦29′ 217.7–355.6 42–50 45 2.05 1.77 0.38 0.42 0.38 −0.02 81.82
CB 5 Chibi, Hubei 113◦49′–114◦04′ 29◦42′–29◦47′ 22.3–70.2 51–113 48 2.18 1.77 0.39 0.40 0.36 −0.08 81.82
PT 5 Putian, Fujian 118◦34′–118◦56′ 25◦19′–25◦42′ 118.4–494.3 100–400 45 2.05 1.61 0.38 0.35 0.32 −0.20 81.82
PC 5 Pucheng, Fujian 118◦31′–118◦32 27◦55′ 219.1–324.4 36–96 47 2.14 1.79 0.44 0.42 0.38 −0.15 72.73

WYS 4 Wuyishan,
Fujian 118◦01′ 27◦44′ 195.2–252.3 53–90 44 2.00 1.77 0.43 0.43 0.36 −0.21 77.27

CA 4 Chun’an,
Zhejiang 119◦02′ 29◦36′ 138.4–165.5 50–130 44 2.00 1.83 0.51 0.45 0.39 −0.31 77.27

QY 4 Qingyuan,
Zhejiang 119◦00′–119◦05′ 27◦36′–27◦37′ 318.1–409.8 100–156 45 1.96 1.69 0.49 0.38 0.33 −0.47 77.27

CS 5 Changsha,
Hunan 112◦56–113◦04′ 28◦12′ 33.7–102.1 42–86 43 1.96 1.69 0.44 0.41 0.34 −0.30 90.91

CZ 4 Chenzhou,
Hunan 112◦59′ 25◦47′ 160.8–183.3 32–59 46 2.09 1.77 0.48 0.45 0.39 −0.25 68.18

JSYC 5 Yancheng,
Jiangsu 120◦03′–120◦78′ 33◦16′–33◦65′ 1.8–3.5 55–74 39 1.77 1.60 0.32 0.31 0.27 −0.15 68.18

LC 4 Lechang,
Guangdong 113◦21′ 25◦12′–25◦13′ 232.1–246.4 65–80 43 1.96 1.64 0.39 0.37 0.33 −0.18 77.27

ZX 4 Zixi, Jiangxi 116◦95′ 27◦59′ 332.8–335.6 128–156 43 1.96 1.67 0.42 0.39 0.34 −0.26 63.64
HBYC 5 Yichang, Hubei 111◦17′–111◦27′ 30◦39′–30◦42′ 76.8–167.6 51–81 47 2.14 1.74 0.41 0.41 0.37 −0.13 72.73

SF 5 Shuangfeng,
Hunan 112◦11′–112◦27′ 27◦24′–27◦27′ 90.9–147.9 53–143 51 2.18 1.74 0.50 0.43 0.38 −0.31 90.91

HH 5 Huaihua,
Hunan 110◦10′–110◦14′ 28◦00′–28◦08′ 154.6–233.1 43–70 45 2.05 1.70 0.46 0.39 0.34 −0.32 77.27

TR 4 Tongren,
Guizhou 109◦11′–109◦15′ 27◦34′–27◦44′ 303.4–546 91–210 49 2.23 1.86 0.51 0.48 0.41 −0.24 63.64

DZ 3 Daozhen,
Guizhou 107◦34′–107◦43′ 28◦45′–28◦68′ 682.6–814.3 37–53 44 2.00 1.71 0.33 0.41 0.33 0.00 81.82

YY 3 Youyang,
Chongqing 108◦51′ 28◦42′–28◦43′ 1263.3–1312.1100–118 41 1.86 1.68 0.50 0.39 0.32 −0.55 72.73

YB 5 Yibing, Sichuan 104◦25′–104◦36′ 28◦25′–28◦40′ 364.2–552.1 55–81 43 2.00 1.66 0.43 0.36 0.32 −0.31 86.36

LZ 5 Luzhou,
Sichuan 105◦26′ 28◦58′ 299.7–322.3 50–70 40 1.82 1.56 0.34 0.31 0.28 −0.22 72.73

Mean 4.39 44.44 2.02 1.72 0.45 0.40 0.35 –0.27 77.82
Total 180 61 1.72 1.72 0.45 0.44 0.44 −0.27 78.05

Note: Alleles, total number of detected alleles; Na, observed mean number of alleles; Ne, effective mean number of alleles; Ho, observed heterozygosity, He, expected heterozygosity; GD,
Nei’s gene diverstiy index; FIS, inbreeding coefficient; PPB%, the percentage of polymorphic loci. QN, Quannan; HK, Hukou; JA, Ji’an; PX, Pingxiang; RC, Ruichang; YF, Yongfeng; RJ,
Ruijing; WY, Wuyuan; LA, Le’an; AY, An’yi; TH, Taihe; WA, Wan’an; DY, Dayu; YX, Yongxiu; TG, Tonggu; AF, An’ fu; JS, Jishui; XG, Xin’gan; SC, Suichuan; XS, Xiangshan; AQ, An’qing;
HA, Hong’an; CB, Chibi; PT, Putian; PC, Pucheng; WYS, Wuyishan; CA, Chun’an; QY, Qingyuan; CS, Changsha; CZ, Chenzhou; JSYC, Yancheng; LC, Lechang; ZX, Zixi; HBYC, Yichang;
SF, Shuangfeng; HH, Huaihua; TR, Tongren; DZ, Daozhen; YY, Youyang; YB, Yibing; LZ, Luzhou.
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2.2. SSR Development, Identification, and Analysis

To develop SSRs, young camphor leaves were used for RNA sequencing [28], and then expressed
sequence tag (EST)-SSR loci were identified using the MISA search module. Of the identified SSRs,
100 SSR loci were selected for primer pair design [19]. Subsequently, DNA from four samples
(randomly selected from 180 individuals) was used to validate the selected 100 EST-SSR primers.
The PCR conditions were as follows: an initial denaturation at 94 ◦C for 5 min; followed by 30 cycles
of 30 s at 94 ◦C, 30 s at 59 ◦C, and 30 s at 72 ◦C; and a final extension 3 min at 72 ◦C. A typical 10 µL
reaction included the following reagents: 1 × PCR buffer, 0.75 mM MgCl2, 0.1 mM dNTPs, 0.25 U
of Taq DNA polymerase, 0.4 µM each primer, and 10–25 ng genomic DNA. The PCR products were
resolved on 8% denaturing polyacrylamide gels, which were silver-stained to detect the SSR bands.
To estimate allele sizes, the lengths of the bands were compared with a 50 bp DNA ladder.

2.3. Statistical Analysis

POPGENE 1.31 (University of Alberta, Edmonton, Canada) [29] was used to evaluate the following
genetic diversity parameters: allele frequency; number of alleles (Na) and effective number of alleles
(Ne) per locus; observed (Ho) and expected (He) heterozygosity per locus; Nei’s gene diversity index
(GD); the percentage of polymorphic loci (PPB); Wright’s (1978) fixation index (F); and gene flow
(Nm); and then, the deviation from Hardy–Weinberg equilibrium (HWE) was investigated using the
chi-squared test for each population. The polymorphic information content (PIC) was calculated
for each loci using the online program PICcalc [30]. F-statistics, including the genetic differentiation
coefficient among populations (FST), inbreeding coefficient among individuals (FIS), and pairwise
FST and hierarchical analyses of molecular variance (AMOVA), were assessed by GenAlEx version
6.5 [31]. The genetic structure of the C. camphora populations was investigated using STRUCTURE
2.0 [32]. To evaluate the discontinuous group (K) numbers, the K number was set between 1 and
41 with 10 replicates, and the length of the burn-in period was set to 100,000 times. Then, the best
K numbers were selected according to the principle of the highest value of DK by STRUCTURE
Harvester online (http:taylor0.biology.ucla.edu/struct_harvest/) [33]. Repeated sampling analysis and
genetic structural plots were analyzed by CLUMPP 1.1.2 (Stanford University, Stanford, CA, USA) [34].
Population clustering based on GD by the unweighted pair-group method with arithmetic means
(UPGMA) method was performed with NTSYS 2.1 [35]. To summarize the patterns of variation in the
multilocus dataset, principal coordinate analysis (PCoA) was performed by GenAlEx version 6.5 based
on the pairwise FST matrix. The isolation-by-distance pattern (IBD) was detected by Mantel tests [36]
with 1000 permutations based on matrices of pairwise genetic distance (FST/1 − FST) and geographic
distance among populations performed in GenAlEx 6.5.

3. Results

3.1. Development of Polymorphic EST-SSR Markers

We selected 100 SSR loci to design primers and to test the specificity of the amplification from
four samples and the native information of these SSR markers. Of these, 65 primer pairs (65%)
amplified clear bands with the expected size of 100–300 bp, while 35 pairs of primers did not
produce either any products or expected products. Furthermore, we randomly selected 30 primers for
polymorphism detection, and 22 (73.33%) showed polymorphism (Table 2). Among these polymorphic
SSR loci, nine (40.91%) were located in 5’-untranslated regions (5’-UTR), three (13.64%) were located in
3’-untranslated regions (3’-UTR), and only one (4.55%) was located in coding sequences.

http:taylor0.biology.ucla.edu/struct_harvest/
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Table 2. Characteristics of 22 EST-SSR markers developed for C. camphora.

Locus ID Repeat Motif Forwad Primer (5’-3’) Reverse Primer (5’-3’) Product Size (bp) SSR Position Tm (◦C)

CcSSR01 Cluster37113.0 (TTGT)5 TTTCTTCCTCACCACCATTTGAGGG ACCTTTCATCACCTGCGCTT 100 5’UTR 59
CcSSR02 Cluster13185.37887 (AAAT)5 AATGCTGTAGGACAAGAATGCCA ACCTCGCCAACAGGCTTTGT 129 Unknown 59
CcSSR03 Cluster13185.77998 (AGAT)5 TGAGGGTTCTTACTGCAATAGCG ACAGAAGCCGGATGACGCAG 219 3’UTR 59
CcSSR04 Cluster13185.54738 (ATGA)5 TCCATTCCACACCAAACGGCT CCACCACAACATCTCTCCAGCA 265 Unknown 59
CcSSR05 Cluster13185.83550 (CAAA)5 GGTTGCTTGGCACAAAGCCG TCGCATCTCGAGGGACATCCT 206 5’UTR 59
CcSSR06 Cluster13185.81702 (TGAT)5 AACTCTGCAGGTGTTTGGCA TGGGATGAAACGATCGCCGT 185 5’UTR 59
CcSSR07 Cluster13185.103252 (GATA)5 GCGGAAACAGCAGTGGTCAG CACGGCTCCGTTGATCCACAT 204 Unknown 59
CcSSR08 Cluster13185.35657 (TTTA)5 TGTGAGGCCATAGTTAGTGCTGGA ATGTGGGCTGTGGGAACTGT 185 Unknown 59
CcSSR09 Cluster13185.39671 (GCAG)5 TCAATTGAGCGGGCCCTGTG ATGGACGGCTGATGCAGTGG 211 5’UTR 59
CcSSR10 Cluster13185.9921 (ATTT)5 TGCTACGACAGCCACAAACCA AGCCTGCGACCTCATAGTTGC 147 Unknown 59
CcSSR11 Cluster13185.7689 (TTGT)5 TTTCTTCCTCACCACCATTTGAGGG ACCTTTCATCACCTGCGCTT 100 5’UTR 59
CcSSR12 Cluster13185.58363 (GAAA)5 TCTCGTGGCTCGACCTGCTA GTCTCCGCAAAGCTCCCTGG 300 5’UTR 59
CcSSR13 Cluster13185.63033 (GAAA)5 TGGGACCCACCTACCTTGGG TGAGCACGGGCCATATCAGC 182 5’UTR 59
CcSSR14 Cluster13185.81378 (TGTT)5 CCCATCAGGACGCCTTCGAC TCCGCTTGAATCCCTGCACA 131 Unknown 59
CcSSR15 Cluster13185.88201 (GAAA)5 GCACACTGATGCGCAGATGG TGTGCGGTCCACTTTGTGAA 235 Unknown 59
CcSSR16 Cluster13185.48159 (AAAG)5 CCGCCCTCCCAAATTCCACA CGTTTGCACGTACATCTTCGCC 262 5’UTR 59
CcSSR17 Cluster13185.34016 (GAAA)5 GCACACTGATGCGCAGATGG TGTGCGGTCCACTTTGTGAA 235 3’UTR 59
CcSSR18 Cluster13185.84151 (TGA)5 AGTAGGCAGGAGAGGACATGGA CCATCACCACCAACGTCACCA 265 Unknown 59
CcSSR19 Cluster13185.84151 (GAT)5 CCCTATTGACGACAACGAGGTTGA AACGCAGGTCATCACCACCA 139 Unknown 59
CcSSR20 Cluster13185.81659 (CTC)5 GAATCTCGGCCGTCCGCATC CCGAGGGCGAGGAGGTAGAA 172 5’UTR 59
CcSSR21 Cluster13185.7761 (TGA)5 TCTCAAGGGTCGGAAGTGCCT CAGCCAGGCACCCAACAGAA 243 CDS 59
CcSSR22 Cluster13185.84662 (ATC)5 TCTGCAACACAAAGCGAATTCCA ACCCGGGTTAACCAAACACATGA 149 Unknown 59
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3.2. Polymorphism of 22 SSR Loci

In total, 61 alleles were amplified by 22 SSR loci among 180 C. camphora individuals (Table S1),
and the Na detected per locus ranged from two to four, with an allele frequency range of 0.011–0.991
(Table 3, Table S2). The loci CcSSR3 and CcSSR13 both harbored the largest Na (four), while the
locus CcSSR3 harbored the largest Ne (3.60), He (0.72), GD (0.72), and PIC (0.72). However, the locus
CcSSR13 showed lower than average Ne, He, GD, and PIC values, which were 1.64, 0.39, 0.39, and 0.48,
respectively. In terms of PIC values, seven loci (CcSSR3, CcSSR11, CcSSR18, CcSSR1, CcSSR12, CcSSR14,
and CcSSR5) had highly informative alleles with values higher than 0.50, while only CcSSR2 had less
informative alleles with a value less than 0.25; the remaining 14 loci had moderately informative alleles
with PIC values between 0.25–0.50. The average FST, Nm, and F were 0.22, 1.20, and −0.41, respectively.
Furthermore, the HWE test across the 180 C. camphora individuals showed significant deviations for
many EST-SSR loci; only four loci (CcSSR2, CcSSR9, CcSSR20, and CcSSR21) revealed no significant
deviations (Table 3), indicating that almost all populations were affected by factors of interference,
such as selection by migration, mutation, and introgression.

Table 3. Statistics diversity of the 22 EST-SSR loci across 180 C. camphora individuals.

Locus Na Ne Ho He GD PIC FST Nm F PHWE
a

CcSSR1 3 2.35 0.49 0.58 0.57 0.55 0.15 1.49 −0.03 0.004 **
CcSSR2 2 1.09 0.08 0.08 0.08 0.11 0.16 1.22 −0.22 0.598 NS
CcSSR3 4 3.60 0.68 0.72 0.72 0.72 0.16 1.35 −0.11 0.000 ***
CcSSR4 3 1.41 0.25 0.29 0.29 0.33 0.28 0.62 −0.16 0.100 ***
CcSSR5 3 2.09 0.86 0.52 0.52 0.50 0.11 2.00 −0.80 0.000 ***
CcSSR6 3 1.41 0.17 0.29 0.29 0.29 0.42 0.36 0.02 0.000 ***
CcSSR7 2 1.78 0.10 0.44 0.44 0.41 0.58 0.19 0.47 0.000 ***
CcSSR8 3 1.66 0.14 0.40 0.40 0.42 0.25 0.72 0.44 0.000 ***
CcSSR9 2 1.99 0.44 0.50 0.50 0.45 0.16 1.28 −0.07 0.127 NS
CcSSR10 2 1.62 0.14 0.38 0.38 0.39 0.41 0.37 0.24 0.000 ***
CcSSR11 3 2.74 0.51 0.64 0.64 0.62 0.29 0.59 −0.18 0.002 **
CcSSR12 3 2.24 0.50 0.56 0.55 0.55 0.35 0.45 −0.28 0.000 ***
CcSSR13 4 1.64 0.36 0.39 0.39 0.48 0.19 1.12 −0.12 0.000 ***
CcSSR14 3 2.21 0.74 0.55 0.55 0.51 0.11 2.11 −0.50 0.000 ***
CcSSR15 3 1.45 0.30 0.31 0.31 0.40 0.19 1.06 −0.14 0.000 ***
CcSSR16 2 1.42 0.23 0.30 0.30 0.36 0.20 1.04 0.04 0.004 *
CcSSR17 3 2.11 0.73 0.53 0.53 0.49 0.12 1.95 −0.57 0.000 ***
CcSSR18 3 2.63 0.94 0.62 0.62 0.57 0.10 2.20 −0.69 0.000 ***
CcSSR19 3 2.18 0.85 0.54 0.54 0.48 0.09 2.35 −0.75 0.000 ***
CcSSR20 2 1.99 0.58 0.50 0.50 0.42 0.13 1.60 −0.28 0.042 NS
CcSSR21 3 1.27 0.24 0.22 0.21 0.25 0.19 1.03 −0.29 0.415 NS
CcSSR22 2 1.68 0.52 0.41 0.41 0.36 0.17 1.22 −0.45 0.000 ***
Mean 2.77 1.93 0.45 0.44 0.44 0.44 0.22 1.20 −0.41

Note: a p value for devitation from Hardy-Weinberg equilibrium; NS, not significant; * p < 0.05, ** p < 0.01,*** p < 0.001.

3.3. Genetic Diversity in C. camphora

Among the 41 wild C. camphora populations investigated, the PPB ranged from 59.09% to 95.45%
(Table 1). Presenting the largest PPB, the RJ population also had the largest Na (50), whereas the
YX population had the fewest alleles (39), with the smallest PPB. The Ho and He ranged from
0.30 (SC) to 0.61 (HK) and 0.31 (JSYC) to 0.48 (HK), with an average of 0.45 and 0.40, respectively.
Additionally, the GD ranged from 0.27 (JSYC) to 0.42 (HK), and the FIS ranged from −0.56 (YX) to 0.10
(SC). Population HK, which exhibited that the largest GD, also possessed the highest Ho and He. At the
species level, C. camphora exhibited relatively high genetic diversity, and the GD, Ho and He were
0.44, 0.45, and 0.44, respectively (Table 1). Both AMOVA and pairwise FST analysis were conducted to
investigate the genetic variations among these populations and groups. Hierarchical AMOVA revealed
that 17% of the total genetic variation occurred among three populations, and 83% of the total variation
was distributed within the populations (Table 4). This was also confirmed by the small overall FST and
large overall Nm, which were 0.22 and 1.20, respectively (Table 3). Moreover, the pairwise FST varied
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from 0.028 to 0.439 (Table S3). The highest level appeared between populations JA and YY, whereas the
lowest level appeared between populations YX and DY.

Table 4. Analysis of molecular variance (AMOVA) for 180 individuals in 41 populations of C. camphora.

Source d.f. Sum of
Square

Mean of
Square

Variance
Components

Percentage
of Variation FIS

Among populations
within groups 40 802.700 20.068 2.191 17% −0.207 ***

Within populations 139 1453.433 10.456 10.456 83%
Total 179 2256.133 12.647 100%

Note: *** p < 0.001.

3.4. Population Genetic Structure of C. camphora

AMOVA revealed a strong population genetic structure at the species level (FIS =−0.207, p < 0.001).
We also used STRUCTURE software to analyze the genetic structure of C. camphora populations.
The result showed that ∆K was the highest when K = 2 (Figure 2A), indicating that the 41 C. camphora
populations could be divided into 2 groups (Figure 2B). The proportion of cluster members of each
individual from 41 populations is shown in Figure 2B. Individuals with a proportion higher than
0.75 were considered pure, and those with a score lower than 0.75 were considered admixed. In the
first group, the red cluster included 86 individuals with 82 pure and 4 admixed individuals, while the
green cluster included 94 individuals, with 88 pure and 6 admixed. Nearly all populations from
Jiangxi and XS—except the RJ, JS, SC, and ZX populations—entirely consisted of individuals from
the red cluster, whereas other populations consisted of individuals from the green cluster (Figure 2B).
Based on the Q values, we also graphed the proportion of cluster members for each population at K = 2
(Figure 3). The graphs showed that the geographical distribution was relatively clear. The first cluster
(red), including 19 populations from Jiangxi Province and the XS population from Zhejiang Province,
had a larger proportion than the second cluster. In the second cluster, including 20 populations
from other provinces and the ZX population from Jiangxi Province, the green cluster had a larger
proportion than the red cluster, with a very small proportion from the red cluster (Figure 3). This result
is consistent with that of UPGMA clustering analysis (Figure 4). Similarly, the two clusters were clearly
distinguished by PCoA analysis: the populations from Jiangxi Province (except ZX) and XS from
Zhejiang were grouped as cluster I, and the other 21 populations were grouped as cluster II (Figure 5).
We further analyzed the correlation between pairwise FST and geographical distance (Figure 6) using
the Mantel test. The results showed that there was a significant correlation between genetic distance
and geographic distance (r = 0.159, p = 0.026), indicating a clear geographic origin-based structuring or
predominate isolation by distance among the investigated populations.
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Figure 2. Population genetic structure. (A) Relations between the rational groups number K and
estimated value ∆K. (B) Genetic structural plot of 41 C. camphora populations based on structure analysis.
Each individual is represented by a single vertical bar, which is partitioned into two different colors.

Figure 3. Mean proportions of cluster memberships of analyzed individuals in each of the 41 C. camphora
populations based on structure at K = 2.
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Figure 4. Genetic divergence among 41 populations of C. camphora based on UPGMA clustering analysis.

Figure 5. Principal coordinate analysis (PCoA) of 41 C. camphora populations.

Figure 6. Mantel between genetic distance and geographical distance of 41 C. camphora populations.
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4. Discussion

4.1. Development of EST-SSR Markers for C. camphora

EST-SSR markers have been extensively used in the study of genetic diversity and population
structure because of several advantages over studies of noncoding nuclear genomes, such as increased
transferability to related species [37], increased accuracy when accessing differences in adaptation
among populations [38], increased amplification success, conserved primer sites and a simplified
analysis [39]. However, even though whole-genome sequencing has been completed [1], only a few
EST-SSR markers have been developed in earlier studies [9,16,20], and a number of polymorphic and
informative EST-SSR markers in particular are still lacking. In the present study, we developed 100
EST-SSR markers based on sequencing data [28], and 65% (65) yielded a clear and strong single band,
indicating that no introns existed within these regions. Then, 22 of 30 randomly selected markers from
validated primers showed polymorphism among 180 wild C. camphora individuals. The average Na, Ne,
Ho, He, and GD were 2.77, 1.93, 0.45, 0.44, and 0.44, respectively, which were slightly higher than the
values detected in the study by Li et al. [19] on C. camphora based on EST-SSR data (Na = 2.68, Ho = 0.34,
and He = 0.41), much lower than those values from the report by Kameyama et al. [20] based on
genic-SSR data (Na = 6.01, Ho = 0.56 and He = 0.63) and comparable to or slightly lower than those
values based on SSR or inter-simple sequence repeat (ISSR) markers in other Cinnamomum species,
such as C. kanehirae (Na = 4.00, Ho = 0.39, and He = 0.59) [40], C. camphora var. nominale (Na = 3.73,
Ho = 0.54 and He = 0.60) [40] and C. chago (Na = 1.83 and GD = 0.35) [41]. The markers with both
high and low values are useful to study population genetic diversity [42,43]. Therefore, the EST-SSR
markers we developed in this study appear to be useful for genetic studies of C. camphora populations.

4.2. Genetic Diversity of C. camphora

Genetic diversity plays an important role in genetic breeding programs, especially for long-term
species survival. The genetic diversity of wild plant species is often positively correlated with
geographic range and population size [44–46]. Previously, a medium genetic diversity level (Nanjing:
Ho = 0.35 and He = 0.42; Anqing: Ho = 0.32 and He = 0.43; Ruihong: Ho = 0.37 and He = 0.43) in
three Chinese C. camphora populations, including 15 individuals in each population, was reported
by Li et al. [19]. However, Kameyama et al. indicated relatively high levels in Fujian (Ho= 0.73 and
He = 0.86), Shanghai (Ho= 0.79 and He = 0.84) and Taiwan (Ho = 0.69 and He = 0.87) populations
from China and slightly lower population genetic diversity in east Japan (Ho = 0.62 and He = 0.71),
west Japan (Ho = 0.57 and He = 0.69) and Kyushu (Ho = 0.69 and He = 0.72), which sampled 187,
41, 76, 179, 219, and 115 individuals, respectively [16]. Our results indicated only a medium genetic
diversity level in 41 C. camphora populations from China (Ho range from 0.30 to 0.61 and He range
from 0.31 to 0.48). This is consistent with the different populations [46] and population size used in
those studies [21].

Generally, the genetic diversity of species with a widespread distribution is higher than that
of species with a narrow or endemic distribution [47,48]. Considering that the native habitant of
C. camphora is widespread in the whole region of South China, it is not surprising that the genetic
diversity in this study (Ho = 0.45 and He = 0.40) is much higher than that of other narrow or endemic
species, such as Dalbergia odorifera (Ho = 0.28 and He = 0.37) [21], Gastrodia elata (Ho = 0.05 and
He = 0.46) [24], and Ottelia acuminata (Ho = 0.28 and He = 0.37) [49]. However, the genetic diversity of
C. camphora is much lower than that of other widespread tree species, such as Xanthoceras sorbifolia (Ho
= 0.72 and He = 0.53) [50], Albanian olive (Ho = 0.75 and He = 0.60) [51], and Eugenia dysenterica DC. (Ho
= 0.545 and He = 0.62) [52], and even lower than some fragment habitant species, such as Erythrophleum
fordii Oliv. (Ho = 0.52 and He = 0.56) [22], Liriodendron chinense (Ho = 0.70 and He = 0.68) [53],
and Alnus cremastogyne (Ho = 0.63 and He = 0.74) [54]. Although C. camphora is a tree species with
great longevity and has been cultivated since ancient times, the impact of artificial clonal propagation
and human-mediated transfer of seedlings or seeds on the genetic diversity of the natural population
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may be substantial [16,55]. In addition, due to the over deforestation and overutilization over recent
decades, those factors could be associated with the slightly low genetic diversity level in this study.

4.3. Genetic Differentiation and Population Genetic Structure of C. camphora

According to Wright, a coefficient of genetic differentiation less than 0.25 indicates low genetic
variation among populations [56]. In the present study, the genetic differentiation among C. camphora
populations was low (FST = 0.22, Table 3). Similarly, AMOVA analysis showed that only 17% of the
genetic variation existed among populations, while 83% existed within populations. This is consistent
with previous reports on species from South China, such as Dalbergia cochinchinensis (FST = 0.23) [57]
and Erythrophleum fordii Oliv. (FST = 0.18) [22]. These findings also indicated that the Nm (1.20)
among C. camphora populations was frequent, suggesting that Nm replaced the genetic drift effects to
a certain extent [58], consistent with its widespread distribution in South China. However, we cannot
ignore the fact that entomophilous plants with a predominately outcrossing mating system will have
reduced pollen flow among populations by long-term habitat destruction, thus increasing the genetic
differentiation and erosion and even moderating Nm among populations [59].

For population classification, 41 wild C. camphora populations were divided into two clusters.
The populations from Jiangxi Province (except ZX) and population XS from Zhejiang Province were
grouped as cluster I, and the other 21 populations were grouped as cluster II. This suggests that certain
geographical distribution characteristics exist in those populations. Similar results were also shown
from both the PCoA analysis and UPGMA clustering. Interestingly, genetic differentiation among the
investigated populations was only weakly correlated but marginally significant with the geographical
locations. This is possibly because C. camphora prefers river bank habitats, and its seeds are easily
affected by regional water systems, such as the Ganjiang River, Fu River, and Rao River in Jiangxi
Province. This is also possibly because a large number of ancient camphor trees exists in nearly all
villages of Jiangxi Province, and human disturbance is seldom an issue as C. camphora is treated as
a sacred tree in these areas compared to other regions in South China [11].

4.4. Conservation Strategies for C. camphora

Knowledge of genetic diversity and population structure is essential to establish a suitable strategy
for the conservation of C. camphora and the elucidation of mechanisms of endangerment [60]. There are
many ancient camphor trees in rural and urban areas of South China. However, the present study
showed a medium level of genetic diversity in the wild populations of C. camphora, although it is
widespread in South China. This may be mainly attributed to the forests being severely disturbed
by human activity, such as the occurrence of over deforestation and overutilization in recent decades,
and the large DBH of adult trees, most being ancient trees, that were sampled in this study.
Furthermore, considering the longevity of this species, domestication processes and the transference
of seeds or saplings have severely affected its genetic diversity and ecological fates. Moreover, as an
entomophilous plant, genetic erosion, and genetic drift might influence genetic diversity in subsequent
generations. To date, C. camphora has been promoted to a second-grade state-protected species by
the Chinese government and protected carefully by customary laws. However, this is not sufficient
because of its wild populations are declining rapidly. It is urgent to carry out in situ conservation
for natural populations and ancient trees, especially for populations with high genetic diversity and
unique alleles, such as HK population from Jiangxi Province. Simultaneously, ex situ conservation
should also be conducted for as many families and individuals as possible via seeds or branches,
as genetic diversity mainly existed within populations. Additionally, human-mediated sapling transfer,
such as the Transplanting Big Trees into Cities Program, should be prohibited to conserve the genetic
composition within populations.
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5. Conclusions

This study provides an initial assessment of the genetic diversity and population structure of
C. camphora in South China using 22 EST-SSR markers. The results showed medium genetic diversity
and low genetic differentiation among populations. These 41 C. camphora populations were divided
into two clusters; notably, nearly all populations from Jiangxi Province—except ZX—grouped into
one cluster. Because three to five individuals were sampled from all populations investigated in the
present study, we must increase the number of individuals sampled to verify the results of this study
in the future. Nonetheless, the findings of the present study will assist in developing conservation
strategies and in the genetic improvement of C. camphora.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/11/1019/s1,
Table S1: Location information and SSR data of the 180 sampled C. camphora individuals; Table S2: Allele frequency
distribution across 180 C. camphora; Table S3: Pairwise genetic differentiation index (FST) among the 41 populations
of C. camphora.
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