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ABSTRACT

Construction of a genetic linkage map for tea will be an important tool which provides
great potential for increasing precision and speeding up the tea breeding programs while
reducing the labor and land dedicated for the field assessments. However, to date,
information on detait genetic maps is not available. Therefore, the goal of this study was to
construct a molecular map of tea using simple sequence repeat (SSR) markers derived
from expressed sequence tags (ESTs) and enriched genomic libraries.

The mapping population used for this study included 148 F, plants derived from a cross
between two genetically diverse, non-inbred diploid tea cultivars, TR1 2043 ( ) and TRI
2023 ( ). Two separate sets of 192 EST and 192 genomic SSRs primers were first screened
with two parents and six F, progenies, and 216 (114 EST and 102 genomic) p§tymorphic
primer were identified to use for genotyping the mapping population. Out of that, 190
(104 of the EST and 86 of the genomic SSR) primers were used for construction of the
genetic linkage maps. Tea EST-SSR primers were found to be more polymorphic than the
genomic SSRs, The male parent (TRI 2023) map was constructed with 83 EST-SSR and
97 genomic SSR loci. A total of 180 markers were grouped in 16 linkage groups (LGs)
covering a total length of 1,227.2 ¢M with an average marker density of 6.8¢M per marker.
In the female parent (TRI 2043) map, 146 markers (70 EST and 76 genomic SSR loci)
were clustered in 15 LGs spanning *,018.1cM with an average distance of 7.0 cM between
adjacent markers. Fifteen LGs are consistent with the basic chromosome numbers of tea.

- Key words: Camellia sinensis, genetic map, linkage mapping, microsatellites, SSRS, tea

INTRODUCTION

For tea (Camellia sinensis L.) which is a predominantly out breeding woody perennial
{(2n=2x=30) (Sealy, 1958), use of conventional methods for genetic improvement, is
comparatively less effective, slow progressing and costly procedure. Construction of
saturated genetic linkage maps is a necessary and fundamental step towards increasing

9




precision and speeding up the breeding process while reducing the labor and land dedicated
for the field assessments especially in a woody perennial crop such as tea (Brondani ef al.,
1998). In addition, genetic linkage maps can also be developed for economically important
traits governed by polygenes (Quantitative Trait Loci; QTLs) (Jones et al., 1997; Kashi et
al., 1997) and associated markers can be used effectively for cultivar improvement through
marker-assisted selection (MAS) (Lande and Thompson, 1990; Dudley, 1993).

Genetic linkage maps can be constructed with one or more types of DNA markers, such as
Randomly Amplified Polymorphic DNA (RAPD), Amplified Fragment Polymorphic DNA
(AFLP), Restriction Fragment Length Polymorphisms (RFLP) etc, where éach of which
have their advantages and disadvantages. However, the relatively more informative simple
sequence repeats (SSRs) or microsatellites have advantages in terms of their power,
reliability and ease of use in plant genome analysis, and hence have gained wide acceptance
among breeders, Their relatively high frequency of abundance in most genomes, high rate
of mutations, simple Mendelian inheritance, co-dominant nature, locus specificity and
interspecies transferability make them the choice for DNA marker-based studies in many
crop species {Morgante and Olivieri, 1993; Gupta et. alz, 1996; Jarne and Lagoda, 1996;
Powell et al., 1996).

Among the two types of SSRs, genic or EST-SS8Rs, are developed from the more conserved
transcribed regions of the genome with known or putative functions, whereas genomic
SSRs are isolated from genomiic libraries covering whole genome of the organism. Therefore,
EST-SSR markers are considered as gene target markers that may lead to direct allele
selection and are of importance for comparative mapping where genomic SSRs are
considered as a good source for genome analysis due to their genome wide coverage and
high polymorphic nature (Zane e al., 2002; Varshney et al., 2005). Therefore use of both
types of SSRs in a mapping study will definitely be more informative and effective.

The first genetic linkage map of tea was constructed using RAPD markers (Tanaka, 1996)
which was further expanded with additional RAPD and AFLP markers (Hackett et af,
2000). In this study the female parent map covered a total length of 1349.7 ¢cM with an
average distance of 11.7 cM between loci. Huang et af. (2005) recently developed AFLP
linkage maps for female and male parents of a tea population covering a total length of
2457.7 ¢M and 2545.3 cM respectively. In addition, mapping populations used for the
above studies were too small for precise mapping. Although a precise genetic map is not
available for tea, the potential of maker assisted selection is clear and strong. Thus, the
objective of this study is to construct a genetic linkage map for tea using EST and genomic
SSRs.
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MATERIALS AND METHODS

The mapping population

The mapping population used for this study was derived from the cross between two
genetically diverse, heterozygous, and diploid genotypes of tea cultivars, TRI 2043 @) and
TRI 2023 (). One hundred and forty eight F, plants were germinated from the seeds
obtained from TRI 2043 and constituted the ‘pseudo test cross’ mapping population
(Grattapaglia and Sederoff, 1994).

Extraction of DNA

Genomic DNA was extracted from approximately 200 mg of freeze dried tender leaves
from each genotype using a DNeasy® Plant Mini DNA Extraction Kit (QIAGEN Inc.
Valencia, CA) following the manufacturer’s instructions. The quality and the quantity of
the extracted DNA were checked using a NanoDrop ND 1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE) eguipped with the software Nano Drop 1000
ver. 3.1.2.

SSR Primers

EST-SSRs were developed from two ¢DNA libraries of the tea cultivars TR12043 and DT
1 (Yongzhen er. al., unpublished data), and genomic SSRs were developed from the cultivar
TRI 2023 (Mewan et al., unpublished data) using an enriched protocol (Hamiiton et al.,
1999). SSR forward primers were modified by 5’ concatenation of the 18mer 5°tgt aaa acg
acg gec agtl’, which permitted concurrent fluorescence labeling of PCR products by a
third primer with an incorporated fluorophore (Schnelke, 2000).

Pre-screening of SSR primers

Two separate sets of 192 EST (designated as TESR) and 192 genomic (designated as
TGSR) SSR primers were prescreened with two parents and a subset of six randomly
selected individuals from the progeny lines to select polymorphic SSR primers (PSPs)
with strong or good PCR amplification products to use in the mapping study.

Simple sequence repeat polymorphisms and SSR marker data; Out of 384 primers pre-
screened, 216 (114 TESR and 102 TGSR) primers, that were polymorphic between the
parental cultivars and segregated in the initial primer screening genotypes, were used for
mapping study. '

PCR conditions

PCR reactions were performed for all selected PSPs in a final volume of 20 ul, containing
20 ng of template DNA, 1M ofreverse primer, 0.25 uM forward primer, 3.0mM MgCl,
2.5 mM each dNTPs, 1 pM M13 fluorescent Dye (Applied Biosystems, Foster City, CA)
and 0.09 units Tag DNA polymerase with 1x PCR Buffer (GeneScript Corp, Piscataway
WI). PCR reactions were carried out in Applied Biosystems Geneamp 9700 thermocycler
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(Applied Biosystems, Foster City, CA) using the following thermal profile: 5 min at 95 °C,
followed by 30 cycles of 30 s at 95 °C, 45 s at optimurn annealing temperature for each
reverse primer, 45 s at 72 °C followed by another 10 cycles of 30 s at 95 °C, 45 s at 53 °C,
45 s at 72 °C with final extension of 10 minutes at 72 °C.

Detection and analysis of amplification products

Amplification products were resolved on an ABI 3730 capillary clectrophoresis array
(Applied Biosystems) with the size standard LIZ®™ 500 (Applied Biosystems) and detected
using four color dye chemistry. Amplified alleles were analyzed using ABI Prism Gene
Scan Analyses (ver.2.1, Applied Biosystems) and the resulting GENESCAN trace files
were imported into GeneMagper ver 3.0.

Genetic linkage analysis

Initially SSR. markers within the size range of 100-500 bp in length, segregated from one
parent or both, were extracted from the mapping population. The names of the individual
SSR marker loci amplified were described using the SSR primer code (either as TESR 1 to
192 or as TGSR | to 192) followed by the relative allele size (bp). JOINMAP ver. 4.0
(http://www.kyazma.nl) was used for defining the parental linkage groups (LGs). Kosambi
mapping function was applied for calculating the map distances (Kosambi, 1944). Following
construction of the LGs, the graphics were structured using MAPCHART 2.1 (Voorrips,
2002).

RESULTS

SSR markers

Out of 384 primers tested, 216 (114 TESR and 102 TGSR) were polymorphic between the
parental clones and segregated in the initial primer screening genotypes. Out of 216 used
for genotyping of two parents and 148 individuals, a total of 190 PSPs consisting of 104
TESR primers (54% of the total pre-screened) and 86 TGSR primers (45% of the total
pre-screened) were finally used to construct genetic linkage maps (Table 1),

The EST PSPs generated 264 polymorphic loci, with an average of 2.5 loci per PSP while
the genomic PSPs generated 295 polymorphic loci with an average of 3.4 loci per PSP
(Table 1). Overall the level of polymorphism was higher for EST-SSRs than for the genomic
SSRs. However, genomic SSRs generated more loci per PSP than did EST-SSRs. In this
study, 180 loci were incorporated to construct the TRI 2023 map and 146 loci were
incorporated to the TRI 2043 map (Table 2).

TRI 2023 (') parental map

The TRI 2023 parental map was constructed with 83 EST-SSR loci and 97 genomic SSR
loci, The 180 SSR marker loci were distributed among 16 LGs with genomic SSRs
constituting the major part of the LGs. Markers in the 16 LGs covered a total length of
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Table 1. Summary of the genomic and EST SSR primers and SSR loci used for the tea
pseudo-testcross mapping population

Genomic SSRs EST - SSRs Total
(TGSR) (TESR)

No. of primers
Pre-screened 192 192 384
Selected for mapping 102 (53%) 114 (59%) 216 (56%)
Used to construct linkage maps 86 (45%) 104 (54%) 190 (49%)
S8R loci
Total no. alleles amplified 295 : 264 559
Average/primer 34 25 29
No. of alleles incorporated to ' 173 153 326

parental maps

* Figures in the parenthesis indicate the percentage value from the total primers pre-screened.

1227.2 ¢M with an average of 11.25 loci per LG. The average size of a LG was 76.7 ¢cM.
The marker density ranged between 0.7 (LG 7) to 13.6 (LG 16) with an average density of
6.8 cM/ marker. The highest number of marker loci was observed in LG 3 (29 loci) with a
marker density of 2.8 ¢cM per marker whereas the lowest were LG 10 (5 loci) with marker
densities of 3.2 cM/marker (Table 2). The highest number of genomic and EST SSR loci
were distributed in LG 1 (12 and 11 respectively) and in LG 3 (14 and 15 respectively).
Thirteen of the LGs were covered by both types of SSR loci whereas LG 7 only comprised
EST-S8R derived loci (7 loci). Likewise, LG 9 and 14 comprised only 7 and 10 genomic
SSR loci, respectively (Table 3).

TRI 2043 (? ) parental map _

TRI1 2043 map was constructed with a total of 146 SSR marker loci generated from EST-
S8Rs (70 loci) and genomic SSRs (76 loci), and all the markers were distributed on 15
LGs. The total length covered by all LGs was 1018.1¢M with an average length of 67.9
¢M/LG The average marker densify was 7.0 loci/ LG (Table 2), The marker density ranged
between 0.8 (LG 9 with a map length of 5.6 cM and 7 marker loci) to 17.1 (LG 12 with a
map length of 68.4 cM and 4 marker loci) with an average of 7.0 ¢M/ loci. The highest and
lowest number of marker loci was observed in LG 2 (22 loci) and LGs 12, 14 and 15 with
4 loci each (Table 2). EST-SSR marker loci were predominant in LGs 6 (9 out of 10) and
8 (7 out of 11), while missing in LGs 9 and 15. LGs 1 (10 out of 16), 2 (16 out of 22) and
4 (10 out of 17) were enriched with genomic SSR derived marker loci, while LGs 10 and
12 did not have any genomic SSR loci. Eleven out of 15 LGs consisted of both kinds of
SSR loci (Table 3).
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Table 2. Distribution of EST-SSR and genomic SSR marker loci in male (TRI 2023} and
female {TRI 2043) parental maps

Parental map

TRI 2023 (&) TRI 2043 Q)
No. of LGs 16 15
Total length 1227.2 (cM) 1018.1 (cM)
Distribution of SSR marker loci
EST 83 70
Genomic 97 76
Total 180 146
Marker density
Highest 7 markers in 4.9 ¢cM ( LG7) 7 markers in 5.6 cM (LG9)
Lowest 6 markers in 81.6 ¢cM (LG 16) 4 markers in 68.4 cM (LG 12)
Range (¢M) 0.5-13.6 0.8-17.1
Average 6.8 (cM/marker) 7.0 (cM/marker)
No. of loci/ LG
Range 5 (LG10} - 29 (LG3) 4 (LGs12,14,15) - 22 (LG2)
Average 11.25 : 70
Size of LGs (¢cM)
Range 4.9 (LG7y- 112.7 (LG1) 5.6 (LG9)— 105.0 {LG3)
Average 76.7 67.9
DISCUSSION

The pseudo test cross strategy employed here has been widely used for the construction of
genetic linkage maps in out-crossing plant species such as apple (Hemmat et al., 1994),
eucalyptus (Grattapaglia and Sederoff, 1994), alfalfa (Echt er al., 1994) and tea (Hackett
et al., 2000). Microsatellite or SSR markers have become the marker class of choice due
to their manifold advantages over other marker classes and have been widely used for the
molecular mapping of many crop species (Doligez et al., 2006; Yiet al., 2006; Didaet al.,
2007; Bindler et al., 2007).

EST-derived markers derived from the transcribed region of the genome offer the opportunity
for gene discovery and increase the value of genetic markers by surveying variation in
transcribed gene-rich regions of the genome (Decroocq et al., 2003; Varshney er al., 2005).
Genomic SSRs tend to be widely distributed throughout the genome resulting in better
map coverage (Taramino et al., 1997; Wamke er al., 2004, La Rota et af., 2005). Thus, a
combination of EST- and genomic-SSR markers is an important strategy for genetic linkage
mapping.
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Table 3. Distribution of EST-SSR and genomic SSR marker loci in the linkage groups of
the two parental maps of the tea pseudo-testeross mapping population

Linkage _ Parental map
group TRI 2023 TRI 2043

EST Genomic Total Marker - EST Genomic Total Marker

SSR SSR density SSR SSR density

(cM/marker) (cM/marker)
U 112 23 4.9 6 10 16 6.3

2 5 10 15 63 6 16 22 3.9
3 15 14 29 2.8 2 6 8 8.9
4 7 6 13 5.9 7 10 17 6.1
5 8 3 11 9.9 7 8 15 7.0
6 4 8 12 8.1 9 1 10 9.6
7 7 0 7 0.7 3 4 7 7.4
8 3 3 6 08 7 4 11 7.1
9 0 7 7 10.4 0 7 7 0.8
10 2 3 5 3.2 5 0 5 1.6
11 3 3 6 10.1 6 3 9 7.7
12 5 1 6 12.2 4 0 4 17.1
13 6 9 15 6.0 6 1 7 9.9
14 0 10 10 9.5 2 2 4 14.2
15 3 6 9 11.4 0 4 4 11.7
16 4 2 6 13.6
Total/Avg. 83 97 180 6.8 70 76 146 7.0

The length of the female parent map was estimated as 1,018 ¢cM and that of the male parent
was 1,227 ¢cM. Similar variations in parental maps coverage were reported by Huang et
al. {2005) in tea AFLP maps. Wamnke et al., (2004) and Saha et al., (2005) also observed
similar variation between the parental clones in ryegrass and tall fescue, respectively.
Differences in map length can result from variation in the number of recombination events
in the two parents as well as variations in the numbers and locations of mapped loci.

In summary, this is the first genomic and EST-SSR based framework of tea. The TRI 2023
map covered 1,227 ¢M of the genome with a marker density of 6.8 cM per marker. The
TRI 2043 parental map covered 1,018 cM of the genome with a marker density of 7.0 ¢cM
per marker, which is a substantial improvement over the existing RAPD-based map (Tanaka,
1996), RAPD and AFLP map (Hackett et a/., 2000) and AFLP map (Huang ef al., 2005),
especially with regards to marker density. Mapping of SSR loci, especially the EST-SSRs,
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will be of great value for comparative mapping with related species. Mapped microsatellite
loci will also be of value for their practical application in marker-assisted selection. Tea is
a clonally propagated plant. Parents and all progenies of the mapping population are
maintained vegetatively and planted in Sri Lanka for field evaluation. This will facilitate
further improvement in the mapping effort and enable QTL mapping studies over multiple
environments.
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