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Bretschneidera sinensis is an endangered woody species found in East and South China. Comprehensive intraspecies chloroplast genome studies have demonstrated novel genetic resources to assess the genetic variation and diversity of this species. Using genome skimming method, we assembled the whole chloroplast genome of 12 genotypes of B. sinensis from different geographical locations, covering most wild populations. The B. sinensis chloroplast genome size ranged from 158,959 to 159,045 base pairs (bp) and displayed a typical circular quadripartite structure. Comparative analyses of 12 B. sinensis chloroplast genome revealed 33 polymorphic simple sequence repeats (SSRs), 105 polymorphic single nucleotide polymorphisms (SNPs), and 55 indels. Phylogenetic analysis showed that the 12 genotypes were grouped into 2 branches, which is consistent with the geographical distribution (Eastern clade and Western clade). Divergence time estimates showed that the two clades were divergent from 0.6 Ma in the late Pleistocene. Ex situ conservation is essential for this species. In this study, we identified SNPs, indels, and microsatellites of B. sinensis by comparative analyses of chloroplast genomes and determined genetic variation between populations using these genomic markers. Chloroplast genomic resources are also important for further domestication, population genetic, and phylogenetic analysis, possibly in combination with molecular markers of mitochondrial and/or nuclear genomes.
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INTRODUCTION

Bretschneidera sinensis Hemsl. is an endangered species endemic to south China and the adjacent area in Vietnam, and is infrequent in evergreen broad-leaved or mixed evergreen and deciduous forests (Lu and Boufford, 2005). According to morphological evidence, this species was placed in Sapindaceae, as the only species of the monogeneric family, Bretschneideraceae (Tobe and Peng, 1990; Tobe and Raven, 1995). Phylogenetic studies have shown that Bretschneidera is a monotypic genus of Akaniaceae, which compose of only two species, B. sinensis and Akania bidwillii (Hend. ex R.Hogg) Mabb. (The Angiosperm Phylogeny, 2016).

Bretschneidera sinensis is a relict species, and its population has declined with habitat destruction and fragmentation, due to deforestation and destructive collection of seedlings (Wang et al., 2008; Qi et al., 2009). On the other hand, its slow growing speed, predominant outcrossing reproductive system and short-distant dispersal seeds are significant obstacles to its natural regeneration (Wang et al., 2011). This species has a low pollination rate and survivorship of seeds (Qi et al., 2009; Qiao et al., 2012), and global warming may shrink its distribution, further aggravating its extinction (Guo et al., 2020). B. sinensis is listed on the IUCN Red List of threatened species as “endangered,” and is included in the “Wild plants of national priority protection in China (Category-II).”

Delineation of genetic diversity is a critical step for endangered species in plant conservation, especially for determining management policies and protective units. Understanding genetic diversity and genetic divergence will also help avoid the potential risks of inbreeding depression and clarify the causes of declining population sizes (Escudero et al., 2003). Species with high genetic diversity have more alleles, and more polymorphisms may alter responses to environmental changes; thus, these plants may exhibit greater adaptability (Ellegren and Galtier, 2016). Plant species with lower genetic diversity may suffer bottlenecks or long periods with small population sizes and possible eventual extinction. Knowledge and evaluation of the genetic variation between and within populations provide important information for defining protection units and for the formulation of appropriate management strategies directed at species conservation.

Previously, several markers have been used to evaluate the genetic diversity of B. sinensis, including amplified fragment length polymorphism (AFLP) (Hu et al., 2017), random amplified polymorphic DNA (RAPD) (Wang et al., 2008), inter-simple sequence repeats (ISSRs) (Liang et al., 2012; Xu et al., 2013; Hu et al., 2014), microsatellite (SSR) (Guan et al., 2012; Li et al., 2016), and several chloroplast sequence markers (Wang et al., 2018). These results showed that the genetic diversity of B. sinensis was low within populations but relatively high at the species level (Hu et al., 2014, 2017; Wang et al., 2018). However, these markers exhibit low stability and reproducibility. Developing more effective genetic markers, such as the whole chloroplast genome, will be essential to assess genetic divergence and diversity in the genomic era.

Chloroplast genomes lack recombination and have a slower mutation rate compared with nuclear genomes. Chloroplast genome sequences in particular are a popular method in the evolutionary biology, such as the reconstruction of plant relationships at the systemic level (Dong et al., 2021a,2022a,b). Chloroplast genomes are typically inherited uniparentally, creating a complement for biparentally inherited markers, such as nuclear markers. Furthermore, uniparental inheritance shows a clear geographical structure and chloroplast genome markers are widely used in phylogeography studies. Whole chloroplast genomes contain numerous single nucleotide polymorphisms (SNPs), microsatellites (SSRs), and indels at the intraspecies level (Huang et al., 2014; Van Der Merwe et al., 2014; Perdereau et al., 2017; Cao et al., 2018; Cheng et al., 2019), which have been used to estimate population differentiation, genetic diversity, gene flow, and biogeographical structure. These chloroplast markers can also be used to investigate endangered plant’s conservation processes, such as assessing genetic structure and defining protection units.

It will be important to access whole chloroplast genome sequence variability, identify genomic resources, and determine the genetic divergence of endangered B. sinensis. This is the first study to use identified chloroplast genomic resources to examine the genetic variation and genetic diversity of B. sinensis. The results of this study provide valuable genomic resources that may be combined with ecological and evolutionary information to guide conservation of this species.



MATERIALS AND METHODS


Plant Materials, DNA Extraction, and Sequencing

Twelve genotypes of B. sinensis, representing the geographical distribution of this species, were used in this study. Sample information is provided in Table 1 and Figure 1. Young leaves of B. sinensis were collected for silica gel conservation. Total DNA was extracted using a modified CTAB DNA extraction protocol (Li et al., 2013). DNA concentration was measured using the Qubit 2.0 Fluorometer (Thermo Fisher Scientific) and DNA with a total concentration >1 μg were used for Illumina sequencing.


TABLE 1. Sampling information and chloroplast genome sequences information of B. sinensis.
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FIGURE 1. Sampling locations of the B. sinensis individuals investigated.


Genome skinning was used to sequence the chloroplast genomes of B. sinensis (Straub et al., 2012; Dong et al., 2022b). Total DNA was sheared to 350 bp fragments using an ultrasonicator, and 350 bp insert libraries were constructed for Illumina sequencing according to the manufacturer’s instructions (Illumina, San Diego, CA, United States). The library was paired-end sequenced (150 bp) on the Illumina HiSeq X-Ten at Novogene (Tianjin, China); each sample yielded approximately 5 Gb data.



Chloroplast Genome Assembly and Annotation

Raw data were cleaned and filtered using Trimmomatic 0.36 (Bolger et al., 2014), with the following parameters: LEADING, 20; TRAILING, 20; SLIDING WINDOW, 4:15; MIN LEN, 36; and AVG QUAL, 20. Two methods were used to assemble the chloroplast genomes. First, the clear data were directly inputted into GetOrganelle (Jin et al., 2020) with k-mer lengths of 85, 95, and 105. If the GetOrganelle was failed assembly the complete chloroplast genome, we selected the second method to finish it. For the second method, the clean data was assembled into contigs using the SPAdes 3.6.1 program (k-mer = 95) (Bankevich et al., 2012). Chloroplast genome contigs were selected using the Blast program (Altschul et al., 1990), with the complete B. sinensis chloroplast genome from GetOrganelle as the reference. The selected contigs were assembled using Sequencher 5.4.5 (Gene Codes Corporation, Ann Arbor, MI, United States1). The gaps between the contigs were filled using the clean reads that were mapped to the contigs using Geneious 8.1 (Kearse et al., 2012).

Whole chloroplast sequences were annotated using Plann (Huang and Cronk, 2015) and the published sequence of B. sinensis (GenBank accession number: MG189708) was used as the reference. Annotation was confirmed in Geneious. Complete chloroplast genomes were depicted using OGDRAW (Greiner et al., 2019) and annotated chloroplast genomes were deposited in GenBank under the accession numbers of OM629188 to OM629198.



Simple Sequence Repeats

Microsatellites were identified using Genome-wide Microsatellite Analyzing Tool Package (GMATA) software (Wang and Wang, 2016). The minimum number of repetitions was set to 10 for mononucleotides, 5 for dinucleotides, 4 for trinucleotides, and 3 repeat units for tetranucleotides, pentanucleotides, and hexanucleotides. The SCHY genotype was used to represent the species of B. sinensis to count the number of repeats and SSRs.



Intraspecific Variations of Bretschneidera sinensis

Single nucleotide polymorphisms and indels were identified to demonstrate intraspecific variations in the chloroplast genome sequences of B. sinensis. The chloroplast genome sequences were aligned with MAFFT 7 (Katoh and Standley, 2013) and adjusted manually using Se-Al 2.0 (Rambaut, 1996). SNPs were calculated using MEGA X (Kumar et al., 2018), and indels were identified using DnaSP 6 (Rozas et al., 2017). The number, location, and direction of SNPs and indels were determined using the SCHY genotype chloroplast genome as the standard reference.



Phylogenetic Inference

Maximum likelihood (ML) and Bayesian inference (BI) methods were used to infer phylogenetic relationships. The best-fit substitution mode was conducted using ModelFinder (Kalyaanamoorthy et al., 2017) under the Bayesian information criterion. ML tree was generated in RAxML-NG (Kozlov et al., 2019) and the node support values were determined using 500 rapid bootstrap replicates. Mrbayes v3.2 (Ronquist et al., 2012) was used to perform the BI tree. Markov Chain Monte Carlo (MCMC) analysis was run for 2 × 10,000,000 generations and sampled every 1,000 generations. Stationarity was considered to be reached when the average standard deviation of split frequencies remained below 0.001 after the 25% burn-in.



Divergence Time Analyses

We used BEAST v2.5.1 (Bouckaert et al., 2014) to estimate the divergence times of the two clades of B. sinensis (see section “Results”) based on the 79 coding genes in the chloroplast genomes. The dataset includes 41 samples of Brassicales (Supplementary Table 1). Coding genes were extracted using a custom Python script. Each gene was aligned using MAFFT independently and concatenated using PhyloSuite 1.2.2 (Zhang et al., 2020). The coding genes accD, ycf1, and ycf2 were not included because of the number of indels in the alignment. In total, this dataset included 79 genes and 45 samples.

Four priors were used to calibrate the analysis according the results of Edger et al. (2015): (1) the stem age of Brassicales (the root of the tree) was 112 Ma; (2) the crown age of Brassicales was 89.5 Ma; (3) the crown age of Brassicaceae was 31.8 Ma; and (4) the average age of the most recent common ancestor of Tropaeolaceae/Akaniaceae was 36.3 Ma. The prior distributions of the four calibration points were set as a normal distribution, with a standard deviation of 1.0.

GTR nucleotide and Yule speciation models were selected. MCMC analysis was run for 500 million generations with sampling every 1,000 generations. The stationary phase was examined using Tracer 1.6 (Rambaut et al., 2014) to evaluate convergence and to ensure a sufficient and effective sample size (ESS) for all parameters surpassing 200. The first 10% of the trees were discarded as burn-in, and the MCC tree was generated with mean heights in TreeAnnotator.




RESULTS


Chloroplast Genome Features of Bretschneidera sinensis

The chloroplast genomes of B. sinensis ranged from 158,959 bp (JXXF) to 159,045 bp (GZJK) and displayed a typical circular quadripartite structure, consisting of a pair of inverted repeat (IR) regions (26,636 bp) separated by a large single copy (LSC) region (86,890–86,959 bp) and a small single copy (SSC) region (18,797–18,814 bp) (Figure 2). The overall GC content of the chloroplast genome was 37.0–37.1%, while the GC contents of the SSC, LSC, and IR regions were 31.0, 35, and 42.5–42.6%, respectively (Table 1). We mapped the reads of each sample to its own chloroplast genome (Supplementary Figures 1, 2). All reads of every sample were mostly consistent, suggesting that there was not a polymorphism structure.
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FIGURE 2. Gene maps of the B. sinensis chloroplast genomes. Genes on the inside of the large circle are transcribed clockwise, and those on the outside are transcribed counterclockwise. The genes are color-coded based on their functions. The dashed area represents the GC composition of the chloroplast genome.


We annotated 112 unique functional genes in the B. sinensis chloroplast genome, consisting of 78 protein-coding genes, 30 transfer RNA genes, and 4 ribosomal RNA genes. A total of 62 protein-coding and 22 tRNA genes were located in the LSC region, 12 protein-coding and 1 tRNA gene in the SSC region, and 6 protein-coding, 8 tRNA, and all 4 rRNA genes in the IR region. Among these genes, 14 had 1 intron and 2 (clpP and ycf3) had 2 introns. The matK gene was located in trnK-UUU, which is the largest intron in the chloroplast genome, and the rps12 gene was trans-spliced, with two copies of the 3′ end in the IR region with two copies, and the 5′ end in the LSC region.

We compared the IR boundary regions of the two species of Akaniaceae (Figure 3), and the results showed that the borders of the Akaniaceae chloroplast genome were very similar. In Akaniaceae, the boundary was in the rps19 gene on the LSC/IRb. The IRa/SSC border extended into ycf1, resulting in a pseudogene of 1,109 bp in B. sinensis and 1,097 bp in Akania lucens. The trnH-GUG gene was located downstream of the IRa/LSC border, a by 24 bp in B. sinensis and 23 bp in A. lucens.
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FIGURE 3. Comparison of the border positions of the LSC, SSC, and IR regions among the chloroplast genomes of two genera of Akaniaceae.




Simple Sequence Repeats in Bretschneidera sinensis Plastomes

A total of 98 SSRs were identified in the chloroplast genomes (Supplementary Table 2 and Figure 4). These SSRs included 65 mononucleotide, 14 dinucleotide, 12 tetranucleotide, and 7 trinucleotide SSRs. There were no pentanucleotide or hexanucleotide repeats in the B. sinensis plastomes. Most SSR types were composed of A/T with minimal G/C, e.g., all the mononucleotide SSRs were composed of A/T. The LSC region contained the most significant SSRs (78.26%), followed by the SSC region (13.04%). Non-coding regions (introns and spacers) contained the majority of SSRs (89.13%); only four coding genes (rpoC1, rpoB, cemA, and ycf1) included SSRs. After in silico comparative analysis, 33 SSRs were found to be polymorphic across the 12 genotypes of B. sinensis plastomes (Table 2). All polymorphic SSRs were located in the LSC region, except one each in the IR (trnV-rps7) and SSC (ndhD-psaC) regions. With the exception of one dinucleotide SSR (trnT-trnL), the other polymorphic SSRs were mononucleotide repeats. The space of ycf4-cemA contained the highest number of polymorphic SSRs (three), followed by trnE-trnT, trnT-trnL, psbE-petL, and rpl16 introns with two polymorphic SSRs. The remaining 18 spacers and 4 introns contained 1 polymorphic SSR each. The primers for the polymorphic SSRs are shown in Table 2.
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FIGURE 4. Type and distribution of simple sequence repeats (SSRs) in B. sinensis chloroplast genomes. (A) Number of different SSR types detected by MISA. (B) Number of SSRs in the LSC, SSC, and IR regions. (C) Number of SSRs in spacers, exons, and introns. (D) Frequencies of identified SSR motifs in the different repeat classes.



TABLE 2. Polymorphic SSRs identified from in silico comparative analysis of 12 genotypes of B. sinensis plastomes.
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Numbers and Mutation Patterns of Single Nucleotide Polymorphisms

Alignments of the chloroplast genomes of the 12 B. sinensis samples showed 159,111 bp, including 105 polymorphic sites, 40 singleton variable sites, and 68 parsimony informative sites (Table 3 and Supplementary Table 3). The SNPs included 42 transition (Ts) and 63 transversion (Tv) sites, with a Tv to Ts ratio of 1: 1.5. The most frequent SNP mutation types were C to A and G to T; G to C or C to G mutations were less (Figure 5). There were 80 SNPs in LSC regions, 4 in IR regions, and 17 in SSC regions (Supplementary Table 2). Sixty-five sequence regions, comprising 34 spacer regions, 21 coding regions, and 10 intron regions, harbored SNPs. The ycf1 gene had the highest number of SNPs (6), followed by the psbM-trnD spacer (5).


TABLE 3. Chloroplast genome sequence variable in the B. sinensis.
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FIGURE 5. Patterns of SNPs among the B. sinensis samples. Nucleotide substitutions were divided into six types as indicated by the six non-strand-specific base-substitution types (i.e., numbers of G to A and C to T sites for each respective set of associated mutation types).


The IR region exhibited the lowest divergence according to nucleotide diversity and number of haplotypes; overall nucleotide diversity was 0.00026. Based on whole plastome sequences, each sample had a unique haplotype, and the IR region contained only five haplotypes. According to the genetic distance results, the largest divergence was observed between samples HNCL and JXXF and the lowest between ZJQZ and ZJLQ and between GGGZ and YNXC (Figure 6).


[image: image]

FIGURE 6. Pairwise genetic distances between B. sinensis samples.




Numbers and Length of Indels

We identified 55 indels in the 12 B. sinensis chloroplast genomes (Figure 7 and Supplementary Table 4). All indels were located in non-coding regions. A total of 37 sequence regions harbored indels; psbE-petL and rpl32-trnL had the most indels (4), followed by trnT-trnL (3). The length of indels ranged from 1 to 30 bp, indels of 1, 2, and 6 bp were the most common. The largest indel (30 bp), found in the matK-trnK spacer, was an insertion in the GGGZ, YNXC, HNCL, and GZJK genotypes. The second largest indel (28 bp) was a deletion in the trnT-trnL spacer in the JXXF genotype.
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FIGURE 7. Numbers and patterns of indels among the B. sinensis chloroplast genomes. (A) Numbers and sizes of indels. (B) Numbers of indels in the LSC, SSC, and IR regions. (C) Numbers of SSRs in spacers, exons, and introns.




Phylogenetic Relationships

Phylogenetic relationships among B. sinensis genotypes were inferred using the chloroplast genomes; the phylogenetic tree is presented in Figure 8. The ML and BI trees were congruent, and both trees support grouping of the 12 genotypes into 2 branches with 100% bootstrap support and 1.0 posterior probabilities. The two branches were congruent with the locations of genotypes; these were defined as the Eastern and Western clades. The Eastern clade included five genotypes, and the JXSY genotype was the earliest diverging lineage. Two genotypes from Zhejiang (ZJLQ and ZJQZ) had closer relationships. The YNPB genotype was the earliest diverging lineage in the Western clade. The genotypes GGGZ and YNXC, and GZJK and HNCL, formed sister groups.
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FIGURE 8. Phylogenetic relationships among B. sinensis samples. ML topology is shown with the ML bootstrap support value and Bayesian posterior probability at each node. ML values < 50 and BI values < 0.7 were not present.




Divergence Times

Divergence time estimates showed that the stem note of Bretschneideraceae was dated to 36.01 Ma during the Eocene (Figure 9). The crown age of Bretschneideraceae was 9.7 Ma in the late Miocene and the two clades of B. sinensis were divergent from 0.6 Ma in the late Pleistocene.
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FIGURE 9. Divergence times of Brassicales obtained from BEAST analysis. Mean divergence time of the nodes is shown next to the nodes, while the blue bars correspond to the 95% highest posterior density.





DISCUSSION


Intra-Species Chloroplast Genome Sequence Variation in Bretschneidera sinensis

Using genome skimming, we obtained complete chloroplast genome sequences for 12 B. sinensis genotypes, which will be important for the discovery of molecular markers and detection of genetic diversity. Using these sequences, we detected genetic variations, including SSRs, SNPs, and indels, which are important for population genetics studies.

Simple sequence repeats, which consist of tandemly repeated motifs of 6 bp or less, are widely used in population studies and are considered highly variable markers (Schlotterer, 2000). Chloroplast genome SSRs (cpSSRs) have become widely used chloroplast genome markers previously (Xu et al., 2002; Yang et al., 2011) for cultivated origins of crops and population studies of wild plants. As with other species (Dong et al., 2021a,b), mononucleotide repeats are the most common, ranging in size from 10 to 30 bp. Thirty-three polymorphic SSRs across the 12 genotypes of the B. sinensis chloroplast genome were identified after in silico comparative analysis, which investigated genetic divergence and gene flow among different populations and phylogeographical studies.

Only 105 SNPs were detected in the B. sinensis chloroplast genome and a mutation bias in the SNP patterns was observed. AT to TA and GC to CG occurred significantly less frequently (Figure 5). In general, because of less natural selection, non-coding regions tend to contain more SNPs. However, there was no significant difference in the distribution of SNPs in the Dioscorea polystachya chloroplast genome. The ycf1 and psbM-trnD markers included more SNPs and showed higher divergence at the species level (Dong et al., 2012, 2015).

Indels are common mutation events in the chloroplast genome (Dong et al., 2020), and studies have shown indels are derived from, and accelerate nucleotide substitutions mutations (Tian et al., 2008; Hollister et al., 2010; Mcdonald et al., 2011), revealing the importance of indels as a source of genetic variation. In the B. sinensis chloroplast genome, we identified 55 indel events, which is less than SNPs. Most indels occurred between the two clades indicating indels take a long time to be retained. The two regions containing a higher number of indels, psbE-petL and rpl32-trnL, were variable regions in the chloroplast genome, as indicated previously (Shaw et al., 2005, 2007). Adding indel information significantly increases resolution compared with simple substitution-based matrices of chloroplast DNA sequences (Dong et al., 2020).



Genetic Divergence of Bretschneidera sinensis

Analysis of the chloroplast genome sequences of B. sinensis revealed significant genetic divergences. There are two possible explanations for this divergence. First, B. sinensis is a long-lived species with insect-pollinated flowers and heterogeneous pollinators, which are suitable for maintaining rich genetic variation (Qiao et al., 2012). Second, the divergence time supported an origin of B. sinensis in the late Miocene (Figure 9), suggesting B. sinensis is a relict species of the Tertiary palaeotropical flora and was once widely distributed continuously in a subtropical region, which may be the basis of its genetic divergence. However, the genetic diversity within populations is quite low according to the ISSRs (Hu et al., 2014) and chloroplast markers (Wang et al., 2018). Seeds of B. sinensis with short-distance dispersal may contribute to the lower genetic divergence in certain populations (Wang et al., 2018).

The 12 genotypes were separated into two clades consistent with the geographical distribution (Eastern and Western clades) (Figure 1). The results were also supported by nuclear SNPs dataset (Liu et al., 2022). B. sinensis exhibited genetic divergence during the Quaternary glacial period, and in the meantime B. sinensis population size suffered a significant decline (Liu et al., 2022), suggesting at least two glacial refugia. The three genotypes of YNPB (Yunnan Province), SCTQ, and SCHY (Sichuan Province) were the early divergent lineages of the Western clade, and the tree nodes had short length, indicating rapid divergence over a short period. The Hengduan Mountains region may be the first glacial refugium of B. sinensis. The populations from Guizhou (QZJK), Hunan (HNCL), and Guangdong (GDGZ) Province were derived from the Hengduan Mountains, after the initial western colonization of B. sinensis. The second glacial refugium may be the Nanling Mountains and adjacent regions (Wang et al., 2018), and this region colonized the Eastern clade of B. sinensis. The populations of Fujian, Zhejiang, and even Taiwan Province were derived from this glacial refugium (Figures 1, 9; Wang et al., 2018). Besides Hengduan and Nanling Mountains, there may be other refugia preserving B. sinensis populations during the last glacial maximum. An alternative approach using Maxent model (Guo et al., 2020) provided evidence for putative glacial refugia of Jinfo Mountains and Dayao Mountains.



Conservation Implications for Bretschneidera sinensis

There are several ways a plant species may become endangered, such as lower intraspecific genetic variation, lower fecundity, poor adaptability, over-harvesting, and habitat destruction. Our results indicated that B. sinensis had higher genetic divergence among different natural populations and lower genetic diversity within populations according to SSRs, ISSRs, and several chloroplast markers (Xu et al., 2013; Li et al., 2016; Wang et al., 2018) suggesting that endangerment of this species is not due to the low evolutionary potential of the population. Several factors may be have contributed to the endangerment of B. sinensis. First, the Quaternary glaciation resulted in the fragmented distribution of B. sinensis. Second, the loss of habitat due to climate change and deforestation, especially the planting of fast-growing forests such as Cunninghamia lanceolata and Pinus massoniana over the past 50 years, has resulted in a serious loss of B. sinensis populations in ravines and streamside slopes. Third, biological characteristics such as low pollen transfer efficacy, weak fruit retention, and short flowering season are not suitable for the rehabilitation or reconstruction of natural populations (Qiao et al., 2012).

The ultimate goals of species conservation are to ensure sustainable survival of a species and to preserve populations with genetic divergence resulting in increased evolutionary potential (Moritz, 1999). According to a field survey, many populations were small with low genetic divergence, with limited renewal ability (Xu et al., 2013). Based on this and other genetic studies, ex situ conservation may be essential for endemic, rare, and relict species of B. sinensis. We can artificially increase gene flow among different populations with ex situ conservation, which substantially increases genetic diversity. All 12 populations exhibited genetic differences based on the chloroplast genome sequences (Figure 8) and possessed unique haplotypes. Protection of different populations could preserve the genetic variation of B. sinensis. On the other hand, it may be sufficient for each population to protect a few individuals owing to the lower genetic diversity within populations. Therefore, using genomic information to determine genetic variation within populations is important for establishing scientific conservation strategies.
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trnK-rps16 LSC Spacer T CATAGATAAAGTAACCAAAATT CTTTGGCTTTGCTGTGATACAAG 136
rps16-trnQ LSC Spacer T ATATGAATAAATATGAAAAAG TAATGCTTCATAGGGAATAAT 180
psbK-psbl LSC Spacer A TCTCTTAGCCTTTGTTTGGCAA GTGGTGGACTTTAATAGGTTCT 251
trnS-trnG LSC Spacer T AACAACAATCAGAAGCATAAGA AGGAAAAGAGGACTCATTTCAT 340
trnG intron LSC Intron A GATTTAATCCTTTACCTCTCA TTAGTTACGATTAGAAAGACA 210
rpoC1 intron LSC Intron T CTCCTGCAACCATGACATAGT TAGGAATGAGAAACTGTCATCT 291
petN-psbM LSC Spacer A GTTTCTAGATCGTTCTGCAAAGC CTGAAATAATCGAACGGCAAG 220
trnE-trnT LSC Spacer T ATTATTCATATAGAAATAGGCG TTGTCCCATCAGAACGAAATTT 251
trnE-trnT LSC Spacer A AGCTACTAGCCACTATGAGTCT ACTGTATAATTTCTAATTAAATTAT 316
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ycf4-cemA LSC Spacer T CCACTCATTTTTTATCATCACAA GAATAAGAATCCACTTCGAATGA 257
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