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Abstract: Erythrophleum fordii Oliv. is a valuable rosewood species indigenous to the tropical and
warm sub-tropical zones of Vietnam, Laos, and South China. The natural forests have been heavily
fragmented mostly due to over-exploitation and over-utilization, and alteration to croplands and
fast-growing plantations. Therefore, it has been included in the IUCN Red List of Endangered
Species as an endangered species. In the present study, genetic diversity and population genetic
structure of 11 populations were estimated by SSR makers in South China. Five high polymorphic
loci were studied with a total of 34 alleles, among which, seven were private alleles. The mean
number of alleles per locus (A), the mean number of efficient alleles per locus (Ae), the observed
(Ho) and expected (He) heterozygosity, and Shannon’s index (I) of the 11 populations were 3.40, 2.31,
0.52, 0.56, and 0.90, respectively. Correlation analysis between genetic parameters and geographical
factors showed that He and I were in significant negative correlation with longitude, indicating
that genetic diversity of E. fordii reduced gradually from West to East in south China. FIS of eight
populations with above five samples was on average 0.01, most loci conformed to Hardy-Weinberg
equilibrium in these populations; their genetic differentiation coefficient (FST) was 0.18, indicating
that genetic differentiation among populations was relatively low and there existed 18% genetic
variation among populations. Gene flow (Nm) between these populations was 1.28. The Mantel test
showed that genetic distance was not significantly correlated with geographical distance (p > 0.05).
It was concluded that populations with high genetic diversity or private alleles, especially Longmen,
Wuming and Pingxiang populations should be a priority for in situ conservations, meanwhile more
populations and as many families as possible in each population should be collected for ex situ
conservations of germplasm resources of this species in the future.

Keywords: Erythrophleum fordii Oliv.; microsatellite markers; genetic variation; conservation genetics;
ancient tree

1. Introduction

As increasing attention is being paid to biodiversity, integrity, and stability of ecosystems,
biodiversity conservation has become a hot topic of academic research [1,2]. Genetic diversity is an
important component of biodiversity, reflecting adaptability of a species to environmental changes [3],
and influencing the stability and elasticity of an ecosystem [4,5]. Tropical forests have the richest
species diversity and most complex structure on land, and they play an important role in global carbon
cycle maintenance, biodiversity conservation, commodity production, and climate regulation [6,7].
During recent decades, natural forest areas have declined due to anthropogenic activities in the tropical
and subtropical zones worldwide, leading to habitat fragmentation of many species, directly affecting
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species distribution, population size, and genetic variation [8,9]. Furthermore, it has resulted in a
series of ecological and genetic events, such as inbreeding, drifts, and bottlenecks. These changes
might narrow the genetic basis, declining adaptive potential, population viability, and evolutionary
potential, which negatively influence long-term maintenance of the species, and even make it extinct,
eventually [10]. Habitat fragmentation might not only affect gene flow among populations [11], but also
increase problems of population regeneration [12] and lower the resistance of whole population to any
disturbance [13].

Erythrophleum fordii Oliv. is a valuable rosewood species indigenous to the tropical and warm
sub-tropical zones of Vietnam, Laos, and South China [14,15]. Its pollen is transmitted by insect vectors,
and occasionally the species can produce offspring by themselves, but outcrossing is predominant in
the mating system. Its timber can be used to make ships, high-grade furniture, solid wood flooring
boards, and handicrafts [16]. It is of important medicinal value as well. The seeds, stems and leaves
contain alkaloid-cassaine, diterpenoids [17–19], and triterpenoids [20], which play roles in heart
strengthening, free radical scavenging, and antitumor [21]. In addition, this species has important
ornamental value and ecological benefits, and is widely used in the construction of landscape and
ecological forests during recent decades.

However, natural forests of E. fordii have been heavily destroyed mostly due to over-exploitation
and over-utilization, as well as alteration to croplands and fast-growing plantations, in China and
Southeast Asia. The forests have been declining rapidly, and even disappeared in some places [22,23].
In particular, fragmentation of the existing natural forests of this species is very serious in China,
with scattered distribution in Guangdong, Guangxi, Fujian, and Taiwan Provinces [16] (see Figure 1
in detail). They mostly exist in the so-called “Geomantic forest” (see Table 1 in detail) beside villages
with tens or dozens trees. The species has thus been listed in the China Species Red List [24] and
Vietnam Plant Red Data Book [25], and also in the International Union for Conservation of Nature
and Natural Resources (IUCN) Red List of Endangered Species [26]. Hence, there is a need to
strengthen conservation of its natural habitat and carry out studies on its conservation systematically.
In the previous studies, Huang et al. [22] analyzed the reasons of endangering biological and
ecological characteristics, population dynamics in natural community, and anthropogenic disturbances.
Yi et al. [27] investigated species composition and structure of E. fordii community in Dinghushan
Biosphere Reserve. Zhao et al. [15] investigated its geographical distribution and phenotypic variation
in the fruits and seeds in South China. Chen et al. [28] carried out a preliminary analysis on the
karyotype, and found it to be diploid (2n = 28). Further, Zhu et al. developed ten pairs of SSR
primers [29] and studied how an isolated E. fordii population of small size can maintain genetic
diversity [30]. However, there is no study on genetic diversity and population genetic structure of this
species, which is one of the prerequisites for formulating protective measures [31].
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Table 1. Sampling sizes and general situation of 11 Erythrophleum fordii Oliv. populations.

Code Population Longitude
(◦ E)

Latitude
(◦ N)

Altitude
(m)

MAT
(◦C)

MAR
(mm) Origin Forest Type Population

Size
Degree of

Disturbance
No. of

Individuals

P1 Pingxiang, Guangxi 106.8 22.1 260 22.0 1417 Introduced 1 Commercial
timber forest Large Planned thinning 25

P2 Wuming, Guangxi 108.0 23.5 375 20.0 2630 Natural Water resources
conservation forest Large Seriously disturbed 20

P3 Qinzhou, Guangxi 108.3 22.6 45 22.0 2080 Natural Water resources
conservation forest Small Well protected 8

P4 Bobai, Guangxi 109.6 22.1 105 22.9 1756 Natural Water resources
conservation forest Large Seriously disturbed 24

P5 Xinyi, Guangdong 111.0 22.1 200 22.0 1650 Natural Geomantic forest Small Well protected 2

P6 Fengkai, Guangdong 111.8 23.7 60 20.3 1556 Introduced 2 Geomantic forest Small Well protected 6

P7 Huadu, Guangzhou, Guangdong 113.3 23.4 30 21.7 1737 Natural Geomantic forest Small Well protected 4

P8 Tianhe, Guangzhou, Guangdong 113.4 23.2 90 21.9 1800 Natural Water resources
conservation forest Small Well protected 3

P9 Longmen, Guangdong 114.7 23.6 25 20.8 2267 Natural Water resources
conservation forest Middle Seriously disturbed 15

P10 Zijin, Guangdong 115.6 23.4 40 20.5 1761 Natural Geomantic forest Small Well protected 14

P11 Yunxiao, Fujian 117.4 24.1 35 21.3 1730 Natural Geomantic forest Middle Seriously disturbed 21

Notes: MAT, mean annual temperature; MAR, mean annual rainfall; 1, introduced from Hepu, Guangxi (P1’ in Figure 1) in year 1983; 2, introduced from Dinghushan National Natural
Reserve at Zhaoqing, Guangdong (P6’ in Figure 1) in Daoguang reign, Qing Dynasty (1821–1850).
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For rare and endangered species, information on genetic variation is important, especially for those
species with less statistical information of populations [32]. Simple sequence repeat (SSR) markers are
widely used in studies on genetic diversity and population genetic structure towing to their codominant
character, high polymorphism, wide distribution in the genome, neutral selection, abundant genetic
information, easy detection, good reproducibility, and less demand for DNA templates [33,34]. In the
present study, the SSR markers were used to (1) investigate the genetic diversity of sampled populations,
and assess potential genetic risks they suffer; (2) reveal population genetic structure, analyze the
endangering mechanism of E. fordii; and (3) discuss strategies for efficient conservation of this species.
The findings will contribute to the sustainable conservation and utilization of E. fordii and other
endangered tree species in the area.

2. Materials and Methods

2.1. Study Sites and Tree Samples

142 individuals were sampled from 11 E. fordii populations in South China (Table 1). Only adult
trees bearing fruits were sampled simultaneously taking germplasm resources into consideration,
the sampled trees were determined randomly, ensuring that the distance between them was above
50 m. The numbers of sampled individuals in some populations were less than 15 due to their small
population size. Fresh leaves were collected from each tree, quickly dried by silica gel (1/10 in weight),
and kept for storage at room temperature.
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Figure 1. Localities of 11 populations of Erythrophleum fordii Oliv. in China. Notes: A, Guangxi Zhuang
Autonomous Region; B, Guangdong Province; C, Fujian Province; D, Taiwan Province. Numbers
in Figure 1 were represented the codes of population. P1 introduced from P1’ (Hepu, Guangxi);
P6 introduced from P6’ (Dinghushan National Natural Reserve at Zhaoqing, Guangdong).

2.2. SSR Analyses

The total DNA was extracted by modified cetyl trimethylammonium bromide (CTAB) method
of Zeng et al. [35], and then purified. After purification, the concentration and quality of DNA were
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determined using NanoDrop 2000 (Thermo Fisher Scientific Inc., Waltham, MA, USA). Five pairs
of SSR primers for E. fordii developed by Zhu et al. [29] were applied for SSR analysis with their
annealing temperatures all declining 1 ◦C (Table S1). The PCR system was adopted with a total
reaction mixture of 10 µL containing 5.0 µL 2 × PCR plus Mix (Tiangen Biotech, Beijing, China), 0.4 µL
5 µM Primer F, 0.4 µL 5 µM Primer R, 2.0 µL DNA template and 2.2 µL ddH2O. The PCR amplifications
were carried out on PTC-100 thermal cycler (Bio-Rad) with the following programs: 4 min for initial
denaturation at 94 ◦C; 31 cycles of 30 s for denaturation at 94 ◦C, 30 s at annealing temperature and
30 s at 72 ◦C; and, 10 min at 72 ◦C. The PCR products were detected using the 3730 XL automatic
sequencer (ABI Co., Foster, CA, USA). The products were genotyped with GeneMapper 4.0 software
(ABI Co., Foster, CA, USA).

2.3. Statistical Analyses

POPGENE 1.31 [36] was used to estimate the following genetic diversity parameters at species
and population levels: number of alleles (A) and effective number of alleles (Ae) per locus; allele
frequency; mean observed (Ho) and expected (He) heterozygosity per locus; Shannon’s information
index (I). Deviation from Hardy-Weinberg equilibrium (HWE) was then evaluated by a chi-squared test
for each population at single locus, and F-statistics (FIS, FIT and FST) values of the genetic divergence
and Nei’s genetic distance were assessed at the population level. Gene flow was calculated using the
formula: Nm = 0.25(1 − FST)/FST. The genetic structure of E. fordii was analyzed using STRUCTURE
2.0 [37]. The numbers of groups (K) was set between one and eight with ten replicates to estimate
the number of discontinuous K, length of burn-in period and the value of Markov Chain Monte
Carlo were both set to 100,000 times. The best numbers of K [38] were selected according to the
principle of the highest value of ∆K by STRUCTURE Harvester on-line (http:taylor0.biology.ucla.edu/
struct_harvest/ [39]). Repeated sampling analysis was performed by CLUMPP 1.1.2 [40], and genetic
structural plot was drawn by Distruct 1.1 [41]. NTSYS 2.1 [42] was used to obtain clustering graph of
populations based on Nei’s genetic distance by the UPGMA method. The correlation between genetic
parameters and geographical factors was analyzed using SPSS 21.0. Mantel test was performed to
determine whether genetic differentiation is related to geographical distance [43].

3. Results

3.1. Population Genetic Diversity

3.1.1. SSR Polymorphism

Five loci were obtained using five pairs of SSR primers for E. fordii, and all were polymorphic
(Table 2). At each locus four to nine alleles were generated, with 34 alleles in total. Among these
alleles, seven were private alleles that appeared only in one population, and three were common
alleles that existed in all 11 populations. At locus Gm1048, P1, P2, P3, P9, and P10 populations had the
most number of alleles (five), whereas P7 and P8 populations possessed the least number of alleles
(two) among 11 populations. P1 and P9 populations owned the most number of alleles (five) whereas
P8 had the least number of alleles (two) at locus Gm1052. The numbers of alleles varied from two in
P10 to eight in P2 populations and from two in P7 and P8 to five in P6 at locus Gm2065 and Gm4040,
respectively. At locus Gm65, P9 population possessed four alleles, and there was only one allele in
P11 population. Obviously, among 11 populations P9 owned the most number of alleles (24), followed
by P2 (23), and P7 and P8 harboring the least number of alleles (12).

http:taylor0.biology.ucla.edu/struct_harvest/
http:taylor0.biology.ucla.edu/struct_harvest/
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Table 2. Allele frequencies in 11 populations of Erythrophleum fordii.

Loci Allele
Population 1

1 2 3 4 5 6 7 8 9 10 11

Gm1048

a 0 0.38 0.19 0 0 0 0 0 0.60 0.04 0
b 0.26 0.28 0 0.27 0 0.25 0 0 0.17 0.43 0.26
c 0.06 0 0 0 0 0 0 0 0 0.04 0.02
d 0.04 0.20 0.50 0 0.25 0.33 0 0.50 0.03 0 0.24
e 0.24 0.13 0.19 0.29 0.75 0.33 0.75 0.50 0.10 0.04 0.48
f 0.40 0.03 0.06 0.44 0.00 0.08 0.25 0.00 0.10 0.46 0
g 0 0 0.06 0 0 0 0 0 0 0 0

Gm1052

a 0.02 0.33 0 0.04 0.75 0.08 0 0 0.03 0 0.05
b 0.24 0.10 0.19 0.15 0.25 0.08 0 0.17 0.33 0.07 0.58
c 0.67 0.53 0.75 0.72 0 0.68 0 0.33 0.50 0.46 0.38
d 0.02 0 0 0 0 0.17 0.67 0.50 0.03 0.25 0
e 0.04 0.05 0.06 0.09 0 0 0.33 0 0.10 0.21 0

Gm2065

a 0.02 0.08 0.19 0.06 1.00 0.50 0.13 0.17 0.17 0 0
b 0.02 0.20 0.06 0 0 0 0 0 0 0 0.02
c 0.41 0.23 0.19 0.19 0 0.08 0.38 0.33 0.47 0 0.21
d 0 0.05 0 0 0 0.25 0.38 0 0.03 0 0
e 0.15 0.25 0 0.10 0 0 0 0 0 0 0
f 0 0.03 0 0 0 0 0 0 0 0 0
g 0 0 0 0 0 0 0 0 0.20 0.04 0
h 0.33 0.15 0.50 0.58 0 0.17 0.13 0.50 0.13 0.96 0.71
i 0.07 0.03 0.06 0.06 0 0 0 0 0 0 0.05

Gm4040

a 0 0 0 0 0 0 0 0 0 0 0.29
b 0 0 0 0 0 0.33 0 0 0 0 0
c 0 0 0 0 0 0 0 0 0.03 0 0
d 0 0.05 0.06 0 0 0.25 0 0 0.64 0.25 0
e 0.46 0.33 0.25 0.52 0 0 0 0 0.27 0.64 0.52
f 0.02 0 0 0 0 0 0 0 0 0 0.07
g 0.50 0.60 0.63 0.44 0.50 0.17 0.83 0.50 0.43 0.11 0.12
h 0 0 0 0 0 0 0 0 0.20 0 0
i 0.02 0.03 0.06 0.04 0.50 0.25 0.17 0.50 0 0 0

Gm65

a 0 0 0.25 0.08 0 0 0 0 0.08 0 0
b 0.36 0.35 0.63 0.19 0 0.10 0.33 0.33 0.08 0.54 0
c 0.64 0.65 0.13 0.73 1.00 0.90 0.67 0.67 0.79 0.46 1.00
d 0 0 0 0 0 0 0 0.04 0 0

Notes: 1, See Table 1 for population code.

3.1.2. Genetic Diversity

A and Ae of the 11 populations ranged from 1.60 in P5 to 4.80 in P9 and 1.44 in P11 to 3.12 in P1,
Ho and He varied from 0.32 in P7 to 0.67 in P6 and 0.33in P5 to 0.73 in P8, and their means were 3.40,
2.31, 0.52, and 0.56, respectively (Table 3). I was calculated for genetic diversity depending on the
evenness of allele frequencies, and ranged from 0.36 in P5 to 1.17 in P2 with a mean of 0.90. Obviously,
P5 possessed the lowest level of genetic diversity. At the species level, A, Ae, Ho, He, and I were 6.80,
3.12, 0.52, 0.65, and 1.32, respectively (Table 4).

The mean A and Ae of two cultivated populations (P1 and P6) were 4.00 and 2.61, respectively,
which were higher than those of the natural populations (3.30 and 2.24). The average Ho and He
of the two populations were 0.64 and 0.60, respectively, which were also higher than those of the
natural populations (0.49 and 0.55). It was noteworthy that I of all cultivated populations were greater
than one.
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Table 3. Genetic diversity of 11 populations of Erythorphleum fordii.

Population Code A Ae Ho He I

P1 4.4 2.54 0.61 0.59 1.03
P2 4.6 3.12 0.54 0.64 1.17
P3 4.0 2.41 0.53 0.60 1.05
P4 3.6 2.22 0.48 0.55 0.95
P5 1.6 1.44 0.40 0.33 0.36
P6 3.6 2.67 0.67 0.61 1.03
P7 2.4 1.96 0.32 0.54 0.71
P8 2.4 2.19 0.67 0.73 0.81
P9 4.8 2.65 0.52 0.61 1.15
P10 3.2 2.13 0.54 0.49 0.80
P11 3.2 2.08 0.41 0.46 0.7827

Mean 3.40 2.31 0.52 0.56 0.90

Note: A, the mean number of alleles per locus; Ae, the mean number of efficient alleles per locus; Ho and He,
the expected and observed heterozygosity; I, Shannon’s diversity index.

Table 4. Genetic diversity of 11 populations of Erythorphleum fordii at species level.

Loci A Ae Ho He I

Gm1048 7 4.82 0.71 0.80 1.65
Gm1052 5 2.49 0.48 0.60 1.17
Gm2065 9 3.56 0.62 0.72 1.59
Gm4040 9 3.05 0.60 0.68 1.40

Gm65 4 1.92 0.21 0.48 0.81
Mean 6.80 3.12 0.52 0.65 1.32

Note: A, the mean number of alleles per locus; Ae, the mean number of efficient alleles per locus; Ho and He,
the expected and observed heterozygosity; I, Shannon’s diversity index.

The correlation analysis between genetic parameters and geographical factors was analyzed for
the six natural populations in which at least five individuals were sampled (Table 5). It was showed
that He and I were significantly negatively correlated with longitude (p < 0.05).

Table 5. Correlation between genetic diversity index and geographical factors.

Index Longitude Latitude Altitude

A −0.58 −0.24 0.17
Ae −0.54 0.05 0.40
Ho −0.33 −0.07 0.26
He −0.68 * −0.21 0.39
I −0.60 * −0.19 0.28

Note: *, p < 0.05; P2, P3, P4, P9, P10 and P11 natural populations with at least five samples were analyzed.

3.2. Population Genetic Structure

3.2.1. Hardy-Weinberg Equilibrium Detecting

Hardy-Weinberg equilibrium (HWE) detecting was tested for eight populations (six natural and
two planted) in which more than five individuals were sampled. The fixation index (F) and chi-square
tests of statistical differences from zero for these populations were presented in Table 6. Of the 40 tests,
only five cases considerably deviated from HWE as the values of F were significantly greater than zero,
indicating that heterozygote deficiency existed in these loci. For loci Gm1048, Gm1052, Gm2065 and
Gm4040, all populations conformed to HWE except P4 population at locus Gm1052 (p < 0.01), and only
P2, P6 and P10 populations conformed to HWE at locus Gm65. Therefore, all populations were in
HWE at the tested loci as a whole (Table 6).
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Table 6. Fixation index (F) and Hardy-Weinberg equilibrium chi-square tests of all loci in populations
of Erythrophleum fordii.

Loci P1 P2 P3 P4 P6 P9 P10 P11

Gm1048 −0.07 0.18 0.07 −0.09 −0.18 −0.13 −0.32 −0.25
Gm1052 0.11 0.09 −0.25 0.33 ** 0.01 0.15 −0.17 0.33
Gm2065 −0.19 0.02 −0.12 −0.03 −0.28 −0.05 −0.04 0.24
Gm4040 −0.39 0.15 −0.39 0.14 −0.36 0.14 −0.11 0.09

Gm65 0.41 * 0.34 1.00 ** 0.32 ** −0.11 0.77 ** 0.07 -
Mean −0.03 0.16 0.06 0.13 −0.18 0.17 −0.11 0.08

Notes: **, p < 0.01; *, p < 0.05. -, no fixation index was obtained since only one allele was detected in P11 population
at locus Gm65.

3.2.2. Distribution of Genetic Variation

FIS and FIT reflect the degree to deviation from HWE within and across populations. FIS of
eight populations with more than five samples ranged from −0.09 at locus Gm1052 to 0.45 at Gm65
with a mean of 0.01 (Table 7), indicating significant heterozygote deficiency at Gm65, while these
populations were in HWE as a whole. This was in agreement with the result of F mentioned above.
FST is also known as the population differentiation coefficient, which measures the degree to genetic
differentiation among populations. The lowest value of FST was found at locus Gm4040 and the highest
at Gm65. The mean of FST was 0.18 That is to say, 18% of the genetic variation existed among these
populations. The mean of Nm was 1.28 > 1, indicating that high rate of gene flow occurred within
populations [44].

Table 7. F-statistics and Nm of Erythrophleum fordii populations.

Loci FIS FIT FST Nm

Gm1048 −0.09 0.10 0.17 1.18
Gm1052 −0.09 0.09 0.17 1.25
Gm2065 −0.07 0.15 0.20 0.97
Gm4040 0.08 0.17 0.10 2.22

Gm65 0.45 0.58 0.24 0.78
Mean 0.01 0.19 0.18 1.28

Note: Nm, Gene flow = 0.25(1 − FST)/FST; P1, P2, P3, P4, P6, P9, P10 and P11 populations were analyzed in
this table.

3.3. Genetic Relationship between Populations

STRUCTURE software was used to analyze the genetic structure of E. fordii populations. ∆K was
the highest when K = 3, (Figure 2), indicating that 133 individuals from eight populations with
more than five samples were divided into three groups (Figure 3). However, an analysis based on
this assumption retrieved only 12 individuals belonging to a particular group with a probability of
> 0.95 and 43 individuals dispersing from all eight populations with a probability of > 0.90, indicating
extensive mixing of poorly differentiated gene pools. Genetic distances between these populations
varied from 0.04 to 0.68 (Table 8). The shortest genetic distance was found between P1 and P4
populations, and the farthest was between P6 and P10 populations. Clustering analysis based on
genetic distances showed that these populations could not be clearly divided into several groups
(Figure 4). Mantel test showed that correlation between genetic and geographical distances (Table 8)
was not significant (p > 0.05), which was consistent with the results of clustering analysis.
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4. Discussion

4.1. Population Genetic Diversity

Previously, Zhu et al. [29] developed ten pairs of SSR primers, and estimated genetic diversity of
E. fordii in Dinghushan National Natural Reserve (DNNR) at Zhaoqing, Guangdong. Of these primers,
four were compounds (at least with two motifs), and five were successfully amplified in the present
study. A comparison of both studies indicated that among the 11 populations evaluated in the present
study (Table 2), P1, P2, P3, P9, and P10 populations possessed the highest number of alleles at locus
Gm1048, P9 population at loci Gm4040 and Gm65, which was same as those of the DNNR population
at the three loci. It is noteworthy that the number of alleles at locus Gm65 in 11 populations was
the same as that in DNNR population reported by Zhu et al. At loci Gm1052 and Gm2065, allele
numbers of DNNR population was a marginally lower than the mean level of all 11 populations in the
present study. P6 were introduced from DNNR population, and the total number of alleles (18) at five
loci was 14.29% less than that of DNNR (21) due to far less samples, while it is interesting that locus
Gm 1052 had just one more allele of P6 than that of DNNR. These could infer that DNNR population
has high genetic diversity.

Generally, population genetic diversity is closely related to the degree of disturbance [45,46].
However, in the present study, it seemed that the relationship between genetic diversity and
current degree of disturbance was not obvious. Of the four populations seriously disturbed, P2,
P4, and P9 maintained high genetic diversity except P11; and among the seven populations under
well conservation, P1, P3, and P6 populations possessed higher genetic diversity, whereas P5, P7,
P8, and P10 exhibited lower genetic diversity than the mean of all 11 populations. These could be
explained by past disturbances. In the present study, the disturbance degree just reflected the current
situation, but some populations might have suffered from historical disturbances, although they
are well protected now. During the 1990’s, a survey showed that the natural forests of E. fordii had
disappeared in approximately 20% of counties and cities [22].

Genetic diversity is normally in positive correlation with population size [47,48], however, this
relationship to a certain extent was perturbed by conservation status in the present study. Linking
genetic diversity with size and conservation status of natural populations showed that only P3 in five
well conserved natural populations of small size had higher genetic diversity than the mean of all
11 populations. Whereas, among the four seriously disturbed natural populations of large or medium
size, P2 and P9 possessed higher genetic diversity than the mean of 11population, and P11 had lower
genetic diversity than the mean.

The correlation analysis between genetic parameters and geographical factors showed that genetic
diversity of this species reduced gradually from west to east in South China, which was in accordance
with the observation of Zhao et al., who studied morphological variation of this species [15]. Natural
populations P2, P3 and P4 is in the central distribution areas of E. fordii [22], and P11 is far away from
the central distribution areas. Perhaps, this was also perhaps a reason why the genetic diversity of P2,
P3 and P4 was higher than that of other populations while that of P11 in Fujian Province was lower.

4.2. Population Genetic Structure

According to Wright [49], the genetic differentiation among populations is low when the coefficient
of genetic differentiation (FST) is less than 0.25. The F-statistics results of the present study showed that
genetic differentiation among six natural populations was relatively low (mean FST = 0.18, Table 7),
and the genetic variation mainly existed within populations. This is consistent with the findings of
previous studies on endangered species such as Pulsatilla patens (L.) Mill. [5] and Antirrhinum charidemi
Lange [50]. Gene flow can effectively prevent genetic differentiation caused by genetic drift when
Nm was > 1 [44]. In the present study, the gene flow within E. fordii populations in South China was
relatively high (mean Nm = 1.28, Table 7). That is, gene flow to a certain extent can counteract the effects
of genetic drift in small population resulted from fragmentation. However, Albaladejo et al’s [51]
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study demonstrated that even moderate gene flow did not seem to be sufficient to offset the genetic
erosion and differentiation caused by long-term habitat destruction. The transmission of E. fordii pollen
mainly depends on insects, while increase in isolation distance is bound to reduce pollen flow among
the populations because of short spreading distance of pollen for entomophilous plants. In any case,
fragmentation might affect long-term genetic and ecological fates of this species.

In the present study, P1 and P4 populations had the nearest genetic distance, since P1 was
introduced from Hepu (P1’), bordering Southwest to P4. However, we have no similar discovery
between other geographically neighboring populations. The results of STRUCTURE analysis and
clustering analysis all revealed that the population structure was not obvious, which was in accordance
with insignificant correlation between genetic and geographical distances.

4.3. Conservation Strategies for Erythorphleum fordii

Knowledge of genetic diversity and population genetic structure are essential to elucidate
endangering mechanism and identify ways to protect the endangering species [52,53]. The present
study showed that the remaining populations of E. fordii still harbor a high level of genetic diversity,
although the forests have been severely fragmented because of over-exploitation and alteration to
cropland and fast-growing plantation. This might be attributed to the fact that fragmentation has
occurred within recent decades, and large-sized adult trees, most being ancient trees, were sampled
in the present study. As E. fordii is an insect-pollinated tree species with seed dispersal by gravity,
the fragmentation might significantly influence genetic diversity in the subsequent generations due
to genetic erosion and genetic drift, especially in small isolated populations. Fortunately, we still
have an opportunity to manage and use the remaining genetic resources of this species efficiently and
reasonably. It is urgent to carry out in situ conservations for natural populations with high genetic
diversity and private alleles, in particular, Wuming, Longmen, Qinzhou, Dinghushan populations
should be a priority for conservation. Meanwhile, ancient trees scattered in the distribution areas,
for example, Fengkai population should also be in situ conserved as they have specific genetic resources
and cultural values. Additionally, Pingxiang population has high genetic diversity, and should also be
conserved, although it is introduced from Hepu, as the natural population might have disappeared.
Simultaneously, genetic resources should be widely collected, via seeds or branches (for grafting)
from the remaining populations and scattered ancient trees, to establish gene pools for ex situ
conservation and breeding studies. As observed in the present study, genetic variation mainly existed
within populations, and for large-sized populations, as many families or individuals as possible should
be collected in each population. In any case, development of plantation is an efficient way to conserve
and use the genetic resources of this species.

5. Conclusions

Population genetic diversity was determined using degree of disturbance, population size,
and distance from the central distribution area for E. fordii in South China. The relationship between
genetic diversity and current degree of disturbance was not obvious, as the disturbance degree
reflects just the current situation; some populations might have suffered from historical disturbances,
although they are well protected now. Moreover, genetic variation mainly existed within populations
of this species, which is consistent with that observed in other endangered tree species. As some of the
populations were represented by only a few individuals, we have to increase the number of individuals
to verify the results of the present study in the future. Nonetheless, the findings of the present study
can still be applied in developing conservation strategies for E. fordii. It was concluded that populations
with high genetic diversity or private alleles, especially Longmen, Wuming, and Pingxiang populations
should be given preferential in situ conservations, meanwhile more populations and as many families
as possible in each population should be collected for ex situ conservation of germplasm resources of
this species in the future.
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