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Abstract

Camellia drupifera is a main tea-oil Camellia species, and understanding its genetic variation, origin and evolution will facilitate protection and utilization of its genetic resources. However, 

the differentiation, genetic variation, origin and evolution of C. drupifera remains unknown. Here, SRAP markers and chloroplast sequences of 32 C. drupifera populations were used to determine genetic variation and differentiation and infer the origin and evolutionary history of the species. Genetic diversity is low (H=0.200, Hd=0.861, Pi=0.00238), with obvious pedigree geographical structure among populations (Nst=0.612, Gst=0.117). Genetic differentiation is high (Gst=0.400, SRAP; Fst=0.68080, cpDNA), but gene exchange is low (Nm = 0.749 for nrDNA, Nm = 0.358 for cpDNA). The phylogenetic tree and PCA showed that this differentiation is mainly due to separation of the Hainan Island and mainland populations. Geographical isolation and island effects caused the pedigree structure, with large genetic differentiation, and reduced genetic diversity. STRUCTURE analysis revealed that compared with the Hainan Island population, the mainland population has a single genetic background. The TCS network showed that H17 was the original haplotype on Hainan Island; the H41 haplotype was important in the expansion of C. drupifera from Hainan Island to mainland China. Haplotype historical dynamics revealed expansion of the Hainan Island populations (Tajima’s D=-2.31467**, Fu’s Fs=-2.45270*). Comprehensive analysis suggests that C. drupifera originated on Hainan Island and expanded its range to mainland China. These results provide a scientific basis for the protection, development and utilization of C. drupifera resources and a good example of how geographic isolation and island effects can drive plant lineage differentiation.
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1. Introduction

Tea-oil Camellia species (family Theaceae) are endemic economic forest tree species in China. These species of Camellia have a high content of oil, which is named tea oil. Tea-oil Camellia has a long history of utilization and is a woody oil crop developed in China (Ye et al., 2020; Zhang et al., 2019; Zhu et al., 2019). Tea-oil Camellia includes more than 60 species, such as Camellia oleifera, Camellia drupifera and Camellia meiocarpa (Lin et al., 2022). In 2021, the cultivated area of tea-oil Camellia in China reached approximately 4.66 million hectares. C. drupifera ranks in the top three in terms of the total output of tea oil (Jing et al., 2018).

Tea oil is rich in tea saponins, tea polyphenols and oleic acid. Together with Olea europaea, Elaeis guineensis and Cocos nucifera, it represents the world's four major oil tree species and is used in the development of cosmetics, health products, edible oil and other products (Chen et al., 2022; Ma et al., 2011; Xiao et al., 2017; Zhu et al., 2010). As tea-oil Camellia grows under different environmental conditions, it has different growth habits, morphological characteristics and oil qualities (Chen et al., 2017; Ye et al., 2020). C. drupifera is mainly distributed in South China and can blossom and bear fruit in Luchuan County, Guangxi and Gaozhou City, Guangdong Province, in the south. However, its fertility is affected as it moves northward, where it is unable to blossom and bear fruit in the Yangtze River basin (Zhong, 2008). According to our field investigation, C. drupifera is frequently infected with anthrax and other diseases in Guangdong and Guangxi; however, this was not observed on Hainan Island. Hainan Island represents the southernmost edge of the tea-oil Camellia resource distribution in China (Zheng et al., 2016). Due to the unique climate of Hainan Island, strait isolation, and tea-oil Camellia being cross-pollinated, under environmental and genetic control, the phenotypic variation in tea-oil resources on Hainan Island is very rich and unique (Yang et al., 2018; Yuan et al., 2014). Moreover, tea oil Camellia grown on Hainan Island has no bitter taste and a high consistency, obviously differentiating it from mainland tea oil Camellia. Therefore, C. drupifera from Hainan Island and mainland China show obvious differentiation in growth habit, morphology and quality.

Hainan Island tea oil resources belong to special Sect. Oleifera of the Camellia genus in the C. drupifera group. However, the genetic differentiation of C. drupifera resources and whether phenotypic richness is manifested at the level of genetic variation remain unclear. Geographical isolation and island effects play an important role in speciation and evolution (Campos et al., 2021; Shi & Zhang, 2015). C. drupifera is mainly distributed on Hainan Island and in the area south of the two provinces separated by 20 kilometers on the mainland. Whether strait isolation and island effects are major factors affecting the differentiation and genetic variation of C. drupifera remains unknown. A large number of ancient C. drupifera trees and primitive tropical rainforest populations are found on Hainan Island. However, the origin and evolution of C. drupifera resources on Hainan Island have not been investigated.

The chloroplast genome is stable and maternally inherited, and chloroplast sequence information is used to study the phylogenetics, origin, and evolution of plant species (Nock et al., 2011). Sequence-related amplified polymorphism (SRAPs) markers are dominant in plant nuclear genomes, and genetic variation associated with recent evolutionary events in populations can be described using these markers (Han et al., 2015; Song et al., 2021). In this study, SRAP markers and chloroplast sequences of 32 populations of C. drupifera were used. The genetic variation and differentiation of C. drupifera populations were analyzed, and the origin and evolutionary history were deduced. The main purposes of this study are as follows: 1) To evaluate the genetic diversity of C. drupifera populations and analyze the factors leading to its formation. 2) to reveal the genetic differentiation pattern of C. drupifera and analyze the roles of geographical isolation and island effects in its formation. And 3) to infer the historical dynamics and evolutionary relationships of C. drupifera and explore the role of Hainan Island populations in the origin and evolution of C. drupifera resources. This research sheds light on the genetic characteristics, origin and evolution of C. drupifera and lays a good foundation for the rational protection and effective development and utilization of its resources.

2. Materials and methods

2.1. Germplasm resources of C. drupifera
The experimental materials were collected from 32 populations of C. drupifera in the main distribution areas of China (Supplementary Table 1). These populations included 24 populations in all old Camellia oleifera forest distribution areas (12 cities and counties) on Hainan Island, 6 populations in Guangxi and 2 populations in Guangdong (Figure 1). The JXP population of C. sinensis from Jiangxi, China, was used as an outgroup. A total of 736 materials were collected, and all the populations were from old forests.

2.2. Experimental methods

2.2.1. SRAP-PCR amplification

Twenty-two SRAP primer were applied to analyze 721 accessions from the 32 populations of C. drupifera by SRAP-PCR (Supplementary Table 1). According to Qi et al. (2020), the optimum SRAP-PCR system (20 μL) includes 2.0 μL of 10× PCR buffer, 4.00 U of Taq DNA polymerase, 0.20 mmol/L dNTPs, 0.60 μmol/L primers and 5 ng of genomic DNA. The PCR cycling conditions were as follows: initial denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 60 s, annealing at 55°C for 60 s (for primer-specific annealing temperatures, see Supplementary Table 1) and extension at 72°C for 1.5 min and a final extension step at 72°C for 7 min. The SRAP amplification products were resolved on 1.5% agarose gels.

2.2.2. Chloroplast sequence labeling reaction and product detection

The amplification program was as follows: predenaturation at 94°C for 5 min; 40 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1 min (for primer-specific annealing temperatures, see Supplementary Table 2), and extension at 72°C for 1.5 min,; a final extension at 72°C for 10 min; and storage at 4°C. The reaction system (30 μL system) was as follows: template DNA 40 ng, dNTPs 0.20 mmol/L, primer 0.60 μmol/L, and Taq DNA polymerase 4.00 U. Through whole-genome sequencing and comparative analysis of the chloroplast of C. drupifera from different regions, single-base variation sites and insertion/deletion sites were screened, and 7 pairs of chloroplast gene fragment sequences were independently developed (Table 2). The amplified products were sent to Tianyi Huiyuan Gene Technology Co., Ltd., for sequencing.

2.3. Statistical analysis

2.3.1. Genetic diversity analysis

To analyze the genetic diversity within the populations, under the assumption of Hardy-Weinberg equilibrium (HWE), the original data obtained by SRAP-PCR were used to calculate genetic diversity indexes using POPGENE 32 software, including polymorphic site percentage (P), observed number of alleles (Na), effective number of alleles (Ne), Shannon's information index (I) and Nei’s gene diversity index (H) (Nei, 1973). We used the program DnaSP to obtain the number of polymorphic sites (S), number of haplotypes (h), haplotype diversity (Hd), nucleotide diversity (Pi) and average number of nucleotide differences (K). The MXComp program in NTSYS-pc Version 2.02 software was used to perform the Mantel statistical test (1967) for SRAP and cpDNA data, calculate the correlation between genetic similarity coefficient matrices, and test for significance (Smouse et al., 1986). To clarify the degree of genetic variation among the tested populations, the coefficient of variation (CV) was calculated for the genetic diversity indexes of the 32 populations, where CV=(standard deviation (SD)÷)×100%. SPSS 20.0 software was used to analyze the Hainan Island populations and the mainland populations, and a T test was applied to detect significant differences between groups.

2.3.2. Genetic differentiation

GenAlEx 6.502 software was used to perform analysis of molecular variance (AMOVA) between populations and within populations to estimate the genetic variation in C. drupifera. Gene flow and genetic differentiation of SRAP markers and cpDNA were calculated using POPGENE 32 software and DnaSP 6.0 software, respectively. The NTSYSpc 2.0 (http://www.exetersoftware.com/cat/ntsyspc/ntsyspc.html) program was applied to test for interpopulation differentiation of C. drupifera. A Mantel test was performed on genetic and geographic distances.

2.3.3. Genetic relationship and structure analyses

To analyze the relationships and structure of C. drupifera populations and infer the evolution of this species in different regions, MEGA software was used to construct a neighbor-joining (NJ) phylogenetic tree of the 32 populations. GenAlEx 6.5 software was used to conduct principal component analysis (PCA) on the tested populations, and STRUCTURE 2.3.2 software was used to analyze the genetic composition of individuals in the 32 C. drupifera populations and the exchange of genetic material between populations. The results were compressed and submitted to the Structure Harvester website to determine the optimal k value (Evanno et al., 2005).

2.3.4. Analysis of historical population dynamics

DnaSP 6.0 mismatch distribution analysis was performed to test for population expansion, and a neutrality test was carried out.

2.3.5. Analysis of haplotype phylogenetic relationships

The cpDNA haplotypes and their numbers in each population were determined by DnaSP 5.0. A NJ tree of the haplotypes was established by MEGA6 and beautified by iTol. The geographic distribution of the haplotypes was mapped by a geographic information system (GIS). NETWORK 5.001 was used (http://www.fluxus-Engineering.com/) to export the FDI file, and Cytoscape software was used to make a haplotype network map.

3. Results

3.1. Primer amplification results among populations

In this study, 22 pairs of primers with clear, stable and high polymorphism were used for SRAP analysis of 721 individuals from 32 populations. With these primers, 281 products were obtained for the SRAP markers, with an average of 12.80 for each primer, an average PPB of 94.70%, and 8 to 19 products generated with each primer (Table 1).

After evaluation and screening, a total of 7 chloroplast sequences were obtained, and 160 individuals from 32 populations were analyzed. Information on each sequence and its primers is shown in Table 2. Seven chloroplast sequences were aligned, and the obtained fragment length was 2450 bp, with a total of 69 polymorphic sites and 47 haplotypes. The sequence fragment lengths of 73F73R, 140F140R, 161F161R, 174F176R, 214F215R, 222F222R and 223F227R were 166 bp, 261 bp, 198 bp, 371 bp, 593 bp, 134 bp and 727 bp, and they included 6, 8, 2, 18, 2, 4 and 29 polymorphic sites, respectively, for a total number of 69 polymorphic sites. Haplotype numbers ranged from 3 to 11, with an average of 6.14 (Table 2)

3.2. Genetic diversity of C. drupifera germplasm resources
Assuming that the populations were in HWE, the Na, Ne, H, I and P values at the species level were 1.902, 1.313, 0.200, 0.320 and 90.27%, respectively (Table 3). The Na, Ne, H, I and P values at the population level were 1.341, 1.205, 0.119, 0.179 and 34.12%, respectively, and the ranges of H, I and PPB were 0.091-0.161, 0.137-0.239, and 26.17%-45.30%, respectively. The CV values were 14.644, 14.475 and 14.70. The results showed that genetic variation was high in different populations. The range of H, I and PPB of 24 populations of C. drupifera on Hainan Island was 0.091-0.135, 0.137-0.203, and 26.17%-39.60%, and the average values were 0.111, 0.167, and 31.87%, respectively. H, I and PPB among the populations were 0.181, 0.292, and 84.23%, respectively. The genetic diversity of C. drupifera on Hainan Island was relatively low at the among-population and within-population levels. Furthermore, the CVs of H, I and P were 9.068%, 8.963%, and 9.49%, respectively, which were low, indicating that the genetic variation between populations was not high. The average values of H, I and P among the 8 populations of C. drupifera in mainland China were 0.143, 0.214, and 40.90%, respectively, which were 0.032, 0.047, and 9.03% higher than the average level of C. drupifera populations on Hainan Island, respectively. I and P were not significantly different between the two groups of populations.

The results of genetic diversity analysis of 7 chloroplast sequences showed that (Table 3) a total of 47 haplotypes were detected in 32 populations of C. drupifera, of which 24 populations on Hainan Island had 32 haplotypes, namely, H38, H40, H45, H25, H36, H29 and 22 other unique haplotypes, and 8 populations in mainland China had 16 haplotypes, with 12 unique haplotypes, such as H3, H9, H10, and H7. The shared haplotypes of C. drupifera populations from Hainan Island and mainland China were H2 and H8. The Hd and Pi of C. drupifera on Hainan Island were 0.774 and 0.00089, respectively, and the Hd and Pi on the mainland were 0.815 and 0.00209, respectively. The difference in Hd between the two regions was not significant, but the difference in Pi was extremely significant. The genetic diversity of C. drupifera in the Hainan Island populations was lower than that in the mainland populations, which is consistent with the genetic diversity detected by SRAP markers. The CVs of S, h, Hd, Pi, Theta-W, and K of C. drupifera on Hainan Island were 75.14%, 26.04%, 22.97%, 71.09%, 75.12%, and 71.02%, respectively. The CVs of C. drupifera in mainland China were larger than those on Hainan Island. The differences in C. drupifera were 70.71%, 12.55%, 10.46%, 69.62%, 70.52%, and 69.57%, respectively, indicating that more genetic variation occurred between populations of C. drupifera in mainland China than between those on Hainan Island.

3.3. Genetic differentiation analysis of C. drupifera germplasm resources

At the nrDNA level, the genetic differentiation analysis of the 32 tested populations (Table 4) showed that the total genetic diversity (Ht) was 0.199, the genetic diversity (Hs) within populations was 0.119, and the genetic differentiation coefficient (Gst) was 0.400. The Mantel test revealed a positive correlation between the genetic distance matrix and geographic distance matrix among the 32 populations (R = 0.55245, p = 1.0000), gene flow (Nm) was 0.749, and AMOVA showed that 58% of the genetic variation occurred within populations. The Gst among the C. drupifera populations on the mainland was 0.270, which was 0.115 lower than that between the Hainan Island populations. AMOVA showed that the variation among the C. drupifera populations on Hainan Island was 11% higher than that in mainland China. The gene flow between continental populations was 1.353, indicating that the gene exchange between these populations was relatively high. The gene flow between the tested populations on Hainan Island was only 0.799, which was less than 1, indicating that gene exchange was hindered. There was no correlation between the genetic and geographic distance matrices between the Hainan Island populations (R = 0.00049, p = 0.5023) or between the mainland populations (R = 0.20900, p = 0.8516).

At the cpDNA level (Table 5), in general, the genetic diversity (HT) was higher than the average diversity (HS) within the population, and at the same time, Nst was 0.612, which was greater than Gst (0.117), indicating obvious phylogenetic structure between populations. The Mantel test showed a strong correlation between the genetic distance matrix and the geographic distance matrix among the 32 populations of C. drupifera (R = 0.61157, p = 1.0000), indicating that the degree of genetic differentiation among the tested populations was caused by geographic distance. The Nst=0.250 and Gst=0.089 of C. drupifera in mainland China indicated obvious phylogenetic structure among C. drupifera populations, but their genetic distance matrix and geographic distance matrix showed a negative correlation (R= - 0.11677, p = 0.2085), indicating that the degree of genetic differentiation among the tested populations of C. drupifera in mainland China was not influenced by geographical distance but may be caused by the complex environment or the hybrid compatibility of the plants themselves. The Nst of Hainan Island C. drupifera (0.020) was lower than its Gst (0.054), and there was no correlation between the genetic distance matrix and geographic distance matrix of the 24 populations (R = 0.04007, p = 0.6367), indicating no differences between the Hainan Island C. drupifera populations. Phylogenetic structure was detected, and the genetic differentiation among the tested populations of C. drupifera on Hainan Island was not related to geographic distance. AMOVA of the 32 populations showed that the interpopulation variation (58%) was higher than the intrapopulation variation (42%), and the gene flow between populations was only 0.358, less than 1, indicating blocked gene exchange, which may be caused by isolation induced by the Hainan Island strait. The AMOVA of C. drupifera in mainland China and on Hainan Island showed that the interpopulation variation was 33% and 2%, respectively, which was lower than the intragroup variation (67% and 98%), especially the genetic variation within the populations of C. drupifera on Hainan Island. At the same time, the gene exchange between populations was relatively high (Nm = 21.722), revealing highly significant genetic differentiation and a rich genetic background within the Hainan Island populations.
3.4. Genetic relationship and structure analyses of C. drupifera
3.4.1. Genetic distance and cluster analysis

The Mantel test results showed that there was a significant positive correlation between the SRAP and cpDNA genetic distance matrices (r=0.38925). In the SRAP analyses (Supplementary Table 2), the genetic distance (GD) between the 32 tested populations varied from 0.0169 to 0.1662, with an average of 0.0985. The mainland populations, the Hainan Island populations, and all populations of C. drupifera showed GDs of 0.0731, 0.085 and 0.1204, respectively. In the cpDNA analysis (Supplementary Table 3), the GD between populations ranged from 0 to 0.014, with an average of 0.0027. The mainland populations, the Hainan Island populations, and all populations of C. drupifera showed GDs of 0.0035, 0.0016 and 0.0063, respectively. Combining the results of SRAP and cpDNA genetic distances, it can be seen that there is a large genetic distance between the populations of C. drupifera in mainland China and C. drupifera on Hainan Island.

Based on SRAP and cpDNA data, 33 population phylogenetic trees were constructed by the NJ method (Figures 2 and 3). The 32 populations of C. drupifera in both the SRAP and cpDNA phylogenetic trees were divided into two groups: group I and group II. Group I consisted of all 24 Hainan Island populations of C. drupifera, and group II consisted of all mainland populations (MDY, WSG, BQY, NDY, TNY, TJG, LJTL, and HTDL).

3.4.2. Principal component analysis

PCA based on SRAP and cpDNA data of the 32 populations was carried out (Figures 4 and 5). The cumulative contribution of the first three principal components was 44.60% (Dim-1=22.04, Dim-2=12.50) for the SRAP data, and for the cpDNA data, it was 64.38% (Dim-1=45.68, Dim-2=12.54), which shows that the clustering results are reliable. The results show that the 32 tested populations of C. drupifera were divided into two groups: group I consisted of the mainland populations, and group II included the Hainan Island populations. The results of the PCA were consistent with those of the NJ cluster analysis, which intuitively shows clustering of C. drupifera based on geography: mainland populations and Hainan Island populations.

3.4.3. Bayesian clustering-based genetic structure analysis

A model-based Bayesian cluster analysis was performed in STRUCTURE 2.32 to visualize the genetic structure of the 32 tested populations. The results showed that the delta K value was largest when the K value was 2, and the delta k values were 369.40 and 150.27, respectively (Supplementary Tables 4 and 5). This indicates that K=2 was the best value and that all 32 tested populations could be divided into two clusters: cluster I and cluster II (Figures 6 and 7).

For the SRAP data (Supplementary Table 6), when K=2, 86.3%-99.6% of the genetic material in the MDY, BQY, NDY, TNY, WSG, TJG, LJTL and HTDL populations of C. drupifera in mainland China was from cluster II. For the JZ, SD, NBA, NS, SYLC, XS and FL populations of C. drupifera on Hainan Island, the genetic material was relatively complex, with 60.5%, 49.5%, 30.2%, 30.6%, 34.1%, 42.9% and 34.4%, respectively, of the genetic material from cluster II.

The rest of the genetic material came from cluster I. Individuals with genetic material accounting for more than 96.0% of the variation in the 17 populations of C. drupifera on Hainan Island were assigned to cluster I.

For the cpDNA data (Supplementary Table 6), when K=2, 99.6%-99.8% of the genetic material in the MDY, BQY, NDY, TNY, WSG, TJG, LJTL and HTDL populations of C. drupifera in mainland China came from cluster II. For the ZX, XYL and MP populations of C. drupifera on Hainan Island, the genetic material from cluster II accounted for 21.8%, 20.1% and 20.1%, respectively. More than 96.2% of the genetic material in the remaining 21 populations was from cluster I.

For the SRAP and cpDNA analysis, when K=3-5, all 8 populations of C. drupifera from mainland China were mainly composed of genetic material from the same cluster. However, 24 populations of C. drupifera from Hainan Island were classified into different clusters. Therefore, STRUCTURE analysis showed a single genetic background for the mainland populations but a complex genetic background for the Hainan Island populations of C. drupifera.

3.4.4. Analysis of the historical population dynamics of C. drupifera
Based on cpDNA sequence data, DnaSP software was used to analyze the mismatch distributions of the C. drupifera populations to judge whether they experienced rapid expansion events. The results show that, at the overall level of the 32 populations, the expected distribution curve (Freq.Exp) under population expansion does not match the observed distribution curve (Freq.Obs), and there is no single peak in Freq.Obs (Figure 8), indicating that the populations of C. drupifera germplasm resources did not experience obvious expansion. The neutrality test of the cpDNA data showed that (Table 5) Tajima’s D = - 1.66070 (0.10 > P > 0.05) and Fu’s Fs = - 2.36131 (P < 0.05). Nonsignificant negative Tajima’s D values are consistent with no natural selection, showing neutral evolution. Significant negative Fu’s Fs values indicate that populations may have undergone expansion events. The combined expansion event and neutrality tests showed that the 32 populations underwent an evolutionary transition from neutrality to expansion.

The distribution curve (Freq.Exp) expected under population expansion did not match the observed distribution curve (Freq.Obs) (Figure 9), which indicated that the populations of C. drupifera germplasm resources on the mainland had not undergone expansion. Tajima’s D = -1.55161 (P > 0.10), and Fu’s Fs = -2.41361 (0.10 > P > 0.05); these nonsignificant negative values were consistent with no natural selection and are fully consistent with the results of the mismatch distribution analysis.

The distribution curve (Freq.Exp) expected under population expansion for the Hainan Island population was generally consistent with the observed distribution curve (Freq.Obs) (Figure 10), indicating that the Hainan Island populations may have undergone expansion. Tajima’s D = - 2.31467 (P < 0.01), and Fu’s Fs = -2.45270 (P < 0.05). These extremely significant and significant negative values further indicated that the Hainan Island population may have undergone rapid expansion.

3.4.5. Haplotype phylogenetic relationship of C. drupifera resources

Seven combined cpDNA sequences revealed 47 haplotypes among 160 individuals of C. drupifera and were used to construct haplotype distribution maps, haplotype phylogenetic trees and a TCS network (Figures 11-13). The haplotype phylogenetic tree of cpDNA data (Figure 12) was divided into two clusters. Cluster I contains most of the Hainan Island population individuals (except for one individual in the ZX population and one in the MP population), and cluster II contains all the mainland populations. According to the TCS network diagram, H17 was distributed in the internal nodes and had the highest distribution frequency (accounting for 33.12% of individuals and 68.75% of the populations). Second, the H26 haplotype extended from the H17 haplotype to form a central node with H26, which also showed a wide distribution and high frequency (including 20 individuals) (Figures 11 and 13). These results indicated that the H17 and H26 haplotypes were the original haplotypes of C. drupifera, further suggesting that C. drupifera originated on Hainan Island.

Cluster II in the haplotype phylogenetic tree consisted of 17 haplotypes, including H1, H2, H5, H8, H9, H10, and H42 (Figure 12), from all mainland populations. Among these haplotypes, H8 and H2 were shared by the mainland and Hainan Island populations (Figure 13). The mainland populations had 12 unique haplotypes, such as H3, H9, H10, and H7, which were radiatively distributed in the TCS network and located at the outer nodes, indicating that they were derived haplotypes.

As shown in the topological diagram (Figure 13), the H41 haplotype of group 2 expanded from the Hainan Island populations to the mainland populations and evolved over a long period of time to form the older mainland haplotypes H8 and H2. After expansion of H8 and H2 to form a mainland population pattern, only H42 in group 1 still retained a pure Hainan Island genetic background. Thus, H41 played an important role in the expansion of C. drupifera from Hainan Island to the mainland. Furthermore, group 1 included genetic material from both Hainan Island and the mainland. In group 2, the purity and origin of Hainan Island genetic material were retained, further suggesting that Hainan Island was the origin area of C. drupifera.

4. Discussion

4.1. Low genetic diversity of C. drupifera germplasm resources

Genetic diversity is vital for the survival and evolution of species (Booy et al., 2000). Plant nuclear genomes generally have biparental inheritance and can be used to describe recent genetic variation among populations. Chloroplast genomes are stable and conserved and can resolve past genetic changes in population evolution (Han et al., 2015). To gain a more comprehensive understanding of the genetic diversity of C. drupifera, the genetic diversity of 32 populations of C. drupifera was evaluated using SRAP and cpDNA data. The genetic diversity of C. drupifera populations was low for both SRAP and cpDNA data, with species-level estimates of H=0.200, Hd=0.861, and Pi=0.00238 and overall average values of only H=0.119, Hd=0.762, and Pi=0.00101 (Table 3) (Li et al., 2020; Nybom, 2004). Further analysis revealed that the genetic diversity of the mainland populations (H=0.196, Hd=0.815, and Pi=0.00209) was higher than that of the Hainan Island populations (H=0.181, Hd=0.774, and Pi=0.00089), where the differences in Pi values between the mainland populations and Hainan Island populations were highly significant, and the differences in H and Hd values were not significant.

Plant genetic diversity is influenced by multiple factors, such as mating system, distribution range, and ecological habits (Nybom, 2004). A small distribution range, ecological specialization, and anthropogenic selection during cultivation play essential roles in the decline of genetic diversity of plant populations (Sharon et al., 2019; Wróblewska, 2013; Liu et al., 2022). C. drupifera is a narrow-range species, distributed only on Hainan Island, southwestern Guangdong Province, southern Guangxi, China, and in southern Vietnam. As a highly self-incompatible species, C. drupifera is prone to the homogenization of genetic material between populations. Moreover, its homogeneous macrohabitat conditions of high temperature and high humidity have led to a decline in genetic diversity among populations and the homogenization of genetic material during the evolutionary process. Homogenous anthropogenic selection and frequent introductions during the cultivation process have contributed to the homogenization among populations of C. drupifera.

Yang et al. (2018) and Xia et al. (2022) reported high levels of phenotypic diversity in C. drupifera populations. This is inconsistent with the low level of genetic diversity in C. drupifera reported in this paper. C. drupifera has a high ploidy and karyotype richness, showing the karyotypes 2n=120=86m+26sm+8st, 2n=105=61m+37sm+7st (Ito et al., 1957), 2n=120=86m+26sm+8st (Gu et al., 1992), and 2n=120=56 m+48sm+16st (Mo, 1990). Our findings also confirm this, as C. drupifera has multiple ploidies, such as 6, 7, 8, 9, 10, 11, and 12. C. drupifera has high ploidy and richness, and it has a highly heterozygous genome, which may be the key reason for its low genetic diversity but rich phenotypic variation.

4.2. Geographical isolation causes significant genetic differentiation in C. drupifera populations

The impact of genetic and ecological factors such as gene flow, geographic isolation, and habitat heterogeneity on speciation can be explored and population dynamics and origin evolution can be inferred from the perspective of phylogenetics (Abbott et al., 2000; Qiu et al., 2011; Shi & Zhang, 2015). In this study, the C. drupifera populations from Hainan Island and mainland China were separated by a 20-kilometer strait. In the cluster analysis, they were significantly differentiated into the Hainan Island population group and the mainland population group, which provided better insight for analyzing the role of geographical isolation and other factors in the origin and evolution of C. drupifera. The 32 populations of C. drupifera had apparent geographical population structure (Nst > Gst) (Table 5). Moreover, their degree of genetic differentiation correlated with geographic distance (R=0.61157). From this, it is speculated that the genetic differentiation among populations is affected by geographical conditions (Hamrick & Godt, 1996). The results of the phylogenetic tree and PCA (Figures 2-5) clustered the Hainan Island populations and mainland populations independently, and the genetic distances between these two groups were much more significant than those within the groups (genetic differentiation coefficients of 0.1204, 0.0858, and 0.0731 for the SRAP data and 0.0063, 0.0035, and 0.0016 for the cpDNA data between Hainan Island and mainland populations, Hainan Island populations, and mainland populations, respectively), indicating that the geographic population structure was mainly manifested in differentiation between the Hainan Island and mainland populations. We speculated that the 20-km Qiongzhou Strait serves as a natural geographical barrier limiting gene flow between these two evolutionary branches (Nm was 0.749 for the nrDNA data and 0.358 for the cpDNA data) (Tables 5 and 6), facilitating genetic differentiation of populations (Craw et al., 2015; Rangel-Villalobos et al., 2016). The phylogenetic analysis of the two groups revealed separation (Sexton et al., 2014; Wang et al., 2016), which supports the hypothesis that geographic causes played a role in the evolution of C. drupifera.
The dual effects of geographic isolation and environmental selection pressure are key factors contributing to heterogeneous variation among populations (Binks et al., 2019; Jiang et al., 2018). The restriction of gene flow exchange by geographic barriers simultaneously enhances the local adaptation of populations and provides unique genetic characteristics for population evolution (Zhang et al., 2020). Hainan Island has a tropical monsoon oceanic climate and is consistent with a typical island model. Because of its geographical isolation, it is significantly different from mainland China, thus accelerating the genetic differentiation caused by natural selection. Meanwhile, gene flow in the island model with homogeneous habitats is expected to be higher than that between different habitats (Antunes et al., 2021). In this study, the gene flow between Hainan Island populations was as high as 21.722. In addition, under the island model, the greater the gene flow is, the more similar the genetic material between populations, leading to a constant gene frequency and genotype frequency between populations over generations, showing HWE, which also leads to low genetic diversity in the Hainan Island populations.
The above population differentiation is also supported by the results of the population structure analysis. In the population structure analysis, K=2 was the best K value. The C. drupifera populations on Hainan Island and the mainland were clearly divided into two independent subpopulations. The population structure was consistent with the geographical distribution. Further analysis revealed that at K=3-5 (Figures 6 and 7), the genetic material of mainland individuals generally originated from a single source. At the same time, there were multiple clusters of source contributions for Hainan Island, indicating that the genetic background of Hainan Island populations was relatively complex and may have multiple origins. Although there is a trend toward homogenization of genetic diversity due to island effects, such as internal gene exchange, local adaptation, and a lack of genetic communication with outside populations, the observed diversity still reflects a rich genetic background. The isolation and habitat difference between Hainan Island and the mainland led to significant intraspecific differentiation of C. drupifera. On the one hand, pedigree classification and pedigree variation are accelerated. On the other hand, ancestral polymorphisms are preserved, which is consistent with the differentiation model after speciation (Chiang et al., 2009; Cruickshank & Hahn, 2014; Stankowski et al., 2019).

4.3. Origin and evolutionary history of C. drupifera resources

Chloroplast DNA is inherited maternally and is conserved; it provides crucial information for analyzing the evolution of resource origin (Chao et al., 2021; Cheng & Houston, 2021). In this study, a phylogenetic tree of 47 haplotypes was established, forming two clades on Hainan Island and in mainland China (Figure 12), further indicating that geography was an essential factor in the intraspecies differentiation of C. drupifera. TCS network analysis showed that the H17 haplotype of the Hainan Island populations was located in the center of the Network (Figure 13), possibly representing the most primitive haplotype. Moreover, it is possible to generate mutant derivatives after expansion (Crandall & Templeton, 1993; Donnelly & Tavaré, 1986), with 22 unique haplotypes, such as H38, H40, H45, H25, H36, and H29. This evidence supports the possible origin of C. drupifera on Hainan Island. Interestingly, haplotype H41 was in a critical transitional position during the expansion of C. drupifera from Hainan Island to mainland China, indicating that it has a specific phylogenetic pattern in this species. Historically, during the process of population dispersal and dissemination, C. drupifera gene flow occurred between Hainan Island populations and mainland populations, forming the shared haplotypes H8 and H2 in these populations (Blanca et al., 2022). Twelve unique haplotypes, including H3, H9, H10, and H7, were found in the mainland populations, which means that the populations may have pedigree variation due to the natural geographical boundary formed by the Qiongzhou Strait (Banerjee et al., 2022; Cruickshank & Hahn, 2014). Based on the above analysis, it can be speculated that the ancestral distribution area of C. drupifera in China was Hainan Island, and the species expanded from Hainan Island to mainland China. Polyploidy is an essential line of evidence for the origin of species. Approximately 70% of reproductive plants underwent polyploidy events during their evolution, which increased adaptation and thus survival (Mallet, 2007). Our study revealed that Hainan Island C. drupifera has many ploidy levels, including 3, 6, 7, 8, 9, 10, 11, and 12, with a ploidy of 7-8 being the most common. As mentioned above, the genetic background of C. drupifera resources on Hainan Island is more complex than that of resources on the mainland, and the rich ploidy and phenotypic diversity of these resources also support Hainan Island being the possible center of origin of C. drupifera.

In this study, the results from Tajima’s D and mismatch distribution analyses showed that the overall evolutionary history of C. drupifera in China involved a transition from neutrality to expansion (Table 5 and Figure 8). We infer that during their evolution, C. drupifera populations diverged, accumulating beneficial mutations and increasing their level of adaptation to the local environment (Cruickshank & Hahn, 2014). Further analysis revealed that mainland C. drupifera did not experience expansion events (Table 5 and Figure 9), whereas expansion events occurred in Hainan Island C. drupifera (Table 5 and Figure 10). In the Hainan Island populations, island-driven isolation may lead to stronger natural selection, resulting in lower genetic diversity and high gene flow while triggering rapid random loss or fixation of haplotypes, thereby leading to population expansion (Aris-Brosou & Excoffier, 1996; Bijlsma & Loeschcke, 2012; Lienert, 2004). The C. drupifera in mainland China is distributed south of the Tropic of Cancer and can bloom and bear fruit in the southern area including Luchuan County and Gaozhou City. However, its yield increases as it moves north. In the Yangtze River Basin, it cannot bear fruit (Chen, 2008). The northward shift of the C. drupifera distribution also supports the mainland populations being resistant to expansion. This also refutes the two regions being the origin center for this species. In contrast, the populations of Hainan Island underwent expansion, further supporting the above inference that Hainan Island is the origin center of C. drupifera and that this species expanded from Hainan Island to mainland China. Our field investigation revealed that diseases affecting C. drupifera stands, such as anthracnose, which leads to severe fruit deciduousness, frequently occur in the Guangdong and Guangxi regions. In contrast, related diseases are rare near the sea and in Antarctica. Combined with the limitation of the flowering and fruiting of C. drupifera in Guangdong and Guangxi, this indicates that Hainan Island is a suitable distribution and growth area for C. drupifera, which is related to its origin. The adaptability of C. drupifera was limited during its expansion from Hainan Island to mainland China.

5. Conclusion

The low genetic diversity of C. drupifera resources is due to the small distribution area, convergence of large habitats, artificial introduction and cultivation, and other factors of C. drupifera. The genetic differentiation among C. drupifera populations is considerable, and there is apparent geographical population genetic structure. The analysis suggests that geographic isolation and island effects cause the pedigree structure with significant genetic differentiation for C. drupifera while reducing its genetic diversity. STRUCTURE analysis revealed that the genetic background of C. drupifera on Hainan Island is more complex than that in mainland China. Combining the results of mismatch distribution analysis, neutrality tests, haplotype phylogenetic trees and TCS network analysis, we conclude that the origin of C. drupifera in China is Hainan Island, and that this species has undergone expansion from Hainan Island to mainland China. The results of this paper provide scientific data for understanding the current status of genetic variation in C. drupifera and clarifying the origin and evolutionary history of C. drupifera populations.
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Tables

Table 1. SRAP primers and their amplification results

	Primer
	Sequence
	 Number of bands
	Polymorphism (%)
	Annealing temperature (℃)

	ME1-EM4
	TGAGTCCAAACCGGATA

GACTGCGTACGAATTACG
	12
	91.67
	51

	ME1-EM13
	TGAGTCCAAACCGGATA

GACTGCGTACGAATTATT
	14
	92.86
	49

	ME4-EM10
	TGAGTCCAAACCGGAAA

GACTGCGTACGAATTCAG
	8
	100.00
	51

	ME4-EM20
	TGAGTCCAAACCGGAAA

GACTGCGTACGAATTGTC
	14
	100.00
	51

	ME5-EM1
	TGAGTCCAAACCGGAAG

GACTGCGTACGAATTAAT
	15
	100.00
	50

	ME5-EM7
	TGAGTCCAAACCGGAAG

GACTGCGTACGAATTTGA
	11
	100.00
	51

	ME6-EM11
	TGAGTCCAAACCGGTAA

GACTGCGTACGAATTCAA
	10
	100.00
	50

	ME6-EM20
	TGAGTCCAAACCGGTAA

GACTGCGTACGAATTGTC
	12
	91.67
	51

	ME6-EM22
	TGAGTCCAAACCGGTAA

GACTGCGTACGAATTTCC
	12
	100.00
	51

	ME8-EM1
	TGAGTCCAAACCGGACC

GACTGCGTACGAATTAAT
	18
	94.74
	51

	ME8-EM18
	TGAGTCCAAACCGGACC

GACTGCGTACGAATTTAG
	14
	100.00
	52

	ME8-EM22
	TGAGTCCAAACCGGACC

GACTGCGTACGAATTTCC
	13
	76.92
	54

	ME10-EM5
	TGAGTCCAAACCGGACT

GACTGCGTACGAATTAAC
	12
	100.00
	51

	ME10-EM13
	TGAGTCCAAACCGGACT

GACTGCGTACGAATTATT
	14
	92.86
	50

	ME12-EM3
	TGAGTCCAAACCGGATC

GACTGCGTACGAATTATT
	6
	83.33
	52

	ME12-EM4
	TGAGTCCAAACCGGATC

GACTGCGTACGAATTACG
	14
	92.86
	52

	ME12-EM5
	TGAGTCCAAACCGGATC

GACTGCGTACGAATTAAC
	15
	100.00
	51

	ME12-EM18
	TGAGTCCAAACCGGATC

GACTGCGTACGAATTTAG
	17
	100.00
	51

	ME16-EM1
	TGAGTCCAAACCGGTAT

GACTGCGTACGAATTAAT
	16
	100.00
	49

	ME16-EM2
	TGAGTCCAAACCGGTAT

GACTGCGTACGAATTTGC
	9
	88.89
	51

	ME16-EM5
	TGAGTCCAAACCGGTAT

GACTGCGTACGAATTAAC
	9
	77.78
	50

	ME16-EM22
	TGAGTCCAAACCGGTAT

GACTGCGTACGAATTTCC
	16
	100.00
	51

	Average
	
	12.80
	94.70
	

	Total
	
	281
	
	


Table 2. Chloroplast sequence primers and their sequencing results
	Primer
	Sequence
	Sequence fragment length (bp)
	Number of polymorphic sites (S)
	Number of haplotypes (h)
	Haplotype diversity (Hd)
	Nucleotide diversity (Pi)
	Theta-W
	Average number of nucleotide differences (K)
	Annealing temperature (℃)

	73F73R
	AGAACTCCTGTCAATGGCTCA
	166
	6
	7
	0.494
	0.00353
	0.00640
	0.585
	58

	
	TGGAATGTACATAGCACCCAAT
	
	
	
	
	
	
	
	

	140F140R
	GGAGTCTTGGAATCTAGGTTTGGA
	261
	8
	3
	0.405
	0.00919
	0.00543
	2.398
	60

	
	ACAGATTCATTGAGCAGCTCT
	
	
	
	
	
	
	
	

	161F161R
	GATTCGTAGACCCGGTCGAC
	198
	2
	3
	0.414
	0.00218
	0.00179
	0.432
	60

	
	GGGTAGGGACACTGTTGCTG
	
	
	
	
	
	
	
	

	174F176R
	GACTGGGTGGTCGAGTCATG
	371
	18
	9
	0.144
	0.00214
	0.00859
	0.795
	57

	
	AAAGAGCGTGGAGGTTCGAG
	
	
	
	
	
	
	
	

	214F215R
	GGTGGCAGCTTCGAATAGGT
	593
	2
	3
	0.119
	0.00020
	0.00060
	0.119
	60

	
	CGCCTGCTCGCTTATTTGTC
	
	
	
	
	
	
	
	

	222F222R
	CGATCTTGATCCAGGCCTCA
	134
	4
	7
	0.580
	0.00544
	0.00528
	0.728
	58

	
	ACAACACACATAAACATAAGGGCA
	
	
	
	
	
	
	
	

	223F227R
	TGACCTCTTAACCAGTTTTTCCA
	727
	29
	11
	0.232
	0.00108
	0.00706
	0.782
	56

	
	TGGATTATCAAGGGCATTCCGT
	
	
	
	
	
	
	
	


Table 3. Genetic diversity of C. drupifera germplasm resources
	DNA fragment
	SRAP markers
	The 7 aligned Chloroplast DNA sequences

	
	Observed number of alleles (Na)
	Effective number of alleles (Ne)
	Nei's gene diversity (H)
	Shannon's information index (I)
	Percentage of polymorphic sites (P, %)
	Number of polymorphic sites (S)
	Number of haplotypes (h)
	Haplotype diversity (Hd)
	Nucleotide diversity (Pi)
	Theta-W
	Average number of nucleotide differences (K)
	Haplotypes (frequency, %)

	MDY
	1.453
	1.278
	0.161
	0.239
	45.30
	1
	2
	0.400
	0.00016
	0.00020
	0.400
	H1(80), H2(20)

	BQY
	1.440
	1.263
	0.154
	0.230
	43.96
	19
	5
	1.000
	0.00335
	0.00372
	8.200
	H3(20), H4(20), H5(20), H6(20), H7(20)

	NDY
	1.433
	1.257
	0.150
	0.223
	43.29
	2
	4
	0.900
	0.00049
	0.00039
	1.200
	H1(20), H2(20), H5(40), H8(20)

	TNY
	1.379
	1.240
	0.139
	0.206
	37.92
	1
	2
	0.400
	0.00016
	0.00020
	0.400
	H1(80), H2(20)

	WSG
	1.389
	1.240
	0.139
	0.207
	38.93
	5
	4
	0.900
	0.00082
	0.00098
	2.000
	H1(20), H2(40), H9(20), H10(20)

	TJG
	1.389
	1.230
	0.134
	0.201
	38.93
	1
	2
	0.600
	0.00024
	0.00020
	0.600
	H1(60), H2(40)

	LJTL
	1.430
	1.249
	0.147
	0.222
	42.95
	3
	3
	0.800
	0.00057
	0.00059
	1.400
	H1(40), H2(40), H11(20)

	HTDL
	1.359
	1.206
	0.121
	0.182
	35.91
	34
	5
	1.000
	0.00571
	0.00666
	14.000
	H12(20), H13(20), H14(20), H15(20), H16(20)

	JZ
	1.352
	1.204
	0.121
	0.182
	35.23
	10
	5
	1.000
	0.00163
	0.00196
	4.000
	H17(20), H18(20), H19(20), H20(20), H21(20)

	SD
	1.342
	1.208
	0.121
	0.181
	34.23
	4
	4
	0.900
	0.00065
	0.00078
	1.600
	H17(40), H20(20), H22(20), H23(20)

	NBA
	1.295
	1.165
	0.097
	0.147
	29.53
	3
	3
	0.700
	0.00057
	0.00059
	1.400
	H17(60), H24(20), H25(20)

	JX
	1.322
	1.187
	0.111
	0.166
	32.21
	5
	4
	0.900
	0.00106
	0.00098
	2.600
	H22(20), H26(40), H27(20), H28(20)

	CK
	1.305
	1.173
	0.103
	0.156
	30.54
	1
	2
	0.400
	0.00016
	0.00020
	0.400
	H17(80), H26(20)

	NSC
	1.332
	1.184
	0.109
	0.165
	33.22
	7
	4
	0.900
	0.00122
	0.00137
	3.000
	H17(40), H22(20), H26(20), H29(20)

	LPA
	1.312
	1.170
	0.101
	0.154
	31.21
	5
	3
	0.700
	0.00090
	0.00098
	2.200
	H23(20), H26(60), H30(20)

	NS
	1.396
	1.227
	0.135
	0.203
	39.60
	8
	4
	0.900
	0.00139
	0.00157
	3.400
	H17(40), H26(20), H31(20), H32(20)

	SYLC
	1.329
	1.201
	0.117
	0.174
	32.89
	2
	2
	0.400
	0.00033
	0.00039
	0.800
	H17(80), H33(20)

	XS
	1.329
	1.196
	0.115
	0.172
	32.89
	3
	4
	0.900
	0.00049
	0.00059
	1.200
	H17(40), H18(20), H26(20), H34(20)

	FL
	1.262
	1.156
	0.091
	0.137
	26.17
	13
	5
	1.000
	0.00229
	0.00255
	5.600
	H17(20), H26(20), H35(20), H36(20), H37(20)

	ZX
	1.373
	1.214
	0.126
	0.190
	37.25
	9
	3
	0.700
	0.00155
	0.00176
	3.800
	H2(20), H17(60), H38(20)

	LS
	1.300
	1.201
	0.116
	0.171
	29.87
	1
	2
	0.600
	0.00024
	0.00020
	0.600
	H17(60), H26(40)

	WL
	1.325
	1.206
	0.117
	0.173
	32.55
	3
	3
	0.800
	0.00057
	0.00059
	1.400
	H17(40), H22(40), H23(20)

	JFL
	1.329
	1.207
	0.119
	0.177
	32.89
	6
	4
	0.900
	0.00122
	0.00118
	3.000
	H17(20), H39(40), H40(20), H41(20)

	XYL
	1.329
	1.187
	0.112
	0.169
	32.89
	10
	3
	0.700
	0.00163
	0.00196
	4.000
	H17(60), H26(20), H42(20)

	MNL
	1.319
	1.194
	0.112
	0.168
	31.88
	2
	3
	0.700
	0.00041
	0.00039
	1.000
	H17(60), H26(20), H43(20)

	WY
	1.305
	1.200
	0.116
	0.171
	30.54
	4
	4
	0.900
	0.00065
	0.00078
	1.600
	H17(40), H22(20), H26(20), H44(20)

	LY
	1.329
	1.191
	0.112
	0.168
	32.89
	1
	2
	0.400
	0.00016
	0.00020
	0.400
	H17(80), H22(20)

	MP
	1.292
	1.179
	0.103
	0.154
	29.19
	12
	4
	0.900
	0.00204
	0.00235
	5.000
	H8(20), H17(40), H43(20), H45(20)

	SJ
	1.322
	1.199
	0.115
	0.171
	32.21
	2
	3
	0.800
	0.00041
	0.00039
	1.000
	H17(40), H22(40), H34(20)

	FH
	1.268
	1.168
	0.097
	0.144
	26.85
	2
	3
	0.700
	0.00041
	0.00039
	1.000
	H17(60), H26(20), H46(20)

	WB
	1.302
	1.189
	0.108
	0.160
	30.20
	2
	3
	0.800
	0.00041
	0.00039
	1.000
	H17(40), H26(40), H47(20)

	LF
	1.279
	1.175
	0.101
	0.150
	27.85
	2
	3
	0.800
	0.00041
	0.00039
	1.000
	H17(40), H26(40), H43(20)

	Hainan Island populations
	1.842
	1.281
	0.181
	0.292
	84.23
	44
	33
	0.774
	0.00089
	0.00335
	2.172
	

	Hainan Island population CV (%)
	2.293
	1.446
	9.068
	8.963
	9.49
	75.141
	26.043
	22.971
	71.091
	75.118
	71.019
	

	Average of Hainan Island populations 
	1.319
	1.191
	0.111
	0.167
	31.87
	4.875
	3.333
	0.766
	0.00086
	0.00095
	2.125
	

	Mainland populations
	1.752
	1.319
	0.196
	0.306
	75.17
	39
	16
	0.815
	0.00209
	0.00374
	5.115
	

	Mainland population CV (%)
	2.416
	1.761
	8.786
	8.538
	8.28
	145.850
	38.591
	33.428
	140.715
	145.636
	140.588
	

	Average of mainland populations
	1.409
	1.245
	0.143
	0.214
	40.90
	8.250
	3.375
	0.750
	0.00142
	0.00161
	3.525
	

	Among species
	1.902
	1.313
	0.200
	0.320
	90.27
	69
	47
	0.861
	0.00238
	0.00499
	5.841
	

	Among-species CV (%)
	3.742
	2.496
	14.644
	14.475
	14.70
	117.111
	29.035
	25.315
	111.587
	117.000
	111.495
	

	Average among species
	1.341
	1.205
	0.119
	0.179
	34.12
	5.718
	3.343
	0.762
	0.00101
	0.00112
	2.475
	

	P
	0.307
	0.326
	0.431
	0.372
	0.324
	0.000**
	0.043*
	0.095
	0.000**
	0.000**
	0.000**
	


Table 4. Genetic differentiation coefficient, genetic diversity and analysis of molecular variance (AMOVA) of C. drupifera based on SRAP markers
	Population
	Ht
	Hs
	Gst
	Nm
	R
	Source of variation
	d.f.
	Sum of squares
	MS
	Variance component
	Percentage of variation (%)
	P

	Mainland populations
	0.196
	0.143
	0.270
	1.353
	0.20900
	Among populations
	7
	1616.432
	230.919
	8.750
	29
	0.001

	
	
	
	
	
	
	Within populations
	184
	3848.625
	20.916
	20.916
	71
	

	Hainan Island populations
	0.181
	0.112
	0.385
	0.799
	0.00049
	Among populations
	23
	5865.317
	255.014
	10.833
	40
	0.001

	
	
	
	
	
	
	Within populations
	505
	8326.483
	16.488
	16.488
	60
	

	Total
	0.199
	0.119
	0.400
	0.749
	0.55245
	Among populations
	31
	9337.244
	301.201
	12.592
	42
	0.001

	
	
	
	
	
	
	Within populations
	689
	12175.108
	17.671
	17.671
	58
	


Table 5. Genetic differentiation coefficient, genetic diversity, analysis of molecular variance (AMOVA), neutrality test (Tajima’s D and Fu’s F tests) of C. drupifera based on the cpDNA sequences
	Population
	Ht
	Hs
	Gst
	Nst
	Nm
	Fst
	R
	Tajima’s D
	Fu’s Fs
	Source of variation
	d.f.
	Sum of squares
	MS
	Variance component
	Percentage of variation (%)
	P

	Mainland populations
	0.823
	0.750
	0.089
	0.250
	0.995
	0.33455
	-0.11677
	 -1.55161
	-2.41361
	Among populations
	7
	43.350
	6.193
	0.886
	33
	0.001

	
	
	
	
	
	
	
	
	
	
	Within populations
	32
	56.400
	1.763
	1.763
	67
	

	Hainan Island populations
	0.929
	0.879
	0.054
	0.020
	21.722
	0.02250
	0.04007
	-2.31467**
	-2.45270*
	Among populations
	23
	27.250
	1.185
	0.024
	2
	0.124

	
	
	
	
	
	
	
	
	
	
	Within populations
	96
	102.000
	1.063
	1.063
	98
	

	Total
	0.864
	0.762
	0.117
	0.612
	0.358
	0.68080
	0.61157
	-1.66070
	-2.36131*
	Among populations
	31
	305.938
	9.869
	1.726
	58
	0.001

	
	
	
	
	
	
	
	
	
	
	Within populations
	128
	158.400
	1.238
	1.238
	42
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Figure 1. Sampling and distribution of C. drupifera
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Figure 2. NJ dendrogram of the 33 tested populations based on nrDNA
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Figure 3. NJ dendrogram of the 33 tested populations based on cpDNA
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Figure 4. PCA of the 32 tested populations based on SRAP data
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Figure 5. PCA of the 32 tested populations based on cpDNA data
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Figure 6. Genetic STRUCTURE analysis based on Bayesian clustering of the SRAP data

Note: Nos. 1~32 represent the MDY, BQY, NDY, TNY, WSG, TJG, LJTL, HTDL, JZ, SD, NBA, JX, CK, NSC, LPA, NS, SYLC, XS, FL, ZX, LS, WL, JFL, XYL, MNL, WY, LY, MP, SJ, FH, WB, and LF populations, respectively.
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Figure 7. Genetic STRUCTURE analysis based on Bayesian clustering of the cpDNA data

Note: Nos. 1~32 represent the MDY, BQY, NDY, TNY, WSG, TJG, LJTL, HTDL, JZ, SD, NBA, JX, CK, NSC, LPA, NS, SYLC, XS, FL, ZX, LS, WL, JFL, XYL, MNL, WY, LY, MP, SJ, FH, WB, and LF populations, respectively.
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Figure 8. Mismatch distribution plots for the 32 tested populations of C. drupifera in China
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Figure 9. Mismatch distribution plots for the 8 tested populations of C. drupifera in mainland China
[image: image10.png]Frequency

035

030

025

020

015

010

005

000

W Freq. Obs. I Freq. Exp.

0 13 16 19 2 2
Pairwise Differences




Figure 10. Mismatch distribution plots for the 24 tested populations of C. drupifera from Hainan Island
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Figure 11. Forty-seven-haplotype distribution map of C. drupifera
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 Figure 12. NJ dendrogram of 47 haplotypes of C. drupifera based on cpDNA data
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Figure 13. The TCS network of 47 haplotypes of C. drupifera based on cpDNA data

Note: Cluster1 represents Hainan Island individuals, Cluster2 represents mainland individuals
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