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Abstract

Background: Tea is one of the most popular beverages in the world. Many species in the Thea section of the
Camellia genus can be processed for drinking and have been domesticated. However, few investigations have
focused on the genetic consequence of domestication and geographic origin of landraces on tea plants using
credible wild and planted populations of a single species. Here, C. taliensis provides us with a unique opportunity
to explore these issues.

Results: Fourteen nuclear microsatellite loci were employed to determine the genetic diversity and domestication
origin of C. taliensis, which were represented by 587 individuals from 25 wild, planted and recently domesticated
populations. C. taliensis showed a moderate high level of overall genetic diversity. The greater reduction of genetic
diversity and stronger genetic drift were detected in the wild group than in the recently domesticated group,
indicating the loss of genetic diversity of wild populations due to overexploitation and habitat fragmentation.
Instead of the endangered wild trees, recently domesticated individuals were used to compare with the planted
trees for detecting the genetic consequence of domestication. A little and non-significant reduction in genetic
diversity was found during domestication. The long life cycle, selection for leaf traits and gene flow between
populations will delay the emergence of bottleneck in planted trees. Both phylogenetic and assignment analyses
suggested that planted trees may have been domesticated from the adjacent central forest of western Yunnan
and dispersed artificially to distant places.

Conclusions: This study contributes to the knowledge about levels and distribution of genetic diversity of
C. taliensis and provides new insights into genetic consequence of domestication and geographic origin of
planted trees of this species. As an endemic tea source plant, wild, planted and recently domesticated C. taliensis
trees should all be protected for their unique genetic characteristics, which are valuable for tea breeding.
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Background
Plant domestication is one of the most important events
in human history. People still depend on the staple cereal
crops that were domesticated more than 6000 years ago in
Central America [1], the Near East [2,3] and Eastern Asia
[4]. In the initial domestication, the cultivated traits and
genetic bottleneck may emerge in cultivars after over 1000
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generations [3,5]. Reductions in genetic diversity have
been found in cultivated rice [6,7], maize [8], soyabean
[9,10] and other crops [11,12]. However, several instances
in which no decline in the genetic diversity of planted
populations occurred serve as a reminder of how compli-
cated the situation is [13]. The biological nature of the
plant whether it is annual or perennial, along with clonal
propagation or sexual breeding, all have an effect on the
results of domestication [14]. Differences in domestication
activities, such as single or multiple domestication, also
cause differences in the levels of genetic diversity in
cultivars [15,16].
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Both vital food plants and species that can be used for
medicine or beverages, such as tea, have been domesti-
cated for convenience. Tea was used at least as far back
as 2,000 years ago in China [17]. It is one of the most
popular beverages and has generated health, wealth and
job opportunities throughout the world [18-20]. There
are approximately 120 species in the genus Camellia
[21], but tea in its commercial beverage form is usually
produced from C. sinensis (L.) O. Kuntze. Since about
400 years ago when the first tea was introduced into
Europe [18], C. sinensis has been gradually familiar to
worldwide people. However, C. taliensis (W. W. Smith)
Melchior, an important plant for use in producing tea,
has only been recognized outside of its native areas for a
few decades [22,23]. Several studies have investigated the
genetic diversity of wild and planted trees of C. taliensis
[24-26], and some have detected a reduction in chloro-
plast DNA (cpDNA) diversity during domestication
[25,26]. But none of these studies has given more details
on the domestication origin of this plant. Though C.
sinensis is cultivated worldwide, there has been almost
no genetic research conducted to answer the domestica-
tion questions of it, because the credible wild population
of C. sinensis has been seldom found [27]. However, C.
taliensis provides a unique opportunity to document the
domestication origin of tea plants.
C. taliensis, a shrub or small tree (2–10 m) native to

the subtropical mountain evergreen forests at altitudes
of 1300–2700 m, is endemic from western Yunnan prov-
ince of China to northern Myanmar [21]. It is generally
distinguishable from C. sinensis by its glabrous or
sparsely pubescent terminal buds and five-loculed ovary
Figure 1 Camellia taliensis. (a) A branch with young fruit showing the fiv
recently domesticated trees, (e) ex situ recently domesticated trees, (f) plan
by SXY.
(Figure 1a). C. sinensis has silvery-grey sericeous ter-
minal buds and a three-loculed ovary [21]. In western
Yunnan where it is mainly found, C. taliensis is called
‘ye cha’ (wild tea) or ‘ben shan cha’ (local mountain tea)
by the local people (Figure 1b and c) [26]. Its leaf has
been collected to produce beverage that is alike the tea
from C. sinensis var. assamica but has its specific char-
acteristic constituents [28,29]. The tea probably made
from C. taliensis was recorded 1300 years ago [17,30],
and this species has been cultivated throughout western
Yunnan at least for hundreds years [30]. However, many
tea gardens of C. taliensis have been replaced by the
gardens of C. sinensis var. assamica or disappeared, and
the current cultivated plants of C. taliensis are mainly
located in the Lancang River basin and Dali city [25,30].
About a dozen years ago, due to the high price that

‘wild tea’ commanded in the local market, a large num-
ber of C. taliensis trees in the natural forest were cut
down to collect leaves [24,26]. And the phenomena of
directly domesticating wild C. taliensis trees by clearing
out the other plants on a parcel of natural forest and
keeping only specimens of C. taliensis (Figure 1d) or dig-
ging out the wild trees and planting them in gardens
(Figure 1e) had been found locally. We call these directly
domesticated trees as ‘recently domesticated’. The culti-
vated trees derived from the seeds that gathered in tea
gardens are called ‘planted’ (Figure 1f ) and trees lived in
the natural forest are called ‘wild’ (Figure 1b and c). Un-
like the cultivated traits such as non-shattering spikelet
in rice [4], tea plants do not have the clear morpho-
logical characters that may differentiate cultivated from
wild trees. Rigorous field investigations and local social
e-loculed ovary, (b) wild tree, (c) wild trees after felling, (d) in situ
ted trees. Picture (c) was taken by DWZ; all other pictures were taken



Zhao et al. BMC Plant Biology 2014, 14:14 Page 3 of 12
http://www.biomedcentral.com/1471-2229/14/14
surveys are implemented to differentiate between culti-
vated and wild form of tea plants.
The archaeological evidence is usually crucial to docu-

ment the domestication origins [4,31]. However, the
archaeological findings associated with crop origins are
limited. Widely used molecular genetics approaches such
as microsatellites can now be used to determine domes-
tication origins [32] to produce a more detailed crop his-
tory [16]. It will provide an accurate outline of the
domestication process when genetic analyses are consili-
ent with ethnobotanical approaches in the research [14].
In the present study, we provide the analyses of genetic
diversity and population structure in the wild, planted
and recently domesticated populations of C. taliensis
based on 14 nuclear microsatellite makers. We aimed to
assess the relative levels of genetic diversity of C. talien-
sis compared to that of C. sinensis, which have been in-
vestigated using landraces and improved cultivars
[33,34]. Then, we discussed whether reduction of genetic
diversity occurred in the planted populations of C.
taliensis relative to the wild populations, and estimated
the genetic consequence of domestication. Finally, we
addressed the geographical origin of planted trees, and
tried to discuss more details about the domestication
process. As an endemic tea source plant, knowledge of
population genetics and domestication history of C.
taliensis is of great importance for the effective conser-
vation and utilization of the landraces and wild germ-
plasm and to facilitate the genetic improvement of tea
plants.

Results
Genetic diversity and variance
A total of 178 alleles were detected in 25 populations of
C. taliensis for the 14 loci analysed (Additional file 1).
The average number of alleles per locus was 12.7. There
were 15 private alleles in nine populations, including 12
alleles in the wild group and three alleles in the recently
domesticated group. There were no private alleles in the
planted group (Table 1), suggesting a common gene pool
shared by planted and natural trees. The rare alleles
(frequency ≤ 0.05) [35] accounted for 109 (61.2%) of the
total 178 alleles revealed in all loci.
C. taliensis showed a moderate high level of overall

gene diversity (HS = 0.597) (Table 1). For each popula-
tion analysed, the highest level of genetic diversity was
found in the YJD population (allelic richness corrected
for sample size: A = 5.524; HS = 0.682), and the lowest in
the JCW population (A = 3.428, HS = 0.541). Inbreeding
coefficient (Fis) values of 25 populations ranged from
0.029 to 0.275. The global Fis was 0.160, suggesting a
low inbreeding rate in the populations of C. taliensis.
In the group comparison tests, the wild group con-

tained the greatest number of rare alleles across all three
groups: only nine were absent from the wild group,
whereas 40 were absent from the planted trees (χ2 = 25.30,
df = 1, P < 0.001) and 44 were absent from the recently
domesticated individuals (χ2 = 30.54, df = 1, P < 0.001).
There was no significant difference in the number of rare
alleles between the planted and recently domesticated
groups (χ2 = 0.31, df = 1, P = 0.578) (Table 2). A was
significantly lower (Pone tailed < 0.05, 5000 permutations) in
the wild group (4.400) than in the planted (4.911) or
recently domesticated (4.993) groups. HS was significantly
higher (Pone tailed = 0.017) in the recently domesticated
group (0.634) than in the wild group (0.583). The group
comparison tests of A and HS indicated that wild popula-
tions had a lower level of genetic diversity compared with
recently domesticated and planted populations. The ob-
served heterozygosity (HO) and Fis showed no significant
differences between the three groups (Pone tailed > 0.05).
The genetic differentiation (Fst) was 70% higher in the wild
group than in the planted or recently domesticated groups
(Pone tailed ≤ 0.01) (Table 2), indicating the more genetic
variation in the larger sample of wild group.
Subsample genetic comparisons were performed be-

tween the selected adjacent populations. In terms of the
number of rare alleles absent, there was no significant
difference detected in YXP and LLP versus YXW and
GSW (χ2 = 3.19, df = 1, P = 0.074) or in OJW and YJW
versus OJD and YJD (χ2 = 3.39, df = 1, P = 0.065). No
significant difference was found in the comparisons to
the other genetic parameters, including A, HS, HO, Fis
and Fst (Table 2), suggesting the similar levels of genetic
diversity, inbreeding and genetic differentiation between
adjacent populations.
In the Analysis of molecular variance (AMOVA), no

variation was found among wild, planted and primary
domesticated groups, suggesting the same genetic basis
of these groups. Most of variation was detected within
populations (70.6% within individuals and 16.5% among
individuals within populations) and 12.9% of variation
was found among populations (Table 3).

Genetic drift of each population
The mean F values of the wild populations ranged
from 0.0991 (MHW) to 0.2686 (JCW) with an average
of 0.1656. The mean F values of the recently domesti-
cated populations ranged from 0.0673 (YJD) to 0.1221
(LXD) with an average of 0.1072. Population YXP
(0.0677) and DLP (0.1702) had the maximum and
minimum mean F values, respectively, of the planted
populations, and the average F value for this group
was 0.1108 (Additional file 2). The genetic drift values
suggested that the genetic composition of the wild
populations had changed about 1.5-fold faster than
that of the planted and recently domesticated popula-
tions since they diverged from the common ancestor.



Table 2 Genetic structure and genetic diversity of wild (W), planted (P) and recently domesticated (D) populations

Parameter W P D P

W vs. P W vs. D P vs. D

NR absent All 9 40 44 <0.001** <0.001** 0.578

Sub 70/77 57 64 0.074 0.065 -

A All 4.400 (0.115) 4.911 (0.218) 4.993 (0.179) 0.026* 0.016* 0.401

Sub 4.624 (0.299)/4.604 (0.036) 5.302 (0.141) 5.185 (0.339) 0.099 0.126 -

HS All 0.583 (0.011) 0.606 (0.014) 0.634 (0.016) 0.191 0.017* 0.190

Sub 0.594 (0.009)/0.602 (0.018) 0.628 (0.013) 0.651 (0.030) 0.250 0.133 -

HO All 0.489 (0.013) 0.522 (0.027) 0.529 (0.026) 0.133 0.110 0.431

Sub 0.491 (0.014)/0.474 (0.009) 0.565 (0.060) 0.551 (0.051) 0.097 0.089 -

Fis All 0.161 (0.044) 0.139 (0.075) 0.166 (0.065) 0.184 0.442 0.203

Sub 0.173 (0.067)/0.213 (0.058) 0.100 (0.071) 0.154 (0.054) 0.077 0.118 -

Fst All 0.153 (0.010) 0.092 (0.019) 0.093 (0.011) 0.003** 0.010** 0.482

Sub 0.147 (0.027)/0.160 (0.039) 0.071 (0.020) 0.077 (0.019) 0.100 0.083 -

NR, Number of rare alleles. All, comparisons performed between wild, planted and recently domesticated groups. Sub, means the subsample comparisons: YXP
and LLP versus YXW and GSW, OJW and YJW versus OJD and YJD. Parameter means are followed by standard error in parentheses. Before ‘/’, there are values of
YXW and GSW; and after it, there are values of OJW and YJW. *P < 0.05, **P < 0.01.

Table 1 Genetic diversity, inbreeding coefficient and number of private alleles in each population of C. taliensis

Group Code n A HS HO Fis NP

W SJW 24 4.202 (0.545) 0.583 (0.072) 0.506 (0.062) 0.131 (0.094) 4

YXW 23 4.923 (0.645) 0.603 (0.086) 0.504 (0.065) 0.164 (0.071) 1

NMW 22 4.757 (0.522) 0.619 (0.061) 0.555 (0.058) 0.104 (0.120) 0

GMW 24 4.515 (0.530) 0.598 (0.071) 0.482 (0.053) 0.195 (0.073) 1

CYW 23 4.196 (0.617) 0.542 (0.087) 0.467 (0.063) 0.137 (0.080) 0

MHW 22 5.400 (0.559) 0.668 (0.065) 0.600 (0.052) 0.102 (0.059) 2

JCW 11 3.428 (0.388) 0.541 (0.059) 0.468 (0.073) 0.135 (0.103) 2

MJW 24 4.662 (0.498) 0.632 (0.068) 0.538 (0.050) 0.149 (0.075) 0

OJW 23 4.641 (0.577) 0.587 (0.076) 0.466 (0.057) 0.206 (0.070) 0

LXW 32 4.592 (0.589) 0.549 (0.079) 0.476 (0.055) 0.133 (0.050) 2

YJW 29 4.568 (0.492) 0.623 (0.069) 0.484 (0.059) 0.223 (0.060) 0

LCW 23 4.143 (0.525) 0.561 (0.067) 0.462 (0.052) 0.176 (0.082) 0

HQW 33 3.883 (0.482) 0.489 (0.062) 0.397 (0.040) 0.188 (0.057) 0

TCW 24 3.994 (0.480) 0.551 (0.076) 0.400 (0.061) 0.275 (0.098) 0

GSW 21 4.325 (0.481) 0.585 (0.073) 0.477 (0.057) 0.184 (0.078) 0

YDW 22 4.176 (0.517) 0.633 (0.055) 0.561 (0.051) 0.113 (0.111) 0

P YXP 21 5.443 (0.664) 0.641 (0.075) 0.622 (0.064) 0.029 (0.068) 0

CNP 19 4.627 (0.571) 0.577 (0.083) 0.469 (0.070) 0.188 (0.096) 0

FQP 24 5.108 (0.648) 0.616 (0.076) 0.508 (0.057) 0.175 (0.088) 0

LLP 24 5.162 (0.663) 0.615 (0.072) 0.503 (0.058) 0.183 (0.085) 0

DLP 23 4.215 (0.617) 0.568 (0.072) 0.494 (0.068) 0.129 (0.114) 0

D OJD 24 4.846 (0.526) 0.621 (0.069) 0.500 (0.058) 0.194 (0.071) 1

LXD 24 4.745 (0.498) 0.618 (0.063) 0.488 (0.053) 0.211 (0.122) 1

YJD 24 5.524 (0.647) 0.682 (0.072) 0.602 (0.049) 0.117 (0.062) 1

ZKD 24 4.857 (0.640) 0.619 (0.068) 0.525 (0.054) 0.153 (0.091) 0

Total 587 6.778 (0.753) 0.597 (0.062) 0.502 (0.050) 0.160 (0.050) -

Population means are followed by standard error in parentheses. n, number of individuals; A, allelic richness; HS, gene diversity; HO, observed heterozygosity;
Fis, inbreeding coefficient; and NP, number of private alleles.
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Table 3 AMOVA for different regions divided in C. taliensis

Source of variation d. f. Sum of squares Variance components % of variation Fixation indexes P

Wild, planted and recently domesticated groups

Among groups 2 65.2 0.00 0.0 Frt = −0.001 0.880

Among populations within groups 22 727.2 0.63 12.9 Fsr = 0.128 0.001

Among individuals within populations 535 2704.1 0.81 16.5 Fis = 0.190 0.001

Within individuals 560 1927.5 3.44 70.6 Fit = 0.293 0.001

Total 1119 5423.9 4.87 100.0

Geographical cluster I, II and III

Among clusters 2 113.5 0.08 1.5 Frt = 0.015 0.001

Among populations within clusters 22 678.8 0.58 11.8 Fsr = 0.120 0.001

Among individuals within populations 535 2704.1 0.81 16.5 Fis = 0.190 0.001

Within individuals 560 1927.5 3.44 70.2 Fit = 0.298 0.001

Total 1119 5423.9 4.90 100.0
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Ancestry analysis of the planted individuals
According to the ΔK method [36] using STRUCTURE,
the highest likelihood for K was 3 (Additional file 3).
Three clusters were detected in the wild and recently
domesticated individuals. Cluster I of five populations
(OJW, OJD, MJW, JCW and MHW) was located in
southern Yunnan. The other 15 populations that were
located in western Yunnan and the surrounding area
were assigned into two clusters: Cluster II (HQW, TCW,
GSW, YJW, YJD and YDW) was located in the north-
west of this area, and the other nine populations were
Figure 2 Map of the sampling locations. The dots indicate wild populat
indicate recently domesticated populations. The colours correspond to the
contained in the Cluster III (Figures 2 and 3). Planted
individuals with no prior information were assigned to
the three clusters. The most proportion of the planted
trees genomes (62.4% of DLP, 54.6% of CNP, 51.1% of
FQP, 45.4% of YXP and 25.9% of LLP) were assigned to
the Cluster III, the less proportion of the planted trees
genomes (63.9% of LLP, 36.6% of CNP, 34.1% of FQP,
31.4% of DLP and 27.7% of YXP) were assigned to the
Cluster II and the least proportion (26.9% of YXP, 14.8%
of FQP, 10.2% of LLP, 8.8% of CNP and 6.2% of DLP) to
Cluster I (Figure 4). It indicated that the trees of
ions, the squares indicate planted populations and the triangles
model ancestry analysis.



Figure 3 Estimated population structure of the wild and recently domesticated C. taliensis with K = 3. The genome of each individual is
represented by a vertical line that is divided into coloured segments in proportion to the estimated membership of each of three clusters: Cluster
I (green), Cluster II (red) and Cluster III (blue).
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population DLP, CNP, FQP and YXP were genetically
similar to the natural individuals from Cluster III and
trees of population LLP were genetically similar to those
from Cluster II. However, 6.2%-26.9% of the genomes of
planted trees were similar to those of Cluster I. AMOVA
detected 1.5% of variation among these clusters of the
whole samples, suggesting a weak differentiation at such
level of C. taliensis (Table 3).
To illustrate further the phylogenetic relationship

between wild, recently domesticated and planted popu-
lations, the Neighbor-joining method was employed to
reconstruct the phylogenetic tree of all 25 populations.
Population FQP and CNP were phylogenetically close
with population NMW, population DLP was close with
population YDW, population LLP was close to popula-
tion GSW and TCW, and population YXP was close to
population YXW, MHW, OJD and OJW (Figure 5).
Combining the phylogenetic results with genotype as-
signment of planted trees, it was proposed that planted
trees of C. taliensis might have been domesticated from
the central forest of western Yunnan, around the geo-
graphic area of TCW, GSW, YDW, NMW and YXW
(Figure 2), and dispersed artificially to distant places.
Figure 4 Ancestry analysis of planted C. taliensis. Each genome of a pla
segments in proportion to the estimated ancestry of each source cluster.
Discussion
Genetic diversity of C. taliensis
Microsatellites had a high variation in the tea plants
[33,37,38] as well as in other species of Camellia [39,40].
The high level of haplotype diversity and nucleotide
diversity was reported by the nuclear PAL and cpDNA
rpl32-trnL in C. taliensis [26]. In the present study, the
overall gene diversity in C. taliensis (0.597) (Table 1) was
lower than that reported for C. japonica (0.84) [39]. The
gene diversity of planted C. taliensis (0.606) was lower
than that analysed in the cultivars and six of eight land-
races of C. sinensis in Japan (0.617-0.723) [33] but higher
than that revealed in the Chinese improved cultivars of
C. sinensis (0.588) [34]. The landraces and wild tea
plants reported by Yao et al. [34] were comprised by
several different species of Camellia, which had higher
gene diversity than C. taliensis.
Outcrossing breeding system, long life cycle and large

geographic ranges may play central roles in shaping the
high genetic diversity of tea plants [41]. The lower
genetic differentiation means the higher gene flow be-
tween populations [42], indicating a majority of genetic
diversity preserved within populations (Table 3) [20,26].
nted individual is represented by a vertical line divided into coloured



Figure 5 Neighbor-joining phylogenetic relationships of 25 populations of C. taliensis. Mean F values for each population appear along
lines. The colours correspond to model source clusters.
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However, human activities are the additional factors that
have been impacting the genetic diversity of tea plants
and the adverse effects of encroachment of humans are
increasing continuously. Felling the wild trees of C.
taliensis to collect leaves for producing the wild tea
(Figure 1c) [24,26] and further deforestation to make
way for farming, grazing and construction have caused
persistent and serious damage to natural sources of this
tea plant [43]. The lower genetic diversity and the higher
F values in the wild populations may indicate the stron-
ger genetic drift due to these causes (Table 2, Figure 5
and Additional file 2).

Genetic consequence of domestication
The genetic drift analysis (Figure 5, Additional file 2)
and both the group and subsample tests showed a lower
level of genetic diversity in the wild populations (Table 2).
Did they reveal that the planted populations have an
advanced genetic diversity, which was exceptive in the
plant domestication [5]? It is not possible to identify a real
genetic consequence of domestication in the comparison
of endangered wild populations [26] and protected
planted populations. The decline in genetic diversity of
wild trees introduced by human activity may mask the
genetic bottleneck in planted individuals. However, the
recently domesticated trees that came directly from the
natural forest may partly represent the wild plants that
were free from damage. Compared with the recently
domesticated group, it indicates that the wild group has
lost genetic diversity rather than the planted group has
gained genetic diversity. Furthermore, although the differ-
ences of genetic diversity between planted and recently
domesticated groups were not significant, the little reduc-
tion of A and HS and slight growth of F value in planted
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group would indicate a little but non-significant genetic
bottleneck during the domestication, which suggests the
complicated situation in the tea plants domestication
(Table 2, Figure 5 and Additional file 2).
The information from both the chloroplast and

nuclear genomes helped us to comprehensively under-
stand the consequence of domestication. CpDNA rpl32-
trnL intergenic spacer analyses showed a reduction of
the genetic diversity during domestication with three
planted populations and 21 wild populations of C.
taliensis [25,26]. The maternal inheritance cpDNA
analysis would suggest the limited seed sources of the
planted C. taliensis during domestication. However, the
analysis of cpDNA does not always give results that are
consistent with the results analysed by nuclear DNA
[44]. Almost the whole cpDNA variation (98.75%) was
distributed among C. taliensis populations, which was
contrastingly different from the results detected by
nuclear DNA markers (Table 3) [26]. It may be rational
to consider that the sampling number of populations will
affect the comparison result of cpDNA diversity between
different groups [44]. The loss of cpDNA diversity in the
three planted populations compared with 21 wild popu-
lations may be partly derived from the much smaller
number of planted populations.
Tea plants have 5–10 years long life cycle [45], and

have been selected on the traits of leaf during their
domestication. The artificial selection based on leaf
characteristics may have less of an impact on the genomes
of tea plants, especially as they are xenogamous plants
and reproduce from seed. Additionally, the gene flow
among local planted, wild and recently domesticated trees
would introduce introgression among different groups
and reduce the genetic difference (Table 3) [42]. The
planted population of DLP, which is located at the
northern frontier of the natural distribution of C. taliensis
(Figure 2), is recorded as having a long period of cultiva-
tion [45]. We did not find wild C. taliensis trees in the
local forests in the DLP area. Isolated from natural trees
and long period of cultivation seem to be the major causes
of the lowest genetic diversity and the highest drift values
of population DLP among the planted populations
(Table 1, Figure 5 and Additional file 2). Trees in popu-
lation YXP had a high genetic diversity, which may be the
result of gene flow between YXP and YXW. The tea
garden from which population YXP was derived contained
several cultivars of C. sinensis. Mixed cultivation may have
made genetic introgression between the two species more
feasible [46].

Geographical origins of the planted trees
In the present study, both phylogenetic and assignment
analysis indicated that the planted trees of C. taliensis
may be derived from the central forest of western
Yunnan and dispersed artificially to distant places
(Figures 2, 3, 4 and 5). Four of five planted populations
(LLP, CNP, FQP and YXP) came from this area, suggest-
ing that C. taliensis has been mainly domesticated from
the adjacent natural forests. This area has a long period
of domesticating tea plants [30]. A legend of ‘dou cha’
(tea fight) could be heard in the village of population
YXP. Taking with the tea and seeds, people came from
different places gathered in the village for the tea fight.
The person who won the competition had to supply
their elite seeds of C. taliensis to others for planting
[30]. Through these human activities, the landraces of C.
taliensis had been selected and spread to the farther
place. The artificial dispersal of landraces would explain
the close genetic relationship between some planted
trees in population YXP and the natural trees of Cluster
I in southern Yunnan as well as the relationship between
DLP and YDW (Figures 2, 4 and 5).
Most of the crops that spread worldwide due to their

unique values were initially derived from the native
habitats of their wild ancestors, which can be traced back
through both archaeological and genetic approaches
[16,31]. The in situ plant domestication process is still
underway [47]. From the current activities of recent
domestication, it may be reasonable to consider that the
origin of planted trees of C. taliensis was not a single event
but an extended multistage process in which wild trees
added sequentially over hundreds of years. The non-
significant reduction in genetic diversity of planted trees
will support this inference (Table 2). However, in the field
investigation and local social survey, we found that a large
number of endemic planted trees of C. taliensis had been
replaced by the ecdemic improved cultivars of C. sinensis
var. assamica in the late one hundred years [25]. It sug-
gested that improved cultivars of tea were valued for their
higher quality. In the last dozen years, the domestication
of wild C. taliensis was principally owing to the high price
of wild tea that had been hyped with the cultural values
and it was claimed to be produced without using pesticide
and chemical fertilizers [24,26]. It is hard to believe that
people were willing to abandon the improved landrace in
their gardens but introduce the wild trees from the natural
forests frequently during hundreds of years. It is consid-
ered that the more likely process is the successive domes-
tication in tea gardens and accompanied occasional
introduction of few wild seeds or seedlings of C. taliensis.

Conservation strategies and utilization in tea breeding
Although the planted and recently domesticated popula-
tions had a greater genetic diversity, it is the wild popu-
lations that have preserved the most private alleles and
rare alleles, making them the most important reservoirs
of genetic variation (Tables 1 and 2). Taking natural
trees and planting them in private gardens or clearing
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out other shrubs and transforming a plot of wild forest
into one’s own tea garden destroys not only wild
resources of C. taliensis, but also the natural forest in
general (Figure 1d and e). Without effective restric-
tion, each individual action of initial domestication
would add up to the substantial damage of common
resources, not unlike the tragedy of the commons de-
scribed by Hardin [48].
It is essential to conserve common natural resources,

including wild tea plants, through efficient management.
However, C. taliensis is an important landrace source
that could generate new developments in tea breeding,
for which wild genetic resources should be indispens-
able. The paradox of protection and production could be
addressed through rapid reproduction from cuttings [49]
of wild trees. The planted trees of C. taliensis should
also be protected for their selected genetic characte-
ristics and endemic culture, and they will facilitate the
further breeding of tea plants.

Conclusions
In this study, we firstly illustrated the domestication
origin of a tea plant with genetic approaches. Fourteen
nuclear microsatellite loci detected a moderate high
genetic diversity in C. taliensis. Using the credible wild,
planted and recently domesticated populations of this
tea plant, we discussed the genetic consequence of
domestication and geographic origin of the planted trees.
Group and subsample tests indicated that a little and
non-significant bottleneck occurred during the domes-
tication. The phylogenetic and assignment analyses
suggested that the planted trees may have been do-
mesticated from the adjacent central forest of western
Yunnan and dispersed artificially to distant places. As
an important tea source plant in Yunnan province of
China, C. taliensis should be protected and utilized
for their unique genetic characteristics, which are
valuable for the genetic improvement of tea plants.
Our study will be helpful to distinguish the genetic
results of different collection and domestication activ-
ities of tea plant, and will further give deep insights
into the custom and history of tea domestication.

Methods
Sampling of C. taliensis
Our sampling localities encompassed almost the entire
range of C. taliensis in western Yunnan and the sur-
rounding areas (Figure 2, Additional file 4). Wild trees
were sampled from the natural forests (Figure 1b and c).
Planted trees were collected from tea gardens and
identified as seedling plants (Figure 1f ). Recently domes-
ticated trees were sampled in tea gardens and the owners
verified them as having come directly from natural forests
(Figure 1d and e). We collected 587 individual plants from
16 wild populations (W), five planted populations (P) and
four recently domesticated populations (D). Leaves were
preserved in silica gel for DNA extraction. Voucher speci-
mens were deposited at the Herbarium of the Kunming
Institute of Botany, Chinese Academy of Sciences (KUN)
(Additional file 4).

DNA extraction and microsatellite analysis
Total genomic DNA was extracted using a modified
protocol of Doyle and Doyle [50]. Thirty-seven primer
sets were selected from the known microsatellite loci in
C. taliensis [51], C. sinensis [37,52,53], C. japonica [54]
and other species [55]. After the primary screening, we
got 14 nuclear microsatellite loci in which only five pri-
mer sets were transferred from other species of Camellia
as rest of the primer sets were developed in specific for
C. taliensis (Additional file 1). In the selected 37 primer
sets, there were two chloroplast microsatellite loci:
ccmp6 [52] and PS-ID [55]. We had not found the
mutation in PS-ID from primary screening, but had
found one mutation in ccmp6. However, when we
developed all 587 individual with ccmp6, there was only
a single mutation in population TCW. So, these two
chloroplast microsatellite loci had not been implemented
in the subsequent analyses.
PCR amplification was carried out according to the

standard protocol and the products were separated on
8% polyacrylamide denaturing gel by silver staining. Two
or three samples of each primer set were sequenced to
ensure the markers hitting the same microsatellites
regions as reported. The alleles were scored according to
the specific references that contained 1–5 alleles of each
locus from single or mixed PCR products and the100 bp
DNA ladder (Tiangen Biotech, Beijing, China). About
30% of total data was performed additionally on the gel
for cross and repeated scoring.

Genetic diversity estimation
The differences between the number of rare alleles
(frequency ≤ 0.05) [35] present in the wild populations,
planted populations and recently domesticated popula-
tions were tested using a χ2 contingency table test [56].
The allelic richness corrected for sample size (A), the
observed heterozygosity (HO), the gene diversity (HS)
and the F-statistics were determined in FSTAT V2.9.3.2
[57]. This program was also used to perform comparison
tests between each genetic parameter of the wild, planted
and recently domesticated groups. The one-tailed P values
were estimated using the random permutation method.
In the group comparison tests, the wide differences in

number of trees between wild and planted groups as
well as between wild and recently domesticated groups
may bias the results. The subsample tests had been
developed for avoiding this potential statistic bias and
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achieving the more detailed results. Certain adjacent
populations in different groups were selected to perform
the subsample comparisons: YXP and LLP versus YXW
and GSW, OJW and YJW versus OJD and YJD (Figure 2).
These genetic comparisons were also carried out in
FSTAT V2.9.3.2 [57].

Genetic drift analysis
The F model, performed with the program STRUC-
TURE V2.3.3 [58], was used to estimate the rate of drift
away from a common ancestor for each wild, planted
and recently domesticated populations. A Bayesian
approach was implemented to infer the ancestral allele
frequencies and the rates of drift away from the ancestral
allelic state in each population (F values). For all pairs of
wild, planted and recently domesticated populations, we
set the prior mean F to 0.1. Three parallel Markov chains
were run with a burn-in of 104 iterations and a run
length of 105 iterations for each comparison. Regions
of 90% credibility were computed from the distribu-
tion of F values estimated in the final run. The mean
F values for each population were calculated across
all runs and all other populations that belonged to
different groups [32].

Ancestry analysis of the planted trees
Using the program STRUCTURE V2.3.3 [58,59], we
estimated the number of genetic clusters of natural C.
taliensis to which we would assign the planted trees.
Both the wild and recently domesticated samples were
included to estimate the genetic clusters, because the
recently domesticated trees came directly from the
natural forest and the broader natural samples would
make the subsequence assignment analysis more accur-
ate. We used the admixture model and assumed that the
allele frequencies were correlated among the popula-
tions. The simulations were run with a burn-in of
500,000 iterations and a run length of 106 iterations
from K = 1 through 20. Runs for each K were replicated
10 times and the true K was determined according to
the method described by Evanno et al. [36]. After deduc-
tion of true K value, the wild and recently domesticated
individuals were specified as belonging to each of K
clusters but no prior information was specified as to the
origin of planted trees, which established a new dataset.
Using this new dataset and the admixture model, ten
parallel Markov chains were run for the correlated
allele frequency models with a burn-in of 500,000
iterations and a run length of 106 iterations to esti-
mate the proportion of every planted tree’s genome
possessing ancestry in each of K clusters [10,32]. The
results of the genetic clustering and ancestry analysis
were perfected in the programs CLUMPP V1.1.2 [60]
and DISTRUCT [61].
Phylogenetic analysis
Genetic distances (DA) [62] between all 25 popula-
tions were calculated by DISPAN [63] with 1000
replicate bootstrap data sets. Using the pairwise DA,
the program MEGA 5.1 [64] was implemented to con-
struct a Neighbor-joining tree of the 25 populations.

Analysis of molecular variance
Analysis of molecular variance (AMOVA) was performed
with GENALEX 6.501 [65,66] to detect the proportion of
variance of wild, planted and recently domesticated
groups. After each planted population was assigned to the
geographic cluster, GENALEX 6.501 was also imple-
mented to analyse the proportion of genetic variance in
these clusters.

Additional files

Additional file 1: Description of the microsatellite loci.

Additional file 2: Results of the F model comparisons. F1, F2 and F3
refer to the F values of the wild, planted and recently domesticated
populations, respectively.

Additional file 3: Results of detecting the true K.

Additional file 4: Sampling localities of Camellia taliensis. Population
LXW is located in Myanmar and the other populations are located in
Yunnan province of China.
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