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INTRODUCTION

Tea is the wor | eldaholicnbeverage (Morplatlala 2004)ySouth and
South East Asia are the most important certétea cultivation anéccount for85% of the
global productionChinaand India are known to be the largestpeaducing countries and
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are recognizeadsdomestication centerdéac cor di ng t o t heprcdmpessed iltyt
Ming (2000), the cultivated teia.Gp.l snmmeinsi curr
si negnCshiisna type wi tChs isnneandstis & eefaiveessd m atnyfdpe wi t h

| eavfhe) Cambod type wi€Ch assabbpsi geabegrnrveat éc
as a distinct dleas siyfpiec abtnoitoeni dseymesttiefmsed as hyb
(Meegahakumburat al.,2016).Despite the number of studies that have been carried out in

the past, omprehensivestudes on the genetic diversity, relationshipgnd domestication

history of the teagplant are limited. Recently, Meegahakumbui@016) investigated the

genetic diversity, structure, and relationships of 652 tea cultivars and wild relatives from 14

Asian countries using 23 SSRs markexsd their results inferred threéndependent
domestication centers féea plantand Chinese, Indian Assam tea were identified as distinct

genetic entities based on genomic SSRs. Genetic relationships and breeding history of the
African tea germplasm (Wambulved al.,2016) and origins of African tea germplasmave

alsobeirg investigated using SSRs and cpDNA sequencing (Wambetved., 2017). Yet,

fewer number of molecular markers used was the noteworthy limitation in these studies.

Next generation sequencing (NGS) has enabled to discover, sequence and genotype hundreds

to thousands of single nucleotigelymorphismsSNPs) in tens to hundreds of individuals

(Davey and Blaxter, 2010)The SNPs are the most abundant type of molecular markers
extensively used in crop genetic studies and have transformed molecular biokearches

from genotyping to genome typingt U i kekal.,2003). Restrictiorsite associated DNA

(RAD) sequencing (Bair@t al.,2008) andgenotyping bysequencing GBS; Elshireet al.,

2011)are the two most popular negéneration sequencing technigqubsie to lowcost and

ease of sample handling in GBSIshireet al.,2011) it has been extensively used for SNPs

discovery (Sonatet al., 2013; Nimmakayalaet al., 2014), for understanding the genetic
relationships (Donatet al., 2013) and for domesticatn history studiesNimmakayalaet

al., 2014).

Limited attempts had been madering the pasto develop and utilize SNPs in theaplant.
Zhang et al. (2014) developed 818 SNPs for tea plant usE®Ts. Similarly, Fang et
al.(2014) used 60 SNPs ftdentify tea cultivars in China, and the resulevealed two
genetic entities. Ma&t al. (2015) developed SNPs and mapped 6042 markers to obtain the
most informative genetic map available for tea plant. RAD Sequencing was recently used to
develop genome vde SNPs and identified the relationships of 18 cultivated and wild
relatives (Yanget al., 2016). However, none of these previous studies used wide sampling
methodologiedo investigatethe genetic relationships, origins of domestication of the tea
plant. Therefore, in thepresentstudy, wecollectedtea samplesncluding cultivated tea,
landraces and close wild relativé®m different Asian countries to develop SNPs using
Genotyping by Sequencing (GBS) to understand the genetic relationships and 6rigin o
domestication of the tea plant.

MATERIALS AND METHODS
Plant materials

A set of 114 tea samples (Table icluding 24 wildrelatives,belonging to 12 specieasf
cultivated tegCamellia sinensig¢L.) Kuntz.] landraces and cultivamserecollected from 14
Asian countries (including Taiwan Province of Chire)d used for high quality DNA
extractions based on a modified CTAB meth8dmples werarranged in boxes with proper
labeling, chilledusing CO, crystals and carried to Novoge@®mpaly (Beijing, China) for
GBS analysis.
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Table 1. List of tea samples used for the GBS analysis

Species Country No. of samples
Camellia taliensis China 5
C. tachangensis China 2
C. crassicolumna China 2
C. kwangsiensigar. kwangsiensis China 2
C. grandibracteata China 2
C. gymnogyna China 2
C. costata China 2
C. leptophyla China 2
C. ptilophyla China 2
C. fengchengensis China 1
C. pilosperma China 1
C. costei(out group) China 1
C.sinensis China 41
C.sinensis Republic of China (Taiwan) 3
C.sinensis India 15
C.sinensis Sri Lanka 5
C.sinensis Nepal 4
C.sinensis Bangladesh 3
C.sinensis Laos 3
C.sinensis Vietnam 3
C.sinensis Thailand 2
C.sinensis Indonesia 2
C.sinensis Cambodia 2
C.sinensis Myanmar 2
C.sinensis Japan 2
C.sinensis Pakistan 2
C.sinensis Malaysia 1
Total 114

Analysis of GBS data
SNP alling

In the case of data analysis, quality control, assembly psemudereferencesequence,
mapping on the pseudo reference genome, and SNP calling were carried out as the major
steps. In quality control, sequences of each sample were sorted out with the barcode. Row
reads in thdastaformatwere processethrough a series of qualigontrol steps. Reads with
O010% unidentified (N) nucl eoti des, >50% pair
adapterand reads witiNlalll sequencewvereremoved. Secondhpairedendsequence reads

of one samplaverelinked to forming artificial segence tags and collapsed into clusters. The
reads of this samplereclustered with stacks, allowing six basésmatches&nd more than

three support reads. Thirdly, Barrow wheeler aligf{8wWA) was used to align the clean
reads of each sample against therence genome @rctinidia chinensisbelonging to the

same Order Ericaleas the tea genome sequence was not available in 20@6ment files
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were converted to BAM files using SAMtoo(ki et al., 2009) software. When multiple
reads pairs with external coordinateere detected, read pairs witthe highest mapping
quality was retained Finally, the SNP calling for each sample was carried out using
SAMtools.

Variant filtering

Total data analysisvas done using thé&inux server(Super Computer) at the Kunming

Institute of Botany, Chinese Academy of ScignChina The aiginal cleaned SNP data set
inthevar i ant call format (vcf) was further filt
missingdata per sample <5% and per locus <5 similar to previous stidiediltering was

done using VCFtools v0.1.XAuton and Marchetta, 2015)

Population structure

Population structure analysis was carried out with 112 tea samples using Frappe v1.1 (Tang
et al., 2005). The input file for Frappe isminkped file. Thevcf file was convertedhto the

plink format using VCFtools v0.1.14. The genotype data inpiefile was then recoded

using Plink v1.07 (Purcel, 2015)Frappe was run using two input files: the parameter file
(MyParamSim.txt) and theecoded genotype plinkped file (simdata.ped) with 10,000
maximum number of @rations and K values of 1 to Bhe output file of Frappe conséstof

the ancestry proportionseémates foreach We usedDistruct v1.1 (Rosenberg2004) to
generate plots from the Q estimates.

Neighbor joining tree

The genetic distance matrix between individuals was generated and the neighbor joining tree
was constructed using TASSEL Bs@dbury et al., 2007) Camellia costeiof C. sect.
Theopsisvastreated as outgroufghe NJ tree was visualized and modified with FigTree 1.4
(Rambaut2012)

RESULTS AND DISCUSSION
GBS analysis

Of 114, samples (Table 1) sent for GBS analysis, one sample of Chinese Assam tea failed in
the GBS library preparation. A total of 32.5 million GBS tagse generatefor 113 tea
samples withan average 28624 GBS tags per sampl&@he mean sequencing dbepif tags

for each sample ranged from-22 with an average of 1®ow data generataéngedfrom
0.6162.564 billion base pairand cleaned data set ranged from 0.81564 billion base

pairs withanaverage 009.99% very high effective rateligh-quality dataset obtained with

very low error rates (0.054%) and ambiguous bases (Q20=93.42%; Q30=85nETte0)
removedduring the cleaning procesaround 38.16% average GC contengs reportedor

the tea samples and close wild relatives and 80.16% of the vemrés mappedo the
reference genome. One more sample from Cleparted 98.3% heterozygo8&Ps, hence

it was temporarilyremoved from the population structure and NJ tree analyhis. GBS
analysis generated 1,286,662 SNPs, and upon variant filtering for minor allele frequency and
missing data, 247,760 SNPs were selected for final analysis for 112 samples.
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The GBS is an effectiveapproachto developlarge sets of SNP markers for crogrgetic
analysis Elshire et al, 2011) High quality reads were sequenceblypaired
endlluminasequencing for the tea plant and its close relativeand the most
comprehensiv@NPsdataset available for tea plantdate waggeneratedA total 0f247,760
high quality SNPsvere developedfor the 112 samples in this study, theas higher than
15,444 used for teplantby Yanget al. (2016) yet lower than 8,174,678 SN@$ African
wild rice usedfor domestication history study (Warg al., 2014). Mapping percentage
reported here inhe teaplant (80.16%)was lower tharthat of Sorghum(85%) reference
genome (Morriset al.,2013) This could be attributetb mapping with a referenagenome
of a related wild speciga the same OrdeEricales.

Population structure analysis

Population structure analysiwas performedfor 112 tea cultivars and wild relatives.
Structure results foK=2 to 6areillustratedin Figure 1. Based on the Q values obtained,
three wild samples ofC. ptilophylla (4455 and 4458) ancC. leptophylla (4127) were
groupedwith China type teawhile two samples o€. grandibracteata4600 and 4602) were
included into Chinese Assam type tea groupsKAt 2, all 112 tea samples from Asia were
assigned into two genetic groufi3ne group represented China type teayfeen),while the
other with Assam type andild tearelatives (in red). China tea cultivars collected from
China, Japan, Republic of Chindajwan), Southeast Asian countries (Thailand and
Vietham, Myanmar), India, Nepal afmhkistanreportedhaving China type gene pools and
admixture genetic compositiong/ith K = 3, wild tea species formed a distinct cluster (in
yellow) while samples of Cha type tea and Assam tea from China and India formed two
distinct genetic groups consistent wkh= 2. WhenK = 4, all other tea types and species
showed a similar genetic grouping tid = 3, while Indian Assam type tea samples separated
and formed a fouh distinct group (in blue). Both wild species and cultivated tea types
reported a varying degree of genetic admixtures. K&5 and K=6, increase in the
heterogeneity within the groups was observed yet no new groups emerged. ThErefdre,

is probably tle best clustering solution for the current data set.
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Figure 1. Results of the structure analysis for 112 tea cultivars, wild species with
247,760 SNPs

Results obtained & = 4 offered further insights into the genet@mmpositionof cultivated
teasamplesand related wild species in Asia (Figure 2mong the wild species groug..
taliensis C. tachangensisC. crassicolumnaC. kwangsiensigand C. gymnogynawere the
mostly pure gene pools (Figure 2:18). In contrastsamplesof four speciesnamely, C.
gymnogyna C. fengchengensisC. costej and C. pilosperma showed some degres of
genetic admixture of different tea types {18). China type tea groughowedthat thefirst

seven samples (2B6) are genetic admixtureswith three samples of Wd speciesC.
leptophylla and C. ptilophylla showing similar admixture pattern witthe China type
landraces fronProvinces ofGuizhou and Hunan, Chindn addition four China type tea
cultivars from India, Nepal, Pakistan and Myanmar exhibited genetic admixtures of China
type and Indian Assam type teBhe irst five tea samples (581) of Chinese Assam tea
grouphad geneti@dmixtures of wildspeciesand Chinese Assam teBhese samples we
grandibracteataand hybrid samplesf China tea. Chinese Assam type tea cultivars collected
from Laos, Thailand, Vietham, Taiwan and Myanmar were also found to be of admixture
compositions (8@6). Among the Indian Assam type teagp, most of the samples showed
genetic admixtures with China type tea.
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