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Abstract
Tea is one of the most popular beverages across the world and is made exclusively from

cultivars of Camellia sinensis. Many wild relatives of the genus Camellia that are closely

related to C. sinensis are native to Southwest China. In this study, we first identified the dis-

tinct genetic divergence between C. sinensis and its wild relatives and provided a glimpse

into the artificial selection of tea plants at a genome-wide level by analyzing 15,444 genomic

SNPs that were identified from 18 cultivated and wild tea accessions using a high-through-

put genome-wide restriction site-associated DNA sequencing (RAD-Seq) approach. Six

distinct clusters were detected by phylogeny inferrence and principal component and

genetic structural analyses, and these clusters corresponded to six Camellia species/varie-
ties. Genetic divergence apparently indicated that C. taliensis var. bangwei is a semi-wild or

transient landrace occupying a phylogenetic position between those wild and cultivated tea

plants. Cultivated accessions exhibited greater heterozygosity than wild accessions, with

the exception of C. taliensis var. bangwei. Thirteen genes with non-synonymous SNPs

exhibited strong selective signals that were suggestive of putative artificial selective foot-

prints for tea plants during domestication. The genome-wide SNPs provide a fundamental

data resource for assessing genetic relationships, characterizing complex traits, comparing

heterozygosity and analyzing putatitve artificial selection in tea plants.

Introduction
Tea is one of the most popular non-alcoholic beverages and is consumed by more than one
third of the world’s population due to its stimulant effects, attractive aroma, refreshing taste
and health benefits [1]. The ancestors of the cultivated tea plants are native to Southwest
China, and cultivated varieties are now grown in the majority of tropical and subtropical
regions of the world. In these locations, tea is an economically important crop [2–5]. By far, the
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most commercially important variety of this evergreen woody crop is Camellia sinensis (L.) O.
Kuntze, which belongs to the section Thea of the genus Camellia in the family Theaceae. C.
sinensis includes two main varieties, i.e., C. sinensis var. sinensis and C. sinensis var. assamica.

Systematic studies of wild tea germplasm resources were initiated in 1980s and have identi-
fied numerous wild tea species that are native to the Yunnan province in Southwest China. The
majority of wild tea plants are close relatives of C. sinensis, such as C. tachangensis, C. taliensis
and C. crassicolumna and C. gymnogyna etc., all of which belong to section Thea [3, 5–6].
Although wild and cultivated varieties are monoecious, insectpollinated and self-incompatible
species, according to Zhang [3] and Ming [5], diverse morphophysiological traits, such as the
number of locules per ovary, the sizes of sepals and petals, the characters of leaves and pedicels
etc., exist between wild and cultivated varieties. Especially, C. tachangensis, C. taliensis and C.
crassicolumna have the features of the 5-locule ovaries, large sepals and petals, whearas C.
sinensis has the features of 3-locule ovaries, small sepals and petals. The accession of C. taliensis
var. bangwei, which was identified to be the only known semi-wild tea plant worldwide until
now because it exhibited characteristics of both cultivated and wild tea plants based on evi-
dence from previous morphological trait and karyotype analysis [7]. Diverse types of foliar
sclereids were also detected in C. sinensis and its wild relatives in section Thea [8]. Although C.
sinensis is currently the only mass-cultivated and commercially viable species, the use of other
wild relatives as beverages is being explored [9]. Most importantly, wild tea plants are reser-
voirs of genetic diversity that provide materials for molecular genetic studies and breeding pro-
grams that aim to engineer variants with improved yield, disease resistance and tolerance to
different environmental conditions [10].

C. sinensis and its wild relatives in the section Thea possess large genomes of 2.2–4.0 Gb [11–
12] that exhibit high heterozygosity due to genetic barriers such as self-incompatibility and the
depression of inbreeding. Genomic information is currently limited, which hinders molecular
genetic studies; however, a few molecular markers have been developed to study the genetic
diversity of and relationships between tea cultivars and wild relatives using approaches such as
amplified fragment length polymorphism (AFLP)[13–14], random amplified polymorphic DNA
(RAPD) [13,15–16], simple sequence repeat (SSR) [17–19], inter-simple sequence repeat (ISSR)
[20–21], internal transcribed spacer (ITS) [22] and chloroplast DNA loci [23–24] studies. How-
ever, these limited molecular markers cannot provide sufficient resolution for phylogenetic rela-
tionship inferences. With the advent of next-generation sequencing (NGS) technologies, two
recent studies reported the chloroplast genomes and phylogenetic relationships of a number of
Camellia species and varieties [25–26]. Because chloroplast genome data are limited in the capac-
ity to resolve phylogenetic relationships in species undergoing rapid evolution [27–28], it is nec-
essary to develop more genome data resources, including novel and high-throughput genomic
markers, to facilitate genome-scale molecular genetics research in cultivated and wild teas.

As the most abundant type of sequence variations distributed within genomes, SNPs can be
easily identified by sequence comparisons of both alleles of a diploid genome, expressed
sequence tags (ESTs), and unigenes derived from transcriptome sequences [29–31]. Due to
their low cost, high genotyping efficiency, genome-wide coverage and analytical simplicity
[32], SNPs have rapidly become the preferred marker type for comparative genetic studies. In
C. sinensis, totals of 818 and 1,786 EST-SNPs mined from ESTs and mRNA nucleotide
sequences in GenBank, respectively, were used to analyze the genetic relationships between
varieties [33–34]. Recently, the first reference genetic map of C. sinensis was constructed using
6,042 SNP markers from an F1 mapping population of tea cultivars through a specific-locus
amplified fragment sequencing (SLAF-seq) approach [35]. In contrast, few genomic SNPs have
been identified in the wild relatives of the genus Camellia and applied to the study of genetic
diversity and the relationships between cultivated and wild teas.
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The high-throughput NGS technologies have proven useful for the large-scale discovery of
genome-wide SNPs in complex genomes [36]; these technologies include RAD-seq [37], com-
plexity reduction of polymorphic sequences (CRoPS) [38], reduced representation libraries
(RRLs) [39], genotyping by sequencing (GBS) [40], sequence-based genotyping (SBG) [41] and
SLAF-seq [35], and have been widely used for genotyping and the development of genome-
scale genetic markers. Common to all of these approaches is the initial usage of restriction
enzymes and subsequent sequencing of a small section of the genome to reduce the complexity
of the target DNA. RAD-Seq, which was developed to identify polymorphic variants in geno-
mic regions adjacent to restriction enzyme digestion sites [37, 42], has proven to be particularly
suitable for species that lack a published genome sequence [43–45] and has provided genome-
scale SNP data that have successfully revealed information for phylogenetic inferences in Pedi-
cularis [46], temperate bamboos [47] and Chinese bayberry [48], population genetics [49–50],
species identification [51–52], species evolution [53] and phylogenomics [54–55]. Additionally,
RAD-Seq can also be utilized for association mapping [56] and genetic mapping [42, 57].

In this study, we used RAD-Seq for rapid, cost-effective, high-throughput SNP discovery in
18 cultivated and wild tea accessions belonging to the section Thea of the genus Camellia.
Using the identified genomic SNPs, we constructed the phylogenetic relationships among the
different accessions on a genome-wide scale. Furthermore, genic SNPs related to functional
genes and SNPs that have been under selective pressure during domestication were also
discussed.

Results and Discussion

High-throughput RAD sequencing and de novo SNP discovery
A total of 18 tea accessions of Camellia sinensis and its wild relatives from the genus Camellia
(Table 1) were used for the construction of RAD libraries and single-ended sequencing on Illu-
mina Hiseq 2000 platform. After trimming the barcodes, quality filtering and cleaning of the
raw reads, a total of 52.90 gigabase pairs (GB) of high-quality clean reads with a length of 41
nucleotides (nt) carrying 5 nt of the EcoRI recognition site and 36 nt of potentially variable
sequence were generated (93.2% of the raw data, 1.71 GB to 4.23 GB for each accession, with
an average of 2.94 GB per accession; Table 2 and S1 Table). All of the RAD data have been
deposited in Short Read Archive (SRA) of GenBank under accession SRP030678. Using the
Stacks pipeline [56], we initially obtained 18,290,143 candidates of the RAD tag loci from all of
the accessions and 5,674,749 heterozygous loci identified by genotyping (an average of 315,264
for each accession; Table 2 and S1 Table). Comparisons of these RAD tag loci between all
accessions ultimately revealed a total of 15,444 bi-allelic SNP loci shared by 14 or more acces-
sions (Table 2, S2 and S3 Tables), with an average sequencing depth of approximetely 42-fold
per nucleotide position, which corresponds to an average RAD genomic size of 0.56 megabase
pairs (MB) (Table 2 and S3 Table). Of the 15,444 SNPs, 9,227 (59.7%) were observed to be tran-
sitions (C/T or G/A), and 6,217 (40.3%) were transversions (C/T, A/G, C/A, or T/G; S1 Fig),
and the transition/transversion ratio (TI/TV) was 1.48, which is lower than the previously
reported 2.0 for EST-SNPs in tea [33], and similar to those of grapes (1.46) [59] and potatoes
(1.5) [60] and higher than that of soybeans (0.92) [61]. The frequency of C/T alleles was the
highest (4,695, 30.4% of all alleles; S1 Fig), which agree with the observations in tea ESTs [33]
and is similar to those of beans [62], maize [63] and Citrus spp. [64–65].

Genetic relationship between cultivated and wild accessions
To examine the genetic relationships between cultivated and wild accessions, a neighbor-join-
ing phylogenetic analysis [66–67] and principle component analysis (PCA) [68] were
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conducted using the 15,444 genomic SNPs. Based on the genetic distances of the genotyped
SNPs, the 18 accessions were clustered into six clades. The Css and Csa clades contained six cul-
tivars of C. sinensis var. sinensis (Css-1, Css-2, Css-3, Css-4 Css-5, and Css-6) and three cultivars
of C. sinensis var. assamica (Csa-1, Csa-2 and Csa-3). Another four clades (Ccc, Ctl, Ctb and
Ctg) were composed of wild accessions. The Ctb accession from C. taliensis var. bangwei
formed a cluster that was distinct from the other C. taliensis accessions, and the Ctg branch
contained the sole Ctg accession from C. tachangensis (Fig 1A). PCA using the first and second

Table 1. The 18 tea accessions ofCamellia sinensis and its wild relatives used in this study.

Code Accession Name Species/Varieties Sample
Type

Sampling Location

Ctl-1 Bada 1 C. taliensis wild Menghai country, Yunnan province

Ctl-2 Bada 4 C. taliensis wild Menghai country, Yunnan province

Ctl-3 Daxueshan C. taliensis wild Shuangjiang country, Yunnan province

Ccc-
1

Daweishan 1 C. crassicolumna wild Tai Wai Mountain National Nature Reserve, Pingbian country,
Yunnan province

Ccc-
2

Daweishan 2 C. crassicolumna wild Tai Wai Mountain National Nature Reserve, Pingbian country,
Yunnan province

Ccc-
3

Daweishan 4 C. crassicolumna wild Tai Wai Mountain National Nature Reserve, Pingbian country,
Yunnan province

Ccc-
4

Daweishan 5 C. crassicolumna wild Tai Wai Mountain National Nature Reserve, Pingbian country,
Yunnan province

Ctg Fuyuan C. tachangensis wild Fuyuan country, Yunnan province

Ctb Bangwei C. taliensis var.
bangwei

semi-wild Shuangjiang country, Yunnan province

Csa-1 Nanruoshan 1 C. sinensis var.
assamica

cultivated Nanruo Moutain, Menghai country, Yunnan province

Csa-2 Nanruoshan 2 C. sinensis var.
assamica

cultivated Nanruo Moutain, Menghai country, Yunnan province

Csa-3 Yunkang 10 C. sinensis var.
assamica

cultivated Tea Research Institute of Yunnan Academy of Agricultural
Science

Css-1 Shuchazao C. sinensis var.
sinensis

cultivated Agricultural plantations of Anhui Agricultural University

Css-2 Longjing 43 C. sinensis var.
sinensis

cultivated Agricultural plantations of Anhui Agricultural University

Css-3 Anhui 1 C. sinensis var.
sinensis

cultivated Tea Research Institute of Anhui Academy of Agricultural Science

Css-4 Tieguanyin C. sinensis var.
sinensis

cultivated Tea Research Institute of Fujian Academy of Agricultural Science

Css-5 Fudingdabai C. sinensis var.
sinensis

cultivated Tea Research Institute of Yunnan Academy of Agricultural
Science

Css-6 F1individual from “Yunkang
10 × Fudingdabai”

C. sinensis var.
sinensis

cultivated Tea Research Institute of Yunnan Academy of Agricultural
Science

doi:10.1371/journal.pone.0151424.t001

Table 2. Summary of the RAD sequencing and de novo SNP discovery in the 18 tea accessions.

Category Total counts Mean
counts

Total data size
(MB)

Mean data size
(MB)

Average depth
(X)

Raw reads 1,305,108,148 72,506,008 56,775.6 3,154.2 -

Clean reads 1,290,292,866 71,682,937 52,902.0 2,939.0 -

RAD tag loci 18,290,143 1,016,119 749.9 41.7 70.4

Heterozygous RAD tag loci 5,674,749 315,264 232.7 12.9 -

Bi-allelic SNPs identified from the 18 tea
accessions

15,444 13,669 0.63 0.56 41.5

doi:10.1371/journal.pone.0151424.t002
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eigenvectors identified six clusters, i.e., Css, Csa, Ccc, Ctl, Ctb and Ctg groups, which were con-
sistent with the phylogenetic clades. The PCA plot illuminated that the Css, Csa and Ctb clus-
ters were more disperse than the Ccc, Ctl and Ctg clusters (Fig 1B).

The estimation of the individual ancestries was performed based on maximum likelihood
using the admixture proportions (K represents the number of inferred populations) from 2 to 6
provided by the FRAPPE program [69] (Fig 1C). For K = 2, a division was identified between
the tested cultivated and wild accessions. Specifically, the Ctb accession displayed an admixture
of cultivated and wild accessions. When K = 3, the Ctl group was distinguished from any other
wild accession, and the Ctb accession appeared to share an ancestry with Ctl. At K = 4, the culti-
vated accessions were clearly divided into the Csa and Css groups (Fig 1C). The Ctb accession
exhibited an admixture of Ctl and Csa. For K = 6, the Ctg accession was separated from the Ccc
group within the wild accessions in contrast to the observations at K = 3. The three parallel
analyses (phylogenetic, principle component and genetic structure analyses) provided compre-
hensive molecular evidence regarding the species boundaries between C. sinensis var. sinensis,
C. sinensis var. assamica, C. crassicolumna, C. taliensis, C. taliensis var. bangwei and C.
tachangensis in the section Thea of the genus Camellia.

Tea accessions belonging to C. sinensis var. sinensis and C. sinensis var. assamica were genet-
ically distinct from the other four wild relatives/varieties in accordance with the chloroplast
genomic data [26]. Although clearly divergent from the other accessions, the genetic

Fig 1. Neighbor-joining phylogenetic tree, plot of the principle component analysis (PCA) and genetic
structures for the 18 tea accessions. (a) Neighbor-joining phylogenetic tree based on 15,444 identified
SNPs with bootstrap values calculated from 1,000 trees. (b) Principal component analysis of the 18 tea
accessions. (C) Genetic structure of the 18 tea accessions. Different inferred populations are distinguished
by different colors. Each accession is indicated by a vertical bar, and the length of each colored section in
each vertical bar represents the proportion from ancestral populations.

doi:10.1371/journal.pone.0151424.g001
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relationship between C. sinensis var. sinensis and C. sinensis var. assamica was the closest.
These accessions may have independently evolved from a common C. sinensis ancestor. Simi-
larly, the three wild relatives, C. taliensis, C. crassicolumna and C. tachangensis, were found to
be divergent but clustered tightly together. In addition, using HPLC analysis, we have detected
the contents of catechins (flavan-3-ols), one kind of characteristic secondary metabolites con-
tributing to tea quality [70], in the same wild and cultivated tea accessions as mentioned above.
Quantitative analysis of the average contents of total catechins (non-galloylated catechins and
their gallate esters) exhibited that those in cultivated tea varieties (averagely 170.95 mg�g-1 in C.
sinensis var. sinensis and 277.38 mg�g-1 in C. sinensis var. assamica) were rather higher than
those in wild varieties (averagely 28.87 mg�g-1 in C. taliensis, 16.14 mg�g-1 in C. crassicolumna
and 44.25 mg�g-1 in C. tachangensis). Metabolomic analysis also identified eight compounds
related to non-galloylated catechins and their gallate esters that were considered to be the can-
didate biomarkers contributing to the significant differences in the characteristics between cul-
tivated and wild tea accessions (unpublished data). The phytochemical differentiation of
cultivated and wild tea plants independently supported the genetic divergence of them inferred
from RAD-Seq data. Interestingly, Ctb is the only known semi-wild or transient landrace that
shared the characteristics of both the cultivated and wild varieties [7]. The average content of
total catechins of C. taliensis var. bangwei was 114.98 mg�g-1, representing a median level
between the wild and cultivated varieties. Consistently, our phylogenetic tree revealed that the
landrace occupied a phylogenetic position between the wild and cultivated varieties, exhibiting
closest relationship between C. taliensis and C. sinensis var. assamica (Fig 1A). As a potential
admixture of C. taliensis and C. sinensis var. assamica (Fig 1C), we predicted that Ctbmight be
an interspecific hybrid of the two species.

Heterozygosity
To investigate the heterozygous rates of the cultivated and wild tea accessions, we identified an
average of 1,836 heterozygous SNPs per accession using the genotyping data of 15,444 bi-allelic
SNPs, which reflected total average heterozygous rate of 3.2 per Kb across all of the 18 acces-
sions (Fig 2 and S3 Table). Accession Ctl-3 exhibited the lowest heterozygosity at 1.6 per Kb,
and Css-3 exhibited the highest at 8.1 per Kb. The heterozygous rates of C. tachangensis, C.
taliensis, C. crassicolumna, C. sinensis var. assamica, C. sinensis var. sinensis and C. taliensis var.
bangwei were1.7, 2.0, 2.4, 3.7, 4.1 and 5.2 per Kb, respectively (S2 Fig), suggesting that the culti-
vated accessions possessed greater heterozygosity than most of the tested wild accessions with
the exception of C. taliensis var. bangwei.

The comparatively lower nucleotide variation within the wild accessions might be associated
with lower rates of natural hybridization and introgression. As far as their distribution areas
were concerned, most of the wild tea accessions are distributed within a narrow geographic
environment (mainly in the Yunnan province) in areas with relatively small populations.
Because the cultivars are planted northwards from their center of origin across vast geographi-
cal areas, self-incompatibility and long-term allogamy, domestication via hybridization, and
climatic selection might have resulted in cultivars with broader genetic variation. The high het-
erozygosity in C. taliensis var. bangweimay be due to interspecific hybridization between the
highly differentiated C. taliensis and C. sinensis var. assamica species. The introgression of wild
relatives in tea breeding programs might help to maintain genetic variability in tea cultivars.

Identification, functional analysis and validation of genic SNPs
The resultant 15,444 bi-allelic SNPs comprised gene-derived (genic) SNPs and non-genic
SNPs. Genic SNPs, representing potential function-related single nucleotide variants, are

Genetic Divergence between Cultivated andWild Teas Using RAD Sequencing

PLOS ONE | DOI:10.1371/journal.pone.0151424 March 10, 2016 6 / 21



helpful in understanding genetic drift, mutations and migrations in natural and cultivated tea
populations, and are particularly valuable for characterizing genes associated with complex
traits [71–72]. Genic SNPs were identified via comparisons with the tea transcriptome dataset
(127,094 unigenes) of C. sinensis cv. Longjing43 [73] using BLASTN with an E-value cut-off of
1e-5 and an allowed maximum mismatch of one. The alignments revealed 1,521 SNP-associ-
ated unigenes (S4 Table) in tested the tea accessions. Of these, a total of 1,058 tea unigenes
(69.5% of 1,521) were annotated by alignments against the NCBI Arabidopsis protein dataset
using BLASTX with an E-value threshold of 1e-5 (S5 Table). Functional analysis identified 632
tea genes (41.6% of 1,521) that were assigned to 3,230 Gene Ontology (GO) terms (Fig 3 and
S6 Table) [74] using BLAST2GO [75], which were summarized into three main GO categories
of “biological process” (2,095, 64.9%), “cellular component” (1,309, 49.1%), and “molecular
function” (662, 20.4%; Fig 3 and S7 Table). The six major sub-categories of the biological pro-
cess cluster were “cellular process” (GO: 0009987), “metabolic process” (GO: 0008152),
“response to stimulus” (GO: 0050896), “developmental process” (GO: 0032502), “multicellular
organismal process” (GO: 0032501) and “biological regulation” (GO: 0065007; Fig 3 and S7
Table). Three sub-categories of “cell” (GO: 0005623), “cell part” (GO: 0044464) and “organelle”
(GO: 0043226) dominated the cellular component cluster, and the top two sub-categories in
the molecular function cluster were “binding functions” (GO: 0005488) and “catalytic func-
tions” (GO: 0003824; Fig 3 and S7 Table). A total of 24 unigenes were identified in secondary
metabolic processes, including the sub-clusters of “phenylpropanoid metabolic process”
(GO:0009698; including 12 unigenes invloved in phenylpropanoids and flavonoids metabo-
lism; Table 3) and “terpenoid metabolic process” (GO:0006721; 7 unigenes; Table 3), which are
important for detrmining tea quality [73]. Especially, the SNPs involved in phenylpropanoids

Fig 2. Heterozygosity levels of the 18 tea accessions. The heterozygous rates of 18 tested tea accessions were evaluated by calculating the ratio of the
number of heterozygous SNPs to the length of the shared SNP-associated genome fragments from the RAD sequencing in each accession.

doi:10.1371/journal.pone.0151424.g002
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and flavonoids metabolism may contribute to the variations of total catechins contents between
wild and cultivated tea vareities.

Additionally, we identified 453 genic SNPs that were located in the coding sequences of uni-
genes. Of these genic variations, 238 were non-synonymous substitutions, and 215 were synon-
ymous (S8 Table). The ratio of non-synonymous to synonymous substitutions (dN/dS) was
1.1, which is similar to that of the rice genome (dN/dS = 1.2) [76], but higher than that of Ara-
bidopsis (dN/dS = 0.8) [77]. The non-synonymous SNP-associated unigenes were grouped into
31 GO clusters, including 7 sub-clusters in the cell component cluster, 7 sub-clusters in the
molecular function cluster and 17 sub-clusters in the biological process cluster (S3 Fig), which
was indicative of invlovements in growth, development, regulation and stress resistance in tea.

To assess the accuracy of genic SNP identification and RAD-Seq-based genotyping analysis,
we randomly selected 50 genic SNP loci from 900 genotypes across all of the 18 tested acces-
sions to conduct PCR-based sequencing using SNP loci-specific primers (S9 Table). We found
that these 50 SNP loci comprised 805 genotypes and 95 cases of missing data. A total of 767
PCR products corresponding to the 805 genotypes were successfully sequenced. The align-
ments of the sequences of the PCR products to the RAD-Seq data revealed consistency in 732
of the 805 genotypes (90.9%) between the two methods (Fig 4 and S10 Table). Over 90% (47/
50) of the SNP loci derived from the RAD-Seq approach were therefore confirmed by this sam-
pling analysis. Specifically, of the 50 randomly selected SNP loci, 7 were associated with genes
involved in secondary metabolism processes (S10 Table). Among the 126 genotypes of the 7
loci, 99 of the 117 genotypes (84.6%) were consistent with those from the RAD-Seq data. As
mentioned above, significant differences in flavonoid content (especially catechins and their
gallate esters and anthocyanins) were apparent between the cultivated and wild accessions
from phytochemical analysis. The observed single nucleotide mutations in the structural and

Fig 3. Gene Ontology classifications of the identified genic SNP-associated tea unigenes.GO terms
were assigned to C. sinensis unigenes based on the top BLASTX hits against the NCBI Arabidopsis protein
database. The GO terms were classified into three main GO categories (i.e., biological process, cellular
component, molecular function) that included 38 sub-categories. The left y-axis indicates the proportion of
genes in the main category, and the right y-axis indicates the number of genes in the same category.

doi:10.1371/journal.pone.0151424.g003
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regulatory genes involved in phenylpropanoid, flavonoid and anthocyanin metabolic processes
might contribute to these secondary metabolite differences.

Putative Selective Footprints during Tea Domestication
To identify the putative selective footprints of tea domestication, we calculated the divergence
statistic π and the loss of diversity (LOD) [78] between the wild and cultivated groups based on
the 15,444 SNPs. Only RAD tags containing SNP loci with a maximum LOD of 1 were treated
as putative indicators of artificial selection. A total of 644 SNPs in the corresponding RAD tags
were identified as subject to strong artificial selection (Table 4 and S11 Table). These SNP loci
exhibited genetic diversity within the wild accessions (πwild = 0.13 to 0.57) but had a fixed geno-
type at each locus in the cultivated accessions (πcultivar = 0). Transitions and transversions
accounted for 60.1% and 39.9%, respectively. We suggested that the loss of heterozygosity in
the 644 SNP loci was probably due to the selection pressures of tea domestication.

Eighty-one of the 644 SNPs were located in genic regions. Correspondingly, the SNP-associ-
ated RAD tags exhibited the best alignments with C. sinensis cv. Longjing43 unigenes [73]. We
identified 13 non-synonymous SNPs in the RAD tags that were under strong selective pressure
(S12 Table). Among them, the SNP locus in Tea_308203 was located in the unigene

Table 3. Genic SNP-associated tea unigenes involved in secondary metabolic processes.

Tag ID SNP Unigene ID GO Category GO Sub-category

Tea_307897 G/T Singletons19599 phenylpropanoid metabolic process (GO:0009698) phenylpropanoid metabolic process (GO:0009698)

Tea_301133 C/T Singletons22060 phenylpropanoid metabolic process (GO:0009698) phenylpropanoid metabolic process (GO:0009698)

Tea_300576 G/T Singletons22067 phenylpropanoid metabolic process (GO:0009698) phenylpropanoid metabolic process (GO:0009698)

Tea_303052 C/G Singletons22068 phenylpropanoid metabolic process (GO:0009698) phenylpropanoid metabolic process (GO:0009698)

Tea_304463 A/C Singletons122210 phenylpropanoid metabolic process (GO:0009698) phenylpropanoid biosynthetic process (GO:0009699)

Tea_303755 A/T Singletons2015 phenylpropanoid metabolic process (GO:0009698) phenylpropanoid biosynthetic process (GO:0009699)

Tea_307337 A/G Singletons54227 phenylpropanoid metabolic process (GO:0009698) phenylpropanoid biosynthetic process (GO:0009699)

Tea_296329 A/C Singletons47964 phenylpropanoid metabolic process (GO:0009698) flavonoid biosynthetic process (GO:0009813)

Tea_299422 C/T Singletons49039 phenylpropanoid metabolic process (GO:0009698) flavone biosynthetic process (GO:0051553)

Tea_300330 C/T Singletons78302 phenylpropanoid metabolic process (GO:0009698) flavone biosynthetic process (GO:0051553)

Tea_293997 A/G Singletons51245 phenylpropanoid metabolic process (GO:0009698) anthocyanin biosynthetic process (GO:0009718)

Tea_287303 C/G Singletons16234 phenylpropanoid metabolic process (GO:0009698) ignin metabolic process (GO:0009808)

Tea_301914 A/G Singletons44363 terpenoid metabolic process (GO:0006721) terpenoid metabolic process (GO:0006721)

Tea_298657 A/G Singletons45405 terpenoid metabolic process (GO:0006721) diterpenoid metabolic process (GO:0016101)

Tea_307068 A/T Singletons26950 terpenoid metabolic process (GO:0006721) sesquiterpenoid metabolic process (GO:0006714)

Tea_300741 A/C Singletons33217 terpenoid metabolic process (GO:0006721) sesquiterpenoid metabolic process (GO:0006714)

Tea_296981 G/T Singletons50061 terpenoid metabolic process (GO:0006721) tetraterpenoid metabolic process (GO:0016108)

Tea_304614 C/T Singletons7787 terpenoid metabolic process (GO:0006721) tetraterpenoid metabolic process (GO:0016108)

Tea_300741 A/C Singletons33217 terpenoid metabolic process (GO:0006721) tetraterpenoid metabolic process (GO:0016108)

Tea_301014 A/C Singletons25297 phytochelatin metabolic process (GO:0046937) regulation of flavonoid biosynthetic process
(GO:0009962)

Tea_288785 A/G Singletons30505 phytochelatin metabolic process (GO:0046937) regulation of flavonoid biosynthetic process
(GO:0009962)

Tea_301670 A/G Singletons114182 glycosinolate metabolic process (GO:0019757) glucosinolate catabolic process (GO:0019762)

Tea_307337 A/G Singletons54227 glycosinolate metabolic process (GO:0019757) glucosinolate catabolic process (GO:0019762)

Tea_306731 A/T Singletons37370 glycosinolate metabolic process (GO:0019757) glycosinolate biosynthetic process (GO:0019758)

Tea_304888 A/G Singletons124304 alkaloid metabolic process (GO:0009820) nicotinamide metabolic process (GO:0006769)

Tea_308736 C/T Singletons15417 indole phytoalexin metabolic process
(GO:0046217)

indole phytoalexin biosynthetic process (GO:0009700)

doi:10.1371/journal.pone.0151424.t003
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‘Singletons23344’, which is homologous to Arabidopsis At5g66180, encoding an S-adenosyl-L-
methionine (SAM)-dependent methyltransferase that catalyzes universal methylation. The
SAM-dependent methyltransferase superfamily plays important roles in plant development [79],

Fig 4. Validation of SNP identification and genotyping of the Tea_298263 SNP locus in the 18 tea
accessions by PCR-based sequencing. (a) Flanking sequences adjacent to SNP loci obtained from
Sanger sequencing were aligned against tag sequences containing SNP loci from RAD-Seq data and
unigene Singletons19310 based on the top BLAST hits of the consensus tag sequences fromC. sinensis var.
Longjing43 transcriptome [73] using DNAMAN software. N in the RAD tag sequence represents the SNP
locus, which indicates the heterozygous genotypes in the SNP loci of the accessionsCsa-2 andCtb. (b)
Confirmation of the heterozygous genotypes (A/T) of the Tea_298263 SNP locus in accessionCsa-2 by
Sanger sequencing. (C) Confirmation of the heterozygous genotype (A/T) of the Tea_298263 SNP locus in
accession Ctb by Sanger sequencing.

doi:10.1371/journal.pone.0151424.g004

Table 4. Tea SNPs that were subjected to strong selective pressures during domestication.

SNP Type Genotype of SNP locus
in wild accessions

Genotype of SNP
locus fixed in

cultivars

Number of SNP loci
fixed in cultivars

πwild Average
πwild

πcultivar LOD Pencentage
(%)

Transition R: (A/G) A 101 0.13–0.57 0.29 0 1 15.7

R: (A/G) G 95 0.13–0.56 0.3 0 1 14.8

Y: (C/T) C 103 0.13–0.57 0.29 0 1 16.0

Y: (C/T) T 88 0.13–0.57 0.32 0 1 13.7

Total — 387 0.13–0.57 0.30 0 1 60.1

Transversion W: (A/T) A 42 0.13–0.57 0.30 0 1 6.5

W: (A/T) T 41 0.13–0.56 0.28 0 1 6.4

M: (A/C) C 40 0.13–0.56 0.25 0 1 6.2

M: (A/C) A 28 0.13–0.57 0.28 0 1 4.3

K: (G/T) G 31 0.13–0.56 0.33 0 1 4.8

K: (G/T) T 32 0.13–0.57 0.24 0 1 5.0

S: (C/G) C 23 0.13–0.58 0.34 0 1 3.6

S: (C/G) G 20 0.13–0.56 0.31 0 1 3.1

Total — 257 0.13–0.57 0.29 0 1 39.9

Total SNPs — — 644 0.13–0.57 0.29 0 1 100

doi:10.1371/journal.pone.0151424.t004
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biosynthesis and modifying the structure of plant secondary metabolites [80], for example, the
subfamliy of SAM-dependent N-methyltransferases has attracted the attention of tea researchers
because it participates in the N-methylation steps in the biosynthesis of caffeine, a characteristic
secondary metabolite in tea [73]. Moreover, the SNP locus in Tea_308825 is located in the uni-
gene ‘Singletons120230’, which encodes a protein that is homolgous to the LRR receptor-like
kinase 2 gene, which in turn shares a conserved structure and function with the known plant
resistance genes that are involved in the innate immune system [81]. In rice, the rice blast resis-
tance gene Pik (NBS-LRR gene), one of the five classical alleles located at the Pik locus on chro-
mosome 11, has been characterized to be a younger allele emerging noly after rice domestication
rather than evolving as a result of a duplication event [82]. These findings revealed the putative
footprints of artificial selection on functional evolution during tea domestication.

The high heterozygosity of the tea genome was a barrier to the acquisition of detailed geno-
mic information. In contrast to whole-genome sequencing approaches, the RAD-Seq approach
focuses on single allelic differences or variations in smaller, more manageable portions of the
genome that contain restriction sites and flanking sequences. Our results demonstrated the
efficiency and cost-effectiveness of RAD-Seq technology in the generation of high-throughput
genomic SNPs in C. sinensis and its wild relatives. This approach could easily be extended to
include other restriction enzymes and identify additional SNPs to further enrich tea plant
molecular genetic resources and improve our understanding of the effects of single nucleotide
mutations on phenotypic traits.

The identified genomic SNPs first provided genome-wide information for the investigation
of the genetic relationship and comparisons of the heterozygosities of the test cultivated and
wild tea accessions in comparison with previous studies [15–16, 19–20, 22–26]. The SNPs evi-
dently demonstrated the genetic divergence and variant heterozygosities between tea cultivars
and wild relatives. The SNPs also provided the opportunity to glimpse the putative selective
footprints on tea plants. Furthermore, we obtained usable information about the genic SNPs
associated with gene functions for future research on the molecular mechanism of the distinct
phenotypic traits of cultivated and wild tea plants and the improvement of tea breeding. Sam-
pling is an important factor for genetic research. Considering the ambiguous genetic back-
grouds of many wild species that are conserved from seed propagation in the National Tea
Plant Germplasm Collection of China, all wild tea accessions used in the study were collected
via natural field sampling. However, the sampling of wild accessions was limited because some
wild resources have been partially destroyed by natural disasters and damage due to humans.
The tea accession C. taliensis var. bangwei is the only semi-wild tea plant that has been reported
[7] until now. Despite the relatively small population used in this study, the number of samples
was comparable with those used in several molecular phylogenetic research papers focusing on
Pedicularis [46], temperate bamboos [47] and Chinese bayberry [48] that used RAD-Seq tech-
nology. The methods for the identificaton of SNPs and genotyping were also similar to those
used in these papers. Notably, expansion of the population size can increase the accuracy of
SNP calling for inferring the genetic relationships at higher resolutions and provide a deeper
comprehension of tea domestication. Therefore, there is an urgent need to increase field sur-
veys of wild tea resources and increase the survival rate of cloned wild tea plants, which would
benefit the enlargement of populations of wild tea resources. In future work, if we broaden the
collection of Camellia spp. to more fully understand the phylogenetic relationships of the genus
Camellia with SNPs at the genome-wide level, we will address the controversial taxonomy of
the genus Camellia, decipher the origin and evolution of tea and benefit genetic breeding and
improvements in tea.

In addition, the completement and high-quality of the reference database is another key fac-
tor for the bioinformatic analysis of SNPs. Although we used our previous tea transcriptome

Genetic Divergence between Cultivated andWild Teas Using RAD Sequencing

PLOS ONE | DOI:10.1371/journal.pone.0151424 March 10, 2016 11 / 21



dataset from all tissues of C. sinensis cv. Longjing43 [73] as the reference database, the tea plant
genome should be the best reference database which can be used to identified more compre-
hensive SNP loci related to improtant traits such as plant defense and characteristic secondary
metabolism. However, the genome complexity of the crop has encumbered us to obtain geno-
mic information up to now. In the future, if the tea plant genome project are completed, we
believe the tea plant genome data will prompt the biologic and genetic research in Camellia
plants.

This study confirms that cultivated and wild tea plants are highly heterozygous presumably
because of high self-incompatibility. Because the heterozygous rates of each accession were
estimated based on shared SNP-associated genomic regions, the results can be used to compare
of the relative heterozygosities of cultivated and wild tea genomes. It is important to note that
RAD DNA fragments offer a reduced representation of the genome that contains only the
restriction sites and their flanking sequences. The absolute nucleotide heterozygous rates across
the entire genome cannot be extracted using this approach and can only be determined with
whole genome sequencing. Accessions with lower heterozygosities are better suited to genome
sequencing using NGS approaches.

Materials and Methods

Plant materials and DNA isolation
A total of 18 cultivated and wild tea accessions belonging to the section Thea of the genus
Camellia were used in this study (Table 1). The nine cultivated tea accessions comprised three
accessions of C. sinensis var. assamica (Csa-1, Csa-2 and Csa-3) and six accessions of C. sinensis
var. sinensis (Css-1, Css-2, Css-3, Css-4, Css-5 and Css-6). Csa-1 and Csa-2 were sampled with
the permission of the Menghai Agriculture Committee of the Yunnan province. Csa-3 was
developed from an ancient cultivated population in the Yunnan province using individual
selective breeding methods and was sampled by the Tea Research Institute of the Yunnan
Academy of Agricultural Science. Among the six Css accessions, Css-1, Css-2, Css-3, Css-4 and
Css-5 are currently the main cultivars used in tea production, and these were sampled from
three tea-producing regions in China; in contrast, Css-6 is an F1 individual that resulted from a
cross between Csa-3 and Css-5. Permission for the tissue sampling of Css-1 and Css-2 from
agricultural plantations was obtained from Anhui Agricultural University. Sampling permis-
sion for Css-3, Css-4, Css-5 and Css-6 was obtained from the Tea Research Institutes of the
Academies of Agricultural Science in Anhui, Fujian and Yunnan, respectively. The other nine
tea accessions are closely related to cultivated tea varieties and were sampled from trees in Yun-
nan province that are hundreds of years old. Among them, three accessions (Ctl-1, Ctl-2 and
Ctl-3) belong to C. taliensis, four (Ccc-1, Ccc-2, Ccc-3 and Ccc-4) belong to C. crassicolumna,
the Ctg accession belongs to C. tachangensis, and the Ctb accession belongs to C. taliensis var.
bangwei, that is the only known semi-wild tea plant in the world based on evidence from mor-
phological trait and karyotype analyses [7]. Permissions for the tissue samplings of Ctl-1 and
Ctl-2, Ctl-3 and Ctb, and Ctg were obtained from the Menghai, Shuangjiang and Fuyuan Agri-
culture Committees in the Yunnan province, respectively. Ccc-1, Ccc-2, Ccc-3 and Ccc-4 were
sampled with permission from the Tai Wai Mountain National Nature Reserve in the Yunnan
province. All tissue sampling was performed under the supervision of local foresters, and the
samples were used only for scientific research. The non-invasive sampling performed in this
work did not affect the natural growth of the Camellia plants.

Buds and young leaves were randomly sampled from healthy young shoots of each acces-
sion and immediately frozen in liquid nitrogen. All samples were stored at −80°C until needed
for DNA isolation. DNA samples were extracted from the buds and young leaves using a plant
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genomic DNA kit (Tiangen Biotech Co., China) following the manufacturer’s protocol. Resid-
ual RNA was removed from the genomic DNA by the treatment with RNase.

RAD sequencing
RAD sequencing was performed as reported by Chutimanitsakun et al [44] with the exception
that the restriction enzyme EcoRI (New England Biolabs) was used. Specific 4–8-bp nucleotide
barcodes contained in the modified Illumina P1 adapters were used for sample tracking. To
distinguish accession-specific barcodes from random single nucleotide differences caused by
sequencing errors, the barcodes differed by at least two nucleotides between the different acces-
sions. Subsequently, adapter-ligated DNA fragments were pooled and sheared to a mean size
of 500 bp and separated with 2% agarose gel electrophoresis. Fragments of 350–500 bp were
isolated using a MinElute Gel Extraction kit (Qiagen), treated with end-blunting enzymes, 3'-
adenine overhangs were added, and the fragments were ligated with modified Illumina P2
adapters. Finally, the RAD-Seq libraries were enriched by PCR amplification and sequenced on
an Illumina Hiseq 2000 (BGI, Shenzhen, China) using single-ended reads (50 bp) for each
accession.

RAD data analysis and SNP identification
The Illumina sequence reads were quality-filtered by removing the adapter sequences and
reads containing greater than 50% low-quality bases (quality value�5). All reads were assigned
to the tested accessions with unambiguous barcodes and the EcoRI recognition site AATTC
(reads lacking unique barcodes and the specific sequence were discarded). The final clean reads
were further trimmed to a uniform length of 41 nucleotides that included 5 nt of the EcoRI rec-
ognition site and 36 nt of potentially variable sequence.

Because a reference tea genome sequence is not currently available, the identification of
SNPs was implemented de novo using Stacks software [58]. Briefly, the trimmed clean reads
from each accession were aligned against each other, identical reads were clustered into one
stack, and stacks with depths of coverage below 10-fold were discarded. Additionally, accord-
ing to Emerson et al [83], if the sequencing reads in a particular stack were generated from
repetitive sequence in the genome, the depth of coverage of the stack was much higher than the
mean stack depth. Therefore, we removed the stacks with depths greater than 300-fold, and the
remaining stacks were merged into a RAD tag locus after pairwise sequence alignment of the
stacks that allowed for a maximum of one nucleotide mismatch between any two stacks.
Within each accession, the genotype for each RAD tag locus at each nucleotide position was
inferred, and a minimum 10-fold cut-off was used to classify the sites as homozygous when all
of the bases were identical at a given nucleotide site. Nucleotide sites containing two alternative
alleles (A1 and A2, which represent the first and second most frequently observed alleles with
the highest and second depths, respectively) were defined as homozygotes when the ratio of the
depths of the A2 and A1 was<0.05 (DepthA2 / DepthA1 <0.05) or as heterozygotes when
DepthA2 / DepthA1 >0.1. Nucleotide sites with DepthA2 / DepthA1 value between 0.05 and 0.1
were discarded to minimize genotyping inaccuracies. After genotyping, a consensus sequence
was assigned to each RAD tag locus.

Consensus sequences from each accession were compared across all accessions with a maxi-
mum of one mismatch allowed to generate putative SNP loci. After filtering, the RAD tag loci
were genotyped for at least 14 of the 18 accessions (i.e., allowing a maximum of four accessions
with missing sequence data at any given locus), and those containing only one bi-allelic SNP
within the 36 nt of potentially variable sequence in each locus were retained to generate high-
confidence SNPs.
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Phylogenetic analysis
To construct the phylogenetic tree, the genetic distances between the different accessions were
calculated based on the high-confidence SNPs extracted from the RAD data. The p-distance,
defined as Dij between two accessions (i and j), was calculated using the following equation:

Dij ¼
1

L

XL

l¼1

dðlÞ
ij ð1Þ

where L is the length of the regions from which high-quality SNPs could be identified, and

given that the allele at certain position was C/T, dðlÞ
ij was set to 0 if the genotypes of i and j were

CC and CC, to 0.5 if the genotypes of i and j were CC and CT, and to 1 if the genotypes of i and

j were CC and TT. The dðlÞ
ij value was set in the same manner used for the other five alleles. The

phylogenetic tree was constructed using a neighbor-joining method based on a distance matrix
calculated with MEGA5 [67], with bootstrap values at the default setting of 1000 trials.

Principle component analysis
Principal component analysis was performed as previously reported [68]. The decomposition
of the eigenvectors from the covariance matrix was performed with the R function Eigen, and
the significances of the eigenvectors were further investigated with Tracey-Widom tests using
the twstats program in the Eigensoft package [68].

Genetic structure analysis
The analyses of the genetic structures of the tea accessions were performed using the program
FRAPPE [69]. The individual ancestry proportion was calculated 10,000 times from a given
number of inferred populations (K) based on a maximum likelihood algorithm [69]. The K val-
ues were set from two to six.

Heterozygosity
The heterozygosity rates of the 18 tested tea accessions were evaluated by calculating the ratios
of the numbers of heterozygous SNPs to the lengths of the shared SNP-associated genome frag-
ments obtained from RAD sequencing in each accession using the following equation:

H ¼ NhSNP=LRAD�genome ð2Þ

whereH is the heterozygosity of a given tea accession, NhSNP is the number of heterozygous
SNPs identified in the 15,444 SNPs shared by 18 tea accessions, and LRAD-genome is the total
length of the RAD tags containing the 15,444 SNPs (41 nt of each RAD tag).

Identification and functional analysis of genic SNP-associated genes
Among the 15,444 bi-allelic SNPs, the genic SNPs were identified based on the sequence align-
ments of the 15,444 SNP-associated RAD tag sequences against the tea transcriptome dataset
(127,094 unigenes) from C. sinensis cv. Longjing43 (sample ID: Css-2) [73] using the BLASTN
algorithm of the NCBI-blast+—2.2.29 procedure (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/
blast+/2.2.29/). Strict thresholds were set with an E-value cut-off of 1e-5. A maximum of one
mismatch was allowed, and alignment lengths above 80% and identities greater than 90% were
required. For the gene annotations of the identified genic SNP-associated unigenes, the SNPs
were compared with the Arabidopsis protein dataset using BLASTX with a strict E-value
threshold of 1e-5. Functional classification according to GO terms [74] was performed by
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searching the top BLASTX hits against the NCBI Arabidopsis protein datasets using Blast2GO
software (version 2.3.5) [75] with an E-value threshold of 1e-5. Among the genic SNPs based
on the C. sinensis cv. Longjing43 unigenes, we also identified the non-synonymous and synony-
mous substitutions from the coding sequences of the tea unigenes [73].

Validation of SNP identification and genotyping
To experimentally validate the reliability of the SNP loci and genotyping of all of the 18 tested
tea accessions, we randomly chose 50 identified genic SNP loci to perform 900 PCR amplifica-
tions and Sanger sequencing with SNP loci-specific primers. According to the best BLAST hits
for the SNP loci-associated RAD tags with unigenes from the C. sinensis cv. Longjing43 (sample
ID: Css-2) transcriptome, we designed the SNP loci-specific primers according to the flanking
sequences from the unigenes adjacent to the aligned regions using Primer Premier software
(version 6.0; S9 Table). The primers that resulted in single bands of the expected sizes in C.
sinensis cv. Longjing43 were considered suitable for validating the genotyping of the 18 acces-
sions. Genomic DNA was extracted and purified from young shoots using a DNeasy Plant
Mini Kit (Aidlab, China). The PCR amplifications were performed in 25 μL of reaction vol-
umes, containing 0.5 U Taq polymerase (TaKaRa), 5 nmol of each primer, and 10–30 ng DNA
templates. The reactions were performed in a Bio-Rad Sequence Detection System with the fol-
lowing cycling parameters: 94°C for 3 min; 35 cycles of 94°C for 30 s; annealing at an optimum
temperature for 30 s; 72°C for 30 s; and a final extension at 72°C for 10 min. The PCR products
were sparated using agarose gel electrophoresis, purified and recovered using PCR purification
kits and subjected to bi-directional sequencing on an ABI3730xl sequencer (Sangon Biotech
Co. Ltd, China). At each SNP locus, sequences of all 18 accessions obtained by Sanger sequenc-
ing were aligned with SNP loci-associated RAD tag sequences using DNAman software.

Diversity analysis and identification of putative domestication-related
SNP loci
The average pairwise divergences between the cultivated (π cultivated) and wild groups (π wild)
were calculated for each SNP locus with an in-house PERL script. According to the results
from genetic relationship analysis, 6 Css accessions and 3 Csa accessions were included in the
cultivated group, and the wild group was composed of all of the other 8 wild accessions except
Ctb. We estimated the value of the loss of diversity (LOD) to detect the regions that were puta-
tively under selection pressure [78] using the following equation:

LOD ¼ 1�pcultivated=pwild ð3Þ

The RAD tags comprising the SNP loci with significantly high LOD values that equaled 1
were identified as candidate regions that may have been affected by domestication, and tea uni-
genes related to fixed SNP loci were treated as putative domestication-related genes.

Extraction and HPLC analysis of catechins
Catechins (flavan-3-ols), one kind of important secondary metabolites in tea, include non-gal-
loylated catechins (epicatechin (EC), catechin (C), epigallocatechin (EGC), gallocatechin (GC))
and their gallate esters (mainly epicatechin gallate (ECG) and epigallocatechin gallate (EGCG))
[70]. Catechins were extracted from the samples according to the method described by Tai et al
[84]. Briefly, 0.1 gram of freeze-dried sample was grounded into powder in liquid nitrogen, and
then subjected to extraction with 3 mL 80% methanol using sonication for 10min at room tem-
perature. The extractive was centrifuged at 6,000 rpm for 10 min for the supernatant. After the
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residues were re-extracted twice as described above, the supernatants were combined. The
obtained supernatants were diluted with 80% methanol to a volume of 10 mL and filtered
through a 0.22 μm organic membrane before HPLC analysis.

The filtered sample (10 μL) was injected into a Waters 2695 HPLC system equipped with a
2489 ultraviolet (UV)-visible detector for detection of the catechins contents in the extracts.
The detection wavelength was set to 278 nm. A reverse-phase C18 column (Phenomenex 250
mm×4.6 mm, 5 micron) was used at 25°C. The samples were eluted at a flow-rate of 1 mL
min−1 with the mobile phase containing 0.17% (v/v) acetic acid (A) in water, 100% acetonitrile
(B), and the gradient elution was as follows: B 6% from 0 to 4 min, to 14% at 16 min, to 15% at
22 min, to 18% at 32 min, to 29% at 37 min, to 45% at 45 min, to 45% at 50 min, to 6% at 51
min and to 6% at 60 min. Samples from all tested accessions as mentioned above in RAD-Seq
were analyzed in triplicate. The standards (purities> 98%) of gallic acid (GA), (+)-C, (−)-EC,
(+)-GC, (−)-EGC, (+)-GCG, (−)-EGCG, and (−)-ECG were purchased from Shanghai Win-
herb Medical Science Co.,Ltd.,Shanghai, P.R. China.

Conclusions
In this study, we applied RAD-Seq technology for the rapid and cost-effective discovery of
15,444 genomic SNPs from 18 tea accessions of Camellia sinensis and its wild relatives from
the genus Camellia in the absence of prior genome sequences. The identified genomic SNPs
have not only considerably increased the available molecular markers of Camellia but also pro-
vided comprehensive information about the genetic divergence and variant heterozygosities
between cultivated and wild teas at the genome-wide level. These SNPs also provide the opppr-
tunity to glimpse putative selective footprints in tea plants. Genic SNPs related to functional
genes, especially those involved in secondary metabolic processes, were identified and experi-
mentally validated, which will aid future research on the molecular mechanism of distinct phe-
notypic traits of cultivated and wild teas. The genomic SNP data extend our knowledge of
Camellia genomes, and the methods developed here can be applied to future genomics and
phylogenomic studies and breeding programs for Camellia and other plants.

Supporting Information
S1 Fig. Transitions and transversions in the identified SNPs from the 18 tea accessions.
(TIF)

S2 Fig. Heterozygosity levels of six species/varieties in the section Thea.
(TIF)

S3 Fig. Gene Ontology classification of the non-synonymous SNP-associated tea unigenes.
(TIF)

S1 Table. RAD sequencing, quality filtering and de novo assembly of the 18 tested tea accessions.
(DOC)

S2 Table. SNPs identified in 15,444 RAD loci genotyped within at least 14 of 18 tea accessions.
(XLSX)

S3 Table. De novo SNP discoveries in 18 tea accessions.
(DOC)

S4 Table. Significant BLASTN hits of the 15,444 SNP-associated consensus sequences
against the tea transcriptome dataset [73].
(XLSX)

Genetic Divergence between Cultivated andWild Teas Using RAD Sequencing

PLOS ONE | DOI:10.1371/journal.pone.0151424 March 10, 2016 16 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s007


S5 Table. Top BLASTX hits of the genic SNP-associated tea unigenes against the Arabidop-
sis protein dataset.
(XLSX)

S6 Table. Gene Ontology IDs of the annotated genic SNP-associated tea unigenes.
(XLSX)

S7 Table. List of the main Gene Ontology categories and sub-categories of the annotated
genic SNP-associated tea unigenes.
(XLSX)

S8 Table. Non-synonymous and synonymous SNPs identified based on the coding
sequences of tea unigenes.
(XLSX)

S9 Table. Primers designed for the validation of the genotyping of the candidate SNP loci.
(DOC)

S10 Table. Validation of the SNP identification and genotyping of 50 candidate SNP loci in
the 18 tea accessions.
(XLSX)

S11 Table. SNPs with the LOD values of 1 that were predicted to be under strong artificial
selection.
(XLSX)

S12 Table. Genes with non-synonymous SNPs exhibiting strong selective signals.
(XLSX)

Acknowledgments
We are very grateful to Dr. Ying Lu for constructive comments and assistance in revising the
manuscript, Dr. Shancen Zhao for assistance with analyses of SNPs related to domestication,
and four anonymous reviewers for insightful comments and suggestions. This work received
financial support from the Major Project of the Chinese National Program for Fundamental
Research and Development (2012CB722903), the Science and Technology Project of AnHui
Province (13Z03012), the Special Innovative Province Construction in Anhui Province
(15czs08032) and the Tea Genome Project of AnHui Province, China grants to Xiao-Chun
Wan, the Program for Changjiang Scholars and Innovative Research Team in University
(IRT1101) grants to Zhengzhu Zhang, the National Natural Science Foundation of China
(31300578), the Collegiate Natural Science Foundation of Anhui Province (KJ2013Z078), and
the Academic backbone cultivation project of Anhui Agricultural University (2014XKPY-34)
grants to Hua Yang. These funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript. BGI-Shenzhen provided support in the
form of salaries for JBJ, but did not have any additional role in the study design, data collection
and analysis, decision to publish, or preparation of the manuscript. The specific role of these
author are articulated in the ‘author contributions’ section.

Author Contributions
Conceived and designed the experiments: XCW CLW ZZZ TX CJJ. Performed the experi-
ments: HY HWL ZGL LZ JZ. Analyzed the data: HY JLW JBJ. Contributed reagents/materials/
analysis tools: HY CLW YLT YYL. Wrote the paper: HY XCW.

Genetic Divergence between Cultivated andWild Teas Using RAD Sequencing

PLOS ONE | DOI:10.1371/journal.pone.0151424 March 10, 2016 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151424.s015


References
1. Zaveri NT. Green tea and its polyphenolic catechins: medicinal uses in cancer and noncancer applica-

tions. Life Sci. 2006; 78:2073–2080. PMID: 16445946

2. Hashimoto M, Takasi S. Morphological studies on the origin of the tea plant (Camellia sinensis), a pro-
posal of one place of origin by cluster analysis. Jpn J Crop Agr. 1978; 21:93–101.

3. Chang HT. Thea—a section of beveragial tea trees of the genusCamellia. Acta Sci Natl Univer Sunyat-
seni. 1981; 1:87–99.

4. Yu FL. Discussion on the originating place and the originating center of tea plants. J Tea Sci. 1986;
6:1–8.

5. Ming TL. A revision of Camellia sect. Thea. Acta Bot Yunnanica. 1992; 14:115–132

6. Chen L, Yu FL, Tong QQ. Discussions on phylogenetic classification and evolution of section Thea. J
Tea Sci. 2000; 20:89–94.

7. Li B, Chen GB, Zheng YQ. Karyotype analysis of five macrophyll tea plants. J Tea Sci. 1996; 16(2):
119–124.

8. ZhangW, Hu YX, Li ZY, Wang PS, Xu M. Foliar sclereids in tea and its wild allies, with reference to their
taxonomy. Australian Systematic Botany. 2009; 22(4): 286–295.

9. Ming TL. Monograph of the genusCamellia. Kunming: Yunnan Science and Technology Press. 2000.

10. Mondal TK. Breeding and Biotechnology of Tea and Its Wild Species. Springer Science & Business
Media. 2014.

11. Tanaka J, Taniguchi F. Estimation of the genome size of tea (Camellia sinensis), camellia (C. japonica),
and their interspecific hybrids by flow cytometry. Journal of the Remote Sensing Society of Japan.
2006; 101:1–7.

12. Huang H, Tong Y, Zhang QJ, Gao LZ. Genome size variation among and withinCamellia species by
using flow cytometric analysis. PLoS ONE. 2013; 8(5):e64981. doi: 10.1371/journal.pone.0064981
PMID: 23724111

13. Wachira FN, Tanaka J, Takeda Y. Genetic variation and differentiation in tea (Camellia sinensis) germ-
plasm revealed by RAPD and AFLP variation. J Hort Sci Biotech. 2001; 76:557–563.

14. Sharma RK, Negi MS, Sharma S, Bhardwaj P, Kumar R, Bhattachrya E, et al. AFLP-Based Genetic
Diversity Assessment of Commercially Important Tea Germplasm in India. BiochemGenet. 2010; 48
(7–8):549–564. doi: 10.1007/s10528-010-9338-z PMID: 20390337

15. Chen L, Yamaguchi S. Genetic diversity and phylogeny of tea plant (Camellia sinensis) and its related
species and varieties in the section Thea genusCamellia determined by randomly amplified polymor-
phic DNA analysis. J Hortic Sci Biotech. 2002; 77:729–732.

16. Chen L, Yamaguchi S. RAPDmarkers for discriminating tea germplasms at the inter-specific level in
China. Plant breeding. 2005; 124(4):404–409.

17. Sharma RK, Bhardwaj R, Negi R, Mohapatra T, Ahuja PS. Identification, characterization and utilization
of unigene derived microsatellite markers in tea (Camellia sinensis L.). BMC Plant Biology. 2009; 9:53.
doi: 10.1186/1471-2229-9-53 PMID: 19426565

18. Yao MZ, Ma CL, Qiao TT, Jin JQ, Chen L. Diversity distribution and population structure of tea germ-
plasms in China revealed by EST-SSRmarkers. Tree Genetics & Genomes. 2012; 8:205–220.

19. Wang LY, Liu BY, Jiang YH, Duan YS, Chen H, Zhou J, et al. Phylogenetic analysis of interspecies in
Section Thea through SSRmarkers. J Tea Sci. 2009; 29(5):341–346.

20. JI PZ, Wang YG, Zhang J, Tang YC, Hang XQ, Wang PS, et al. Genetic relationships between Sect.
Thea from Yunnan province revealed by inter-simple sequence repeat polymerase chain reaction.
Southwest China Journal of Agricultural Sciences. 2009; 22(3):584–588.

21. Mondal TK. Detection of genetic diversity among the Indian tea (Camellia sinensis) germplasm by inter-
simple sequence repeats (ISSR). Euphytica. 2002; 128:307–315.

22. Tian M, Li JY, Ni S, Fan ZQ, Li XL. Phylogenetic study on sectionCamellia based on ITS sequences
data. Acta Hort Sin. 2008; 35:1685–1688.

23. FangW, Yang JB, Yang SX, Li DZ. Phylogeny of Camellia sects. Longipedicellata, Chrysantha and
Longissima (Theaceae) based on sequence data of four chloroplast DNA Loci. Acta Bot Yunnanica.
2010; 32:1–13.

24. Liu Y, Yang SX, Ji PZ, Gao LZ. Phylogeography of Camellia taliensis (Theaceae) inferred from chloro-
plast and nuclear DNA: insights into evolutionary history and conservation. BMC Evolutionary Biology.
2012; 12: 92. doi: 10.1186/1471-2148-12-92 PMID: 22716114

25. Yang JB, Yang SX, Li HT, Yang J, Li DZ. Comparative chloroplast genomes ofCamellia species. PLoS
ONE. 2013; 8(8):e73053. doi: 10.1371/journal.pone.0073053 PMID: 24009730

Genetic Divergence between Cultivated andWild Teas Using RAD Sequencing

PLOS ONE | DOI:10.1371/journal.pone.0151424 March 10, 2016 18 / 21

http://www.ncbi.nlm.nih.gov/pubmed/16445946
http://dx.doi.org/10.1371/journal.pone.0064981
http://www.ncbi.nlm.nih.gov/pubmed/23724111
http://dx.doi.org/10.1007/s10528-010-9338-z
http://www.ncbi.nlm.nih.gov/pubmed/20390337
http://dx.doi.org/10.1186/1471-2229-9-53
http://www.ncbi.nlm.nih.gov/pubmed/19426565
http://dx.doi.org/10.1186/1471-2148-12-92
http://www.ncbi.nlm.nih.gov/pubmed/22716114
http://dx.doi.org/10.1371/journal.pone.0073053
http://www.ncbi.nlm.nih.gov/pubmed/24009730


26. Huang H, Shi C, Liu Y, Gao LZ. ThirteenCamellia chloroplast genome sequences determined by high-
throughput sequencing: genome structure and phylogenetic relationships. BMC Evolutionary biology.
2014; 14(1):151.

27. Parks M, Cronn R, Liston A. Increasing phylogenetic resolution at low taxonomic levels using massively
parallel sequencing of chloroplast genomes. BMC Biology. 2009; 7 (1):84.

28. Moore MJ, Dhingra A, Soltis PS, Shaw R, Farmerie WM, Folta KM, et al. Rapid and accurate pyrose-
quencing of angiosperm plastid genomes. BMC Plant Biology. 2006; 6 (1):17.

29. Liu S, Zhou Z, Lu J, Sun FY, Wang SL, Liu H, et al. Generation of genome-scale gene-associated
SNPs in catfish for the construction of a high-density SNP array. BMCGenomics. 2011; 12(1):53.

30. BarbazukWB, Emrich SJ, Chen HD, Li L and Schnable PS. SNP discovery via 454 transcriptome
sequencing. The plant journal. 2007; 51(5):910–918. PMID: 17662031

31. Blanca J, Cañizares J, Roig C, Ziarsolo P, Nuez F, Picó B. Transcriptome characterization and high
throughput SSRs and SNPs discovery in Cucurbita pepo (Cucurbitaceae). BMCGenomics. 2011; 12
(1):104.

32. Eck SH, Benet-Pages A, Flisikowski K, Meitinger T, Fries R, Strom TM, et al. Whole genome sequenc-
ing of a single Bos taurus animal for single nucleotide polymorphism discovery. Genome Biology. 2009;
10(8):R82. doi: 10.1186/gb-2009-10-8-r82 PMID: 19660108

33. Zhang CC, Wang LY, Wei K, Cheng H. Development and characterization of single nucleotide polymor-
phismmarkers in Camellia sinensis (Theaceae). Genetics and molecular research: GMR. 2014; 13(3):
5822–5831. doi: 10.4238/2014.April.14.10 PMID: 24782211

34. FangWP, Meinhardt LW, Tan HW, Zhou L, Mischke S. Varietal identification of tea (Camellia sinensis)
using nanofluidic array of single nucleotide polymorphism (SNP) markers. Horticulture Research.
2014:1–8 doi: 10.1038/hortres.2014.35 PMID: 26504544

35. Ma JQ, Huang L, Ma CL, Jin JQ, Li CF, Wang RK, et al. Large-Scale SNP Discovery and Genotyping
for Constructing a High-Density Genetic Map of Tea Plant Using Specific-Locus Amplified Fragment
Sequencing (SLAF-seq). PLoS One. 2015; 10(6): e0128798. doi: 10.1371/journal.pone.0128798
PMID: 26035838

36. Davey JW, Hohenlohe PA, Etter PD, Boone JQ, Catchen JM, Blaxter ML. Genome-wide genetic marker
discovery and enotyping using next-generation sequencing. Nature Reviews Genetics. 2011; 12
(7):499–510. doi: 10.1038/nrg3012 PMID: 21681211

37. Zhou G, Zhang Q, Zhang XQ, Tan C, Li C. Construction of High-Density Genetic Map in Barley through
Restriction-Site Associated DNA Sequencing. PLoS One. 2015; 10(7):e0133161. doi: 10.1371/journal.
pone.0133161 PMID: 26182149

38. Mammadov JA, ChenW, Ren R, Pai R, MarchioneW, Yalçin F, et al. Development of highly polymor-
phic SNPmarkers from the complexity reduced portion of maize [Zea mays L.] genome for use in
marker-assisted breeding. Theor Appl Genet. 2010; 21(3):577–88.

39. Singh R, Bollina V, Higgins EE, ClarkeWE, Eynck C, Sidebottom C, et al. Single-nucleotide polymor-
phism identification and genotyping inCamelina sativa. Mol Breed. 2015; 35(1): 35.

40. Muraya MM, Schmutzer T, Ulpinnis C, Scholz U, Altmann T.Targeted Sequencing Reveals Large-
Scale Sequence Polymorphism in Maize Candidate Genes for Biomass Production and Composition.
PLoS One. 2015; 10(7):e0132120. doi: 10.1371/journal.pone.0132120 PMID: 26151830

41. Truong HT, Ramos AM, Yalcin F, de Ruiter M, van der Poel HJ, Huvenaars KH, et al. Sequence-based
genotyping for marker discovery and co-dominant scoring in germplasm and populations. PLoS ONE.
2012; 7(5): e37565. doi: 10.1371/journal.pone.0037565 PMID: 22662172

42. Miller M, Dunham J, Amores A, CreskoW, Johnson E. Rapid and cost effective polymorphism identifi-
cation and genotyping using restriction site associated DNA (RAD) markers. Genome Res. 2007;
17:240–248. PMID: 17189378

43. Barchi L, Lanteri S, Portis E, Acquadro A, Vale G, Toppino L, et al. Identification of SNP and SSRmark-
ers in eggplant using RAD tag sequencing. BMCGenomics. 2011; 12:304. doi: 10.1186/1471-2164-
12-304 PMID: 21663628

44. Chutimanitsakun Y, Nipper R, Cuesta-Marcos A, Cistue L, Corey A, Filichkina T, et al. Construction and
application for QTL analysis of a Restriction Site Associated DNA (RAD) linkage map in barley. BMC
Genomics. 2011; 12:4. doi: 10.1186/1471-2164-12-4 PMID: 21205322

45. Pegadaraju V, Nipper R, Hulke B, Qi LL and Schultz Q. De novo sequencing of sunflower genome for
SNP discovery using RAD (Restriction site Associated DNA) approach. BMCGenomics. 2013; 14
(1):556.

46. Eaton DA, Ree RH. Inferring phylogeny and introgression using RADseq data: an example from flower-
ing plants (Pedicularis:Orobanchaceae). Systematic Biology. 2013; 62(5): 689–706. doi: 10.1093/
sysbio/syt032 PMID: 23652346

Genetic Divergence between Cultivated andWild Teas Using RAD Sequencing

PLOS ONE | DOI:10.1371/journal.pone.0151424 March 10, 2016 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/17662031
http://dx.doi.org/10.1186/gb-2009-10-8-r82
http://www.ncbi.nlm.nih.gov/pubmed/19660108
http://dx.doi.org/10.4238/2014.April.14.10
http://www.ncbi.nlm.nih.gov/pubmed/24782211
http://dx.doi.org/10.1038/hortres.2014.35
http://www.ncbi.nlm.nih.gov/pubmed/26504544
http://dx.doi.org/10.1371/journal.pone.0128798
http://www.ncbi.nlm.nih.gov/pubmed/26035838
http://dx.doi.org/10.1038/nrg3012
http://www.ncbi.nlm.nih.gov/pubmed/21681211
http://dx.doi.org/10.1371/journal.pone.0133161
http://dx.doi.org/10.1371/journal.pone.0133161
http://www.ncbi.nlm.nih.gov/pubmed/26182149
http://dx.doi.org/10.1371/journal.pone.0132120
http://www.ncbi.nlm.nih.gov/pubmed/26151830
http://dx.doi.org/10.1371/journal.pone.0037565
http://www.ncbi.nlm.nih.gov/pubmed/22662172
http://www.ncbi.nlm.nih.gov/pubmed/17189378
http://dx.doi.org/10.1186/1471-2164-12-304
http://dx.doi.org/10.1186/1471-2164-12-304
http://www.ncbi.nlm.nih.gov/pubmed/21663628
http://dx.doi.org/10.1186/1471-2164-12-4
http://www.ncbi.nlm.nih.gov/pubmed/21205322
http://dx.doi.org/10.1093/sysbio/syt032
http://dx.doi.org/10.1093/sysbio/syt032
http://www.ncbi.nlm.nih.gov/pubmed/23652346


47. Wang XQ, Zhao L, Eaton DA, Li DZ, Guo ZH. Identification of SNPmarkers for inferring phylogeny in
temperate bamboos (Poaceae: Bambusoideae) using RAD sequencing. Molecular Ecology Resources.
2013; 13(5): 938–945. doi: 10.1111/1755-0998.12136 PMID: 23848836

48. Liu L, Jin X, Chen N, Li X, Li P, Fu C. Phylogeny of Morella rubra and Its Relatives (Myricaceae) and
Genetic Resources of Chinese Bayberry Using RAD Sequencing. PloS One. 2015; 10(10): e0139840.
doi: 10.1371/journal.pone.0139840 PMID: 26431030

49. Hohenlohe PA, Bassham S, Etter PD, Stiffler N, Johnson EA, CreskoWA. Population genomics of par-
allel adaptation in threespine stickleback using sequenced RAD tags. PLoS Genetics. 2010; 6:
e1000862. doi: 10.1371/journal.pgen.1000862 PMID: 20195501

50. Ellegren H. Genome sequencing and population genomics in non-model organisms. Trends in Ecology
& Evolution. 2014; 29(1):51–63.

51. Nadeau NJ, Martin SH, Kozak KM, Salazar C, Dasmahapatra KK, Davey JW, et al. Genome-wide pat-
terns of divergence and gene flow across a butterfly radiation. Molecular Ecology. 2012; 22(3):814–
826. doi: 10.1111/j.1365-294X.2012.05730.x PMID: 22924870

52. Wagner CE, Keller I, Wittwer S, Selz OM, Mwaiko S, Greuter L, et al. Genome-wide RAD sequence
data provide unprecedented resolution of species boundaries and relationships in the Lake Victoria
cichlid adaptive radiation. Molecular Ecology. 2012; 22(3):787–798. doi: 10.1111/mec.12023 PMID:
23057853

53. Clark LV, Stewart JR, Nishiwaki A, Toma Y, Kjeldsen JB, Jørgensen U, et al. Genetic structure of Mis-
canthus sinensis and Miscanthus sacchariflorus in Japan indicates a gradient of bidirectional but asym-
metric introgression. J Exp Bot. 2015; 66(14): 4213–4225. doi: 10.1093/jxb/eru511 PMID: 25618143

54. Hipp AL, Manos PS, Cavender-Bares J, Nipper R, Manos PS. Using phylogenomics to infer the evolu-
tionary history of oaks. Int Oak J. 2013; 24:61–71.

55. Chu ND, Kaluziak ST, Trussell GC and Vollme SV. Phylogenomic analyses reveal latitudinal population
structure and polymorphisms in heat stress genes in the North Atlantic snailNucella lapillus. Molecular
ecology. 2014; 23(7):1863–1873. doi: 10.1111/mec.12681 PMID: 24471495

56. Parchman TL, Gompert Z, Mudge J, Schilkey FD, Benkman CW, Buerkle CA. Genome-wide associa-
tion genetics of an adaptive trait in lodgepole pine. Mol Ecol. 2012; 21:2991–3005. doi: 10.1111/j.1365-
294X.2012.05513.x PMID: 22404645

57. Deokar AA, Ramsay L, Sharpe AG, Diapari M, Sindhu A, Bett K, et al. Genome wide SNP identification
in chickpea for use in development of a high density genetic map and improvement of chickpea refer-
ence genome assembly. BMCGenomics. 2014; 15(1):708.

58. Catchen J, Hohenlohe PA, Bassham S, Amores A, CreskoWA. Stacks: an analysis tool set for popula-
tion genomics. Molecular Ecology. 2013; 22(11):3124–3140. doi: 10.1111/mec.12354 PMID:
23701397

59. Lijavetzky D, Cabezas JA, Ibáñez A, Rodríguez V, Martínez-Zapater JM. High throughput SNP discov-
ery and genotyping in grapevine (Vitis vinifera L.) by combining a re-sequencing approach and SNPlex
technology. BMCGenomics. 2007; 8(1):424.

60. Simko I, Haynes KG, Jones RW. Assessment of linkage disequilibrium in potato genome with single
nucleotide polymorphism markers. Genetics. 2006; 173(4):2237–2245. PMID: 16783002

61. Zhu YL, Song QJ, Hyten DL, Van Tassell CP, Matukumalli LK, Grimm DR, et al. Single-nucleotide poly-
morphisms in soybean. Genetics. 2003; 163(3):1123–1134. PMID: 12663549

62. Ramirez M, GrahamM, Blanco-Lopez L, Silvente S, Medrano-Soto A, Blair MW, et al. Sequencing and
Analysis of Common Bean ESTs. Building a Foundation for Functional Genomics. Plant Physiology.
2005; 137:1211–1227. PMID: 15824284

63. Batley J, Barker G, O’Sullivan H, Edwards K, Edwards D. Mining for single nucleotide polymorphisms
and insertions/deletions in maize expressed sequence tag data. Plant Physiology. 2003; 132(1):84–
91. PMID: 12746514

64. Jiang D, Ye QL, Wang FS, Cao L. The Mining of Citrus EST-SNP and Its Application in Cultivar Discrim-
ination. Agricultural Sciences in China. 2010; 9(2):179–190.

65. Terol J, Naranjo M, Ollitrault P, Talon M. Development of genomic resources for Citrus clementina:
characterization of three deep-coverage BAC libraries and analysis of 46,000 BAC end sequences.
BMCGenomics. 2008; 9:423. doi: 10.1186/1471-2164-9-423 PMID: 18801166

66. Saitou N, Nei M. The neighbor-joining method: a newmethod for reconstructing phylogenetic trees. Mol
Biol Evol. 1987; 4:406–425. PMID: 3447015

67. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5: molecular evolutionary genet-
ics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods.
Molecular biology and evolution. 2011; 28(10): 2731–2739. doi: 10.1093/molbev/msr121 PMID:
21546353

Genetic Divergence between Cultivated andWild Teas Using RAD Sequencing

PLOS ONE | DOI:10.1371/journal.pone.0151424 March 10, 2016 20 / 21

http://dx.doi.org/10.1111/1755-0998.12136
http://www.ncbi.nlm.nih.gov/pubmed/23848836
http://dx.doi.org/10.1371/journal.pone.0139840
http://www.ncbi.nlm.nih.gov/pubmed/26431030
http://dx.doi.org/10.1371/journal.pgen.1000862
http://www.ncbi.nlm.nih.gov/pubmed/20195501
http://dx.doi.org/10.1111/j.1365-294X.2012.05730.x
http://www.ncbi.nlm.nih.gov/pubmed/22924870
http://dx.doi.org/10.1111/mec.12023
http://www.ncbi.nlm.nih.gov/pubmed/23057853
http://dx.doi.org/10.1093/jxb/eru511
http://www.ncbi.nlm.nih.gov/pubmed/25618143
http://dx.doi.org/10.1111/mec.12681
http://www.ncbi.nlm.nih.gov/pubmed/24471495
http://dx.doi.org/10.1111/j.1365-294X.2012.05513.x
http://dx.doi.org/10.1111/j.1365-294X.2012.05513.x
http://www.ncbi.nlm.nih.gov/pubmed/22404645
http://dx.doi.org/10.1111/mec.12354
http://www.ncbi.nlm.nih.gov/pubmed/23701397
http://www.ncbi.nlm.nih.gov/pubmed/16783002
http://www.ncbi.nlm.nih.gov/pubmed/12663549
http://www.ncbi.nlm.nih.gov/pubmed/15824284
http://www.ncbi.nlm.nih.gov/pubmed/12746514
http://dx.doi.org/10.1186/1471-2164-9-423
http://www.ncbi.nlm.nih.gov/pubmed/18801166
http://www.ncbi.nlm.nih.gov/pubmed/3447015
http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353


68. Patterson N, Price AL, Reich D. Population structure and eigenanalysis. PLoS Genet. 2006; 2:e190.
PMID: 17194218

69. Tang H, Peng J, Wang P Risch NJ. Estimation of individual admixture: analytical and study design con-
siderations. Genet Epidemiol. 2005; 28:289–301. PMID: 15712363

70. Cabrera C, Artacho R, Giménez R. Beneficial effects of green tea—a review. Journal of the American
College of Nutrition. 2006; 25(2): 79–99. PMID: 16582024

71. Nelson MR, Marnellos G, Kammerer S, Hoyal CR, Shi MM. Large-scale validation of single nucleotide
polymorphisms in gene regions. Genome Res, 2004; 14:1664–1668. PMID: 15289484

72. McCouch SR, Zhao K, Wright M, Tung CW, Ebana K, Thomsonet M, et al. Development of genome-
wide SNP assays for rice. Breed Sci. 2010; 60:524–535.

73. Shi CY, Yang H, Wei CL, Yu O, Zhang ZZ, Jiang CJ, et al. Deep sequencing of theCamellia sinensis
transcriptome revealed candidate genes for major metabolic pathways of tea-specific compounds.
BMCGenomics. 2011; 12:131. doi: 10.1186/1471-2164-12-131 PMID: 21356090

74. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene Ontology: tool for the unifi-
cation of biology. Nature Genetics. 2000; 25:25–29. PMID: 10802651

75. Conesa A, Götz S, García-Gómez JM, Terol J, Talón M, Robles M. Blast2GO: a universal tool for anno-
tation, visualization and analysis in functional genomics research. Bioinformatics. 2005; 21(18):3674–
3676. PMID: 16081474

76. McNally KL, Childs KL, Bohnert R, Davidson RM, Zhao K, Ulat VJ, et al. Genomewide SNP variation
reveals relationships among landraces and modern varieties of rice. Proc Natl Acad Sci USA. 2009;
106: 12273–12278. doi: 10.1073/pnas.0900992106 PMID: 19597147

77. Clark RM, Schweikert G, Toomajian C, Ossowski S, Zeller G, Shinn P, et al. Common sequence poly-
morphisms shaping genetic diversity in Arabidopsis. Science. 2007; 317(5836): 338–42. PMID:
17641193

78. Xu X, Liu X, Ge S, Jensen JD, Hu F, Li X, et al. Resequencing 50 accessions of cultivated and wild rice
yields markers for identifying agronomically important genes. Nat Biotech. 2012; 30: 105–111.

79. Yuan Y, Qi LJ, Yu J, Wang XM, Huang LQ. Transcriptome-wide analysis of SAMe superfamily to nov-
elty phosphoethanolamine N-methyltransferase copy in Lonicera japonica. International journal of
molecular sciences. 2014; 16(1): 521–534. doi: 10.3390/ijms16010521 PMID: 25551601

80. Fournier-Level A, Hugueney P, Verriès C, This P, Ageorges A. Genetic mechanisms underlying the
methylation level of anthocyanins in grape (Vitis vinifera L.). BMC plant biology. 2011; 11(1): 179.

81. Greeff C, Roux M, Mundy J, Petersen M. Receptor-like kinase complexes in plant innate immunity.
Front Plant Sci, 2012; 3:209. doi: 10.3389/fpls.2012.00209 PMID: 22936944

82. Zhai C, Lin F, Dong ZQ, He XY, Yuan B, Zeng XS, et al. The isolation and characterization of Pik, a rice
blast resistance gene which emerged after rice domestication. New Phytologist. 2011; 189(1): 321–
334. doi: 10.1111/j.1469-8137.2010.03462.x PMID: 21118257

83. Emerson KJ, Merz CR, Catchen JM, Hohenlohe PA, CreskoWA, BradshawWE, et al. Resolving post-
glacial phylogeography using high-throughput sequencing. Proc Natl Acad Sci USA. 2010; 107(37):
16196–200. doi: 10.1073/pnas.1006538107 PMID: 20798348

84. Tai YL, Wei CL, Yang H, Zhang L, Chen Q, DengWW, et al. Transcriptomic and phytochemical analy-
sis of the biosynthesis of characteristic constituents in tea (Camellia sinensis) compared with oil tea
(Camellia oleifera). BMC plant biology. 2015; 15(1): 190–203.

Genetic Divergence between Cultivated andWild Teas Using RAD Sequencing

PLOS ONE | DOI:10.1371/journal.pone.0151424 March 10, 2016 21 / 21

http://www.ncbi.nlm.nih.gov/pubmed/17194218
http://www.ncbi.nlm.nih.gov/pubmed/15712363
http://www.ncbi.nlm.nih.gov/pubmed/16582024
http://www.ncbi.nlm.nih.gov/pubmed/15289484
http://dx.doi.org/10.1186/1471-2164-12-131
http://www.ncbi.nlm.nih.gov/pubmed/21356090
http://www.ncbi.nlm.nih.gov/pubmed/10802651
http://www.ncbi.nlm.nih.gov/pubmed/16081474
http://dx.doi.org/10.1073/pnas.0900992106
http://www.ncbi.nlm.nih.gov/pubmed/19597147
http://www.ncbi.nlm.nih.gov/pubmed/17641193
http://dx.doi.org/10.3390/ijms16010521
http://www.ncbi.nlm.nih.gov/pubmed/25551601
http://dx.doi.org/10.3389/fpls.2012.00209
http://www.ncbi.nlm.nih.gov/pubmed/22936944
http://dx.doi.org/10.1111/j.1469-8137.2010.03462.x
http://www.ncbi.nlm.nih.gov/pubmed/21118257
http://dx.doi.org/10.1073/pnas.1006538107
http://www.ncbi.nlm.nih.gov/pubmed/20798348

