
Abstract The genetic diversity of tea, Camellia sinen-
sis (L.) O. Kuntze, including the two main cultivated
sinensis and assamica varieties, was investigated based
on PCR-RFLP analysis of PAL, CHS2 and DFR, three
key genes involved in catechin and tannin synthesis and
directly responsible for tea taste and quality. Polymor-
phisms were of two types: amplicon length polymor-
phism (ALP) due to the presence of indels in two int-
rons of PAL and DFR, and point mutations detected af-
ter restriction of amplified fragments with appropriate
enzymes. A progeny test showed that all markers segre-
gated in a Mendelian fashion and that polymorphisms
were exclusively co-dominant. CHS2, which belongs to
a multi-gene family, allowed for greater variation than
the single-copy PAL gene. Based on Nei’s gene diversity
index, var. sinensis was revealed to be more variable
than var. assamica, and that a higher proportion of over-
all diversity resided within varieties as compared to be-
tween varieties. Even though no specific DNA profile
was found for either tea varieties following any single
PCR-RFLP analysis, a factorial correspondence analysis
carried out on all genotypes and markers separated the
tea samples into two distinct groups according to their
varietal status. This reflects the large difference between
var. sinensis and var. assamica in their polyphenolic
profiles. The STS-based markers developed in this study
will be very useful in future mapping, population genet-
ics and fingerprinting studies of this important crop spe-
cies and other Camellia species, as the primers have
also proven successful in the three other subgenera of
this genus.

Keywords Tea · Camellia sinensis · CAPS markers · 
Genetic diversity

Introduction

Tea, Camellia sinensis (L.) O. Kuntze, is indigenous to
the whole South-East Asia Monsoon region, but has long
found its way as an important crop species in many coun-
tries. Two basic varieties can be distinguished: var. assa-
mica, a large-leaf, tall and quick-growing tree well suited
to very warm tropical climates, and var. sinensis, the
small leaf, slower-growing bush that can withstand colder
climates (Wight 1962; Banerjee 1992). Tea is, however,
highly outcrossing and clinal intermediates that are diffi-
cult to classify are often encountered in a wider range of
conditions. Tea cultivation dates back to several centuries
in most countries resulting in severe erosion of its genetic
base over time. This is due to intensive selection and
breeding for desirable traits and the absence of proper
conservation programs in the main producing countries.
In order to limit further reduction in its gene pool and to
breed for new tea types that are more productive, less
prone to diseases and cold, as well as satisfying consumer
needs for new tea tastes, a perfect knowledge of the exist-
ing genetic diversity is a pre-requisite. Despite the agri-
cultural and economic importance of tea in many Asian
and African countries, breeding and conservation pro-
grams are still based on conventional morphological and
agronomic descriptors. These are very dependent on envi-
ronmental and developmental factors and, thus, poorly re-
flect the genetic base of the gene pool (Green 1971;
Wikremaratne 1981).

Recently, several DNA markers that circumvent these
above-mentioned problems have been described. RFLP
markers have initially been used and have provided a
wealth of information for several crop species (Tanksley
et al. 1989; Zhang et al. 1992). This approach, however,
requires appreciable amounts of relatively pure DNA, is
time consuming, costly and is technically demanding.
RAPD and AFLP, on the other hand, have the merit of re-
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vealing diversity without prior knowledge of genome se-
quence information but have the drawbacks of generating
mainly dominant and anonymous markers (Skroch and
Nienhuis 1995; Shim and Jorgensen 2000). In addition
RAPD has proved to be sensitive to experimental condi-
tions and its reproducibility has been questioned (Prenner
et al. 1993). SSR markers have also been extensively
used to generate multi-allelic and very variable markers
but have not yet been developed in tea (Saghai-Maroof et
al. 1994; Diwan and Cregan 1997). Cleaved amplified
polymorphic sequence (CAPS) or PCR-RFLP methodol-
ogy generates another type of molecular marker combin-
ing both PCR and RFLP techniques. This requires minute
amounts of genomic DNA and simple electrophoretic
systems to reveal polymorphism. The only drawback is
that sequence information is needed to tag the desired
DNA fragment. CAPS markers have been successfully
applied to a number of crop and forest species for which
extensive nucleotide information is available (Chen et al.
1994; Ghareyazie et al. 1995; Tsumura et al. 1997; Perry
et al. 1999). They have a definite advantage over other
markers as they have often been developed from mapped
cDNA clones that represent expressed genes.

In tea, three important genes, phenylalanine ammo-
nia-lyase (PAL), chalcone synthase (CHS) and dihydro-
flavonol 4-reductase (DFR) involved in the phenylpro-
panoid pathway, have been previously cloned (Matsumoto
et al. 1994; Takeuchi et al. 1994). PAL was reported as
being encoded as a single-copy gene while DFR and
CHS were found to exist in two and three copies respec-
tively. PAL is ubiquitous in vascular plants and link pri-
mary and secondary metabolism by catalyzing the con-
version of L-phenylanaline into cinamic acid, the initial
substrate of phenylpropanoid metabolism. CHS also in-
tervenes early in flavonoid biosynthesis while DFR oc-
curs at a later stage prior to the synthesis of cathechin, a
group of secondary metabolites that play an important
role in tea taste and quality.

With a view to develop new and informative markers
for tea, the CAPS methodology was employed to detect
polymorphism in phenylalanine ammonia-lyase (PAL),
chalcone synthase (CHS) and dihydroflavonol 4-reduc-
tase (DFR) genes, using both var. assamica and var. sin-
ensis tea genotypes.

Materials and methods

Plant material

Fifty tea samples collected from both cultivated and abandoned
plantations were used to detect polymorphism in the three genes.
Twenty four samples belonged to the var. sinensis, of which 10, 6
and 8 originated from Japan, China and Korea respectively. The
Japanese subsample included the predominantly cultivated Yabu-
kita cultivar as well as Yutakamidori, Kuritawase, Asagiri,
Saemidori and Surugawase.

Twenty four plants belonging to the assamica variety originat-
ed from Sri Lanka (6), Vietnam (6) and Myanmar (12). Two other
individuals resulting from a cross between a sinensis genotype and
an assamica × sinensis hybrid were also included.

To test the inheritance of the markers, 48 progenies obtained
from a cross between two Japanese tea cultivars, Saemidori ×
Izumi were also analyzed.

Three samples from Camellia granthamiana, Camellia sasan-
qua and Camellia fraterna, respectively belonging to the sub-gen-
era, Protocamellia, Metacamellia and Camellia of the genus Cam-
ellia were also used to investigate cross-species transferability of
the STS primers.

DNA isolation

Total DNA was extracted from fresh or frozen tissue using a
slightly modified version of the CTAB method (Sul and Korban
1996). Approximately 200 mg of leaf tissue were ground to a fine
powder in liquid nitrogen with a pestle and mortar. The pulverized
plant material was transferred to a microtube and 600 µl of pre-
heated 2 × CTAB (65 °C) solution was added. The tube was vor-
texed for a few seconds and incubated at 65 °C for 10 min. Fol-
lowing incubation, 600 µl of chloroform/isoamyl alcohol (24:1)
was added and the mixture was shaken vigorously. The extract
was centrifuged for 10 s at about 15,000 g and the supernatant
transferred to a new microtube. The chloroform/isoamyl extraction
step was repeated two times more and 1 ml of 100% cold ethanol
was added to the final supernatant. A DNA pellet became visible
upon gentle swirling. It was transferred to a new tube, rinsed two
times with 70% ethanol and dissolved in 400 µl of 10 mM TE
buffer solution containing 0.001 µg/l of RNASE A. DNA concen-
trations were estimated by agarose-gel analysis stained with ethid-
ium bromide.

Primer design

PCR primers were designed with the Genetix software (Tokyo)
and based on cDNA nucleotide sequences of PAL, CHS2 and DFR
in tea (cultivar: Yabukita). Putative intron sites for each the three
genes were deduced after alignment with corresponding published
sequences from other plant species. Prior to thermocycling, a sim-
ulation of the PCR reaction was carried out with the Amplified
software v1.3 [(Engels 1993); http://www.wisc.edu/genet-
ics/CATG/amplify/index.html]. A schematic representation of the
primer locations is shown in Fig. 1. All the primers were synthe-
sized by the Grainer company (Japan).

PCR and restriction product analysis

The polymerase chain reaction was carried out in a 25-µl volume
containing 50–100 ng of genomic DNA, 0.5 µM of each primer,
200 µM of each dNTP, 2 mM of MgCl2, 50 mM of KCl, 500 ng
of BSA, 10 mM of Tris-HCl, pH 8.3, and 0.5 units of Taq poly-
merase (Takara, Japan). PCR was performed on a Perkin-Elmer
thermocycler model 2400 programmed for an initial denatur-
ation step of 94 °C 5 min followed by 35 cycles for 30 s at
94 °C, 30 s at 60 °C and for 1.5 min at 72 °C. A final elongation
step for 7 min at 72 °C was included. This basic cycling proce-
dure was used for all DNA fragments except for the longest
fragment DFR intron 1 + 2, for which the extension time was in-
creased to 2 min. The PCR products were separated on a 2%
agarose gel and visualized under UV to reveal Amplicon Length
Polymorphism (ALP) and the Cleaved Amplified Polymorphic
Sequence (CAPS). In the latter case, 2 µl of PCR products were
digested with 32 different restriction endonucleases, namely
DdeI, EcoRI, EcoRV, HaeIII, HapII, HindIII, HinfI, HhaI, MboI,
NcoI, RsaI, AluI, BamHI, BglII, PstI, PvuII, ScrfI, SpeI, TaqI,
XhoI, NlaIII, EcoT22I, XmnI, Cfr13I HincII, BspHI, DraI,
BanII, BglI, NspI, SalI and ApaI following the manufacturers’
recommendations, and separated on either 2% agarose or a 3.5%
metaphor gel when smaller polymorphic bands were involved.
In all cases, both the gels and the buffer (1 × TBE) contained
0.5 µg/ml of EtBr.
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Cloning and Sequencing of amplification products

To confirm the identity of the PCR bands generated by each of the
seven primer pairs, the corresponding amplification products from
Yabukita were ligated into pGEM-T easy vector (Promega) and
the nucleotide sequences of the inserts determined on a Perkin-
Elmer ABI 373 automated sequencer using the dye primer or dye
terminator kits (Perkin Elmer).

Data analysis

Popgene v3.1 (Yeh et al. 1997) available at (http://www.ualber-
ta.ca/~fyeh/index.htm) was used to apportion diversity into within
and between tea varieties. The markers were scored as diploid data
and each allele was assigned an alphabet for a particular primer set
and primer set/enzyme combination, for amplicon length polymor-
phism and PCR/RFLP, respectively. Diversity measures were
based on Nei’s (1973) gene diversity index He. He was calculated
for two different levels of diversity: Hvar, the average diversity
within the sinensis and assamica varieties, and Hsp, the diversity
within the species. The proportion of genetic diversity within vari-
eties was deduced by Hvar/Hsp, while that between varieties was
given by 1 – Hvar/Hsp. Statitcf v5 (ITCF, Paris) was used to per-
form factorial correspondence analysis on a 50 (genotypes) × 31
(alleles) matrix. For this purpose, the presence of an allele was
coded as 1 and its absence as 0 for both ALP and PCR/RFLP
markers.

Results

This study was conducted with the aim of developing
CAPS markers, and subsequently estimating the level of
polymorphism and differentiation between assamica and
sinensis tea types based on the PAL, CHS and DFR genes.
PAL, CHS and DFR that have been cloned in other spe-
cies, respectively show one, one and five introns at con-
served positions. The primers were designed in such a
way as to cover the maximum length of the corresponding
genes, including both coding and non-coding regions for

PAL and DFR. Three CHS genes having been described in
tea showing between 85 and 90% homologies between
them, a primer pair was designed aimed at targeting exon
2 of CHS2 only, as this region showed an appreciable se-
quence difference compared to CHS1 and CHS3. This
was done in order to avoid amplification of multiple frag-
ments which would in turn make scoring and diversity
studies impossible. In this respect, once a primer pair was
selected for CHS2, PCR reactions were simulated using
the Amplify software to ensure that no corresponding
PCR product would be generated with CHS1 and CHS3.
As for PAL and DFR no such strategy was adopted as
they were respectively found to exist as a single copy and
two copies with 100% homologies in tea. Seven primer
pairs in all were sufficient to amplify all the three genes
(Fig. 1). Three primer pairs were used to tag PAL exon 1,
PAL intron and PAL exon 2, respectively. One primer
pair amplified CHS2 exon 2 while three other primer
pairs were sufficient to target DFR intron 1 + 2, DFR in-
tron 3 and DFR intron 4 + 5. 
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Table 1 Sequence and position of STS primers, PCR fragment size and informative enzymes

Fragment Primer sequence (forward and reverse) Location on Size (bp) in Informative 
cDNAa clones genomic DNA enzymes or ALPs

PAL exon 1 5′-TCCATCAATCTATACACCTACCTG-3′ 3–28 497 HpaII, NlaIII
5′-CCTTCTTTGGTCCTCCTATGTGA-3′ 499–477

PAL intron 5′-CACATAGGAGGACCAAAGAAGG-3′ 478–499 1,818 ALP
5′-GGCAATGTAAGATAGGGGGACT-3′ 764–743 Intron: 1,531

PAL exon 2 5′-AGTCCCCCTATCTTACATTGCC-3′ 743–764 1,532 TaqI
5′-AACAGATAGGAAGAGGAGCACCATTC-3′ 2,274–2,249

CHS2 exon 2 5′-AAACCCAAATGTGTGTGCCTAC-3′ 308–328 801 RsaI, HaeIII, 
5′-AGGATAAACAACACACAAGCGC-3′ 1,108–1,037 EcoRI, BspHI

DFR intron 1 + 2 5′-CGCGGCTATATTGTTCGTGCA-3′ 222–242 3,262 ALP
5′-GTTGATTGTCGGCTTGATTACC-3′ 455–434 Intron1: 126;

Intron 2: 2,902
DFR intron 3 5′-CCAGGAACACCAACAACCCGT-3′ 542–561 958 HindIII

5′-CCATGCTGCTTTCTCTGCCAA-3′ 665–645 Intron3: 834
DFR intron 4 + 5 5′-AACATTCCCACCAAGCCTAATC-3′ 740–761 1,365 HpaII, NlaIII, XmnI

5′-ATGAGAACGACACAACTGGCAA-3′ 1,020–999 Intron4: 101;
Intron5: 983

a Based on cDNA sequences of C. sinensis (cultivar: Yabukita) of PAL (Accession: D26596), CHS2 (Accession: D26594) and DFR (Acces-
sion: AB018685) in GenBank

Fig. 1 Schematic representation of the structures of PAL, CHS
and DFR, and primer locations



The primers amplifying the exons generated bands
corresponding to the expected sizes as deduced from
cDNA sequences, while those flanking the introns were
greater in length (Table 1). Sequencing reactions carried
out on the seven amplification products for cultivar Ya-
bukita confirmed that they corresponded to the targeted
genes. With the exception of DFR intron 4, found 20 bp
further downstream in tea, all the other intron positions
were the same as those predicted by a homology search
with corresponding genes in other species. Notable dif-
ferences were also observed with DFR intron 2 whose
length is 2,902 bp in Yabukita while being less than
300 bp in Arabidopsis thaliana and Ipomea nil. The oth-
er PAL and DFR intron sizes for Yabukita were in the
range described in other species. 

Five of the seven primer pairs produced a single
band while those flanking the PAL intron and DFR in-
tron 1 + 2 gave one or two bands with a total of three
and five amplicon-length polymorphisms respectively
(Fig. 2a and b). For DFR intron 1 + 2, the amplicon
length polymorphism was located in intron 2 only as
confirmed by targeting the two introns separately with
two different pairs of primers (data not shown). More-
over, amplification was also obtained at all loci with
the three Camellia samples belonging to three other
subgenera of the genus, thus demonstrating the com-
plete transferability of the STS primers. The band sizes
of the three other Camellia samples were comparable to
those observed in tea, but with a relatively lower frag-
ment length for the PAL intron. These three samples
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Fig. 2 Amplified length poly-
morphisms observed with PAL
intron (2a) and DFR intron 1 + 2
(2b); PCR/RFLP markers ob-
tained with DFR intron 3 digest-
ed by HindIII (2c): homozy-
gote for a polymorphic restric-
tion site (BB), homozygote
for the absence of the site (AA)
and a heterozygote state (AB)
with only one of the two alleles
being cut

Table 2 Segregation of
polymorphic alleles in
48 progenies from the cross
Saemidori × Izumi

STS/RFLP Parent Genotypic Chi2 value Significancea

genotypes frequencies (P = 0.05)

PAL exon 1/HpaII AB × AB AA/AB/BB 1.33 NS
15/23/10

PAL exon 1/NlaIII BB × BB BB 0 NS
48

PAL intron (ALP) AB × AB AA/AB/BB 0.50 NS
12/26/10

PAL exon 2/TaqI BB × BB BB 0 NS
48

CHS2 exon 2/RsaI BB × AB AB/BB 0.33 NS
26/22

CHS2 exon 2/BspHII AA × BB AB 0 NS
48

CHS exon 2/HaeIII BB × BB BB 0 NS
48

CHS exon 2/EcoRI BB × BB BB 0 NS
48

DFR intron 1 + 2 (ALP) AB × BC AB/BB/AC/BC 0.83 NS
13/11/14/10

DFR intron 3/HindIII AB × AB AA/AB/BB 0.17 NS
11/24/13

DFR intron 4 + 5/XmnI BB × BB BB 0 NS
48

DFR intron 4 + 5/HpaII AB × AB AA/AB/BB 0.46 NS
11/23/14

DFR intron 4 + 5/NlaIII AB × BB AB/BB 0.75 NS
27/21

a NS: non significant



were not included in a further search of CAPS poly-
morphism in tea. 

In the absence of ALP, the PCR products were digest-
ed with a set of 32 restriction enzymes (Table 1). Four
base pair cutters were the most successful at revealing
polymorphism among the samples due to their higher
number of recognition sites. The higher proportions of
AT in the introns were responsible for multiple restriction

sites for enzymes with AT in their recognition sites, while
most of those with GC sequences were more suitable for
exons. Characteristic DNA patterns obtained with DFR
intron 3 digested by HindIII are shown on Fig. 2c. Three
types of profiles could be observed: a homozygote for a
restriction site, a homozygote for the absence of the site
and a heterozygous state due to the co-dominant nature of
the polymorphism. An exception to this rule was ob-
served when PAL exon 1 was digested with HpaII. This
enzyme cut the PAL exon 1 fragment at two positions,
both of which were polymorphic. Only three alleles were
however observed, generating four genotypes only, name-
ly the AA, AB, BB and CC genotypes. PAL exon 1 was
also found to be polymorphic with NlaIII, while PAL ex-
on 2, though greater in length, showed only one polymor-
phic site with TaqI. CHS2 exon 2 was by far the most
variable with four polymorphic sites in all.

In order to test the inheritance of the markers, we exam-
ined the progenies of a cross between Saemidori and
Izumi, two local tea cultivars in Japan (Table 2). In this re-
spect the PAL intron loci showed a 1:2:1 segregation for
which both parents were heterozygotes. On the other hand,
a 1:1 segregation was obtained with one parent being a het-
erozygote and the other a homozygote as in the case of
CHS2 exon 2 digested with RsaI. In general, the alleles
segregated in a Mendelian fashion at all informative loci
and were consistent with the parental genotypes. Therefore
the markers represented different alleles of a unique locus
rather than different loci. They could subsequently be used
in total confidence at estimating the different diversity pa-
rameters within and between sinensis and assamica teas. 

The basic statistics given by Popgene reveals that 12 and
ten of the 13 loci were repectively polymorphic in the assa-
mica and sinensis subgroups (Table 3). Two alleles which
were fixed in sinensis tea, namely CHS2 exon 2 digested by
HaeIII and EcoRI, were, however, present at low frequen-
cies in the assamica subgroup. It should also be noted that
only four alleles were detected for DFR intron 1 + 2 in both
assamica and sinensis teas, with a predominance of allele
‘B’ in the two groups and the absence of allele ‘C’ and ‘A’ in
sinensis and assamica teas respectively. The diversity mea-
sures determined by the Nei’s (1973) gene diversity indices
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Table 3 Allele frequencies at three phenylpropanoid gene loci in
assamica and sinensis varieties

Locus Allele var. sinensis var. assamica

PAL exon 1/HpaII a 0.5208 0.0208
b 0.4792 0.9375
c 0.0000 0.0417

PAL exon 1/NlaIII a 0.4583 0.6458
b 0.5417 0.3542

PAL intron (ALP) a 0.8125 0.7917
b 0.1667 0.1667
c 0.0208 0.0417

PAL exon 2/TaqI a 0.5417 0.9167
b 0.4583 0.0833

CHS2 exon 2/RsaI a 0.3750 0.0625
b 0.6250 0.9375

CHS2 exon 2/BspHII a 0.4167 0.0833
b 0.5833 0.9167

CHS2 exon 2/HaeIII a 0.0000 0.1667
b 1.0000 0.8333

CHS2 exon 2/EcoRI a 0.0000 0.0625
b 1.0000 0.9375

DFR intron 1 + 2 (ALP) a 0.3125 0.0000
b 0.6250 0.6042
c 0.0000 0.0625
d 0.0417 0.2500
e 0.0208 0.0833

DFR intron 3/HindIII a 0.7083 0.1042
b 0.2917 0.8958

DFR intron 4 + 5/XmnI a 0.0000 0.7292
b 1.0000 0.2708

DFR intron 4 + 5/HpaII a 0.3750 0.0833
b 0.6250 0.9167

DFR intron 4 + 5/NlaIII a 0.3125 0.0000
b 0.6875 1.0000

Table 4 Apportionment of genetic diversity within and between sinensis and assamica tea varieties

Item H0sinensis H0assamica Hvar Hsp Hvar/Hsp 1 – Hvar/Hsp

PAL exon 1/HpaII 0.499 0.119 0.309 0.425 0.728 0.272
PAL exon 1/NlaIII 0.497 0.458 0.477 0.495 0.964 0.036
PAL intron (ALP) 0.312 0.344 0.328 0.328 0.999 0.001
PAL exon 2/TaqI 0.497 0.153 0.325 0.395 0.822 0.178
CHS2 exon 2/RsaI 0.469 0.117 0.293 0.342 0.857 0.143
CHS2 exon 2/BspHII 0.486 0.153 0.319 0.375 0.852 0.148
CHS exon 2/HaeIII 0.000 0.278 0.139 0.153 0.909 0.091
CHS exon 2/EcoRI 0.000 0.117 0.059 0.061 0.969 0.031
DFR intron 1 + 2 (ALP) 0.510 0.562 0.536 0.573 0.935 0.065
DFR intron 3/HindIII 0.413 0.187 0.300 0.482 0.622 0.378
DFR intron 4 + 5/XmnI 0.000 0.395 0.198 0.463 0.426 0.574
DFR intron 4 + 5/HpaII 0.469 0.153 0.311 0.353 0.880 0.120
DFR intron 4 + 5/NlaIII 0.430 0.000 0.215 0.264 0.815 0.185
Mean 0.352 0.233 0.293 0.362 0.829 0.171



and genotypic frequencies varied from zero at three loci for
sinensis tea and one locus for assamica tea, to 0.562 and
0.510 for DFR intron 1 + 2 in assamica and sinensis teas re-
spectively (Table 4). The average unbiased heterozygosities
were higher for sinensis (He = 0.352) as compared to assa-
mica (He = 0.233) teas. This is due to the fact that even
though more loci were polymorphic in the assamica sub-
group, the heterozygosity values were in many cases rela-
tively lower, while higher in sinensis teas. Partitioning the
diversity into within (Hvar/Hsp) as compared to between (1 –
Hvar/Hsp) tea groups revealed that 83% of the total diversity
resided within as compared to 17% between groups. The lo-
ci that were the most discriminating between the two variet-
ies was DFR intron 4 + 5 digested by XmnI followed by
PAL exon 1 cut by HpaII, and the least discerning, the
ALPs of PAL intron and CHS2 exon 2 cut by EcoRI. 

In a view of obtaining additional information regard-
ing the genetic relationships between the two main culti-
vated teas we analyzed the samples at an individual level
through a factorial correspondence analysis (Fig. 3). This
multivariate analysis was carried out on a 50 × 31 (geno-
types × alleles) data matrix including the two hybrids be-
tween assamica and sinensis teas. The first factorial plane
accounted for 41% of total variability with a complete
separation of assamica from sinensis teas. The two hy-
brid teas grouped closer with the sinensis group, though
at the extremity facing assamica samples. The fact that
assamica teas appeared more scattered on the FCA plot is
not in contradiction with the heterozygosity values, and
do not imply that they are more diverse than sinensis tea.
This is because the first plane of the multivariate analysis
explains only a portion of the total diversity featuring
assamica tea as diverse samples, but the contrary is true
when other planes are taken into consideration. 

Discussion

PAL, CHS and DFR are three key genes that play an im-
portant role in tea taste and quality through catechin syn-
thesis, a main component in tea astringency. The activi-

ties of PAL, CHS and DFR and catechin concentrations
have been found to increase with increasing light intensi-
ties (Annan and Nakagawa 1974; Takeuchi et al. 1994).
Catechin occurs in higher concentration in young leaves
and in var. assamica as compared to older leaves and var.
sinensis respectively (Iwasa 1977). Variations in catechin
contents have also been detected among Japanese tea
cultivars used in different tea products (Maeda-Yama-
moto et al. 2001). It was thus legitimate to determine the
genetic relationships within and between the two main
cultivated assamica and sinensis teas based on polymor-
phism revealed in these three genes. For this purpose we
have employed the CAPS methodology which is cheap,
easy to develop and very reproducible.

The most important factor in the establishment of
CAPS markers is the careful choice of PCR primers target-
ing a single locus at a time, in order to ensure reliable re-
sults. This was facilitated here because PAL and DFR re-
spectively exist in a single copy and two copies in tea.
CHS is present in three copies but with sufficient sequence
difference among them, allowing specific amplification of
CHS2 only. Primers could also be designed at the 5′-un-
translated and variable region of CHS, but with the risk of
low PCR amplification or failure due to polymorphism at
priming sites among tea samples within or between variet-
ies. The second important factor increasing the chance of
revealing polymorphism is the choice of restriction en-
zymes due to the relatively short length and sometimes
conserved nature of the amplification products. In this re-
spect, four base cutters should be preferred to six base-pair
cutters, and restriction enzymes recognizing AT and GC
sequences should be dedicated to introns and exons respec-
tively. The percentage of AT was as high as 73%, 70% and
66% for the PAL intron and the second and fourth introns
of DFR in Yabukita respectively, and is in agreement with
high percentages of purines in introns generally.

Polymorphisms were of two types: readily observable
following PCR due to mutation deletions at intron sites
and, most frequently, after restriction with specific re-
striction enzymes within both introns and exons. Appre-
ciable length differences existed between the PAL ALPs
and could easily be allocated to one of the three detected
alleles. On the other hand, although the DFR intron 1 + 2
locus appeared very polymorphic with several co-domi-
nant alleles, its use may be limited as they differed only
slightly in size, thus making scoring difficult. That the
different bands were, nevertheless, alleles of the same
gene was confirmed by digesting them with several re-
striction enzymes. The electrophoregram of the restric-
tion products revealed that the different samples shared
common fragments and differed from each other by the
corresponding band length difference observed between
them following PCR only. Suitable enzymes for this pur-
pose were HaeIII for DFR intron 1 + 2 and BspHI for the
PAL intron. Confirmation of allelism at most loci was
also obtained through inheritance analysis, in which case
all informative markers showing polymorphism among
the parents segregated in a ratio as predicted by the Men-
delian law of segregation.
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Fig. 3 Principal plane (F1 × F2) of a factorial correspondence
analysis based on 50 tea genotypes and 31 polymorphic alleles



The STS primers designed for C. sinensis directed am-
plification in three species; C. granthamiana, C. sasan-
qua and C. fraterna which respectively belong to the
three other subgenera Protocamellia, Camellia and Meta-
camellia of the genus Camellia. The transferability of
STS markers can easily be explained by the fact that the
DNA sequences for expressed genes are highly conserved
and, thus, can be efficiently used at low cost in close spe-
cies as well. In previous studies, STS primers developed
in black spruce could be used in Norway spruce (Perry et
al. 1999), while those in Cryptomeria japonica success-
fully amplified corresponding DNAs from other genera in
a proportion matching the phylogenetic relationship with
the pioneer species (Tsumura et al. 1997).

PAL exon 1 appeared more variable than PAL exon 2
with as many as three polymorphic sites for a fragment
length of less than 500 bp, while PAL exon 2 exhibited a
single polymorphic site, though more than 1,500 bp in
length. This appears to be a characteristic of the PAL
gene with a highly conserved second exon and a relative-
ly more variable exon1 (Wanner et al. 1995). It is also
noteworthy that if restriction sites are normalized, and
the number expressed per kilobase of PCR products ana-
lyzed, then the coding regions of PAL would appear less
polymorphic than that of CHS2. This is to be expected as
CHS belongs to a small multi-gene family in tea which
can vary more than the single-copy PAL gene in tea
(Matsumoto et al. 1994).

A larger number of loci were found to be polymor-
phic among assamica samples as compared to that of
sinensis. The allelic frequency and heterozygosities at
several loci were, however, low in assamica tea and
higher in sinensis tea. Overall, China tea was found to be
more variable than Assam tea. This result is in agree-
ment with two former studies, using RAPD (Wachira et
al. 1995) and AFLP (Paul et al. 1997) markers, though
the origins of the tea samples used were not the same.
The higher level of diversity within sinensis tea would
support the opinion that the center of origin of tea is the
Southern region of China, and that migration and isola-
tion has generated Assam tea in the recent past rather
than the other way round (Hasimoto and Takasi 1978).
However, a larger number of samples need to be collect-
ed and analyzed with additional classes of molecular
markers in order to confirm this result.

When diversity was apportioned into within and be-
tween varieties, a predominantly higher proportion of di-
versity (83%) was found within varieties as compared to
between varieties. This is a characteristic of highly out-
crossing species, maintaining high diversity within groups
as compared to between-groups diversity (Hamrick 1990).
Also, assamica and sinensis teas can cross-hybridize very
easily and over time it is thought that pure tea archetypes
no longer exist (Visser 1969). Classification of many hy-
brids and introgressants are determined based on their
morphological proximity with either varieties, and it
would not be surprising that some of the samples consid-
ered as pure assamica genotypes in this study contain a
percentage of the sinensis genome and vice versa.

Even though no characteristic DNA profile was ob-
tained for either sinensis or assamica teas after PCR or
PCR-RFLP at any loci, a multivariate analysis based on
all samples and markers clearly separated these tea types
into two groups. This finding is in accordance with
anonymous DNA markers (Wachira et al. 1995; Paul et
al. 1997) and chloroplast DNA sequences (Kato 2001). It
also highlights the overall physiological and chemical,
namely polyphenolic, differences between these two tea
varieties. The two hybrid teas included in this study clus-
tered with the sinensis subgroup due to the fact that three
quarters of their genomes were of sinensis types as they
resulted from a cross between a sinensis tea with a sinen-
sis × assamica tea. These hybrids contain larger amounts
of catechins and tannins, and are used to produce semi-
fermented and fermented teas in Japan.

The most discriminating loci between sinensis and
assamica teas is DFR intron 4 + 5 digested by XmnI.
This polymorphic site is located in the fifth intron of the
DFR gene as deduced from the banding patterns follow-
ing RFLP and nucleotide sequences in Yabukita. This is
quite unexpected because it concerns a non-coding rather
than a coding region. On a more general basis it would
be interesting through sequencing reactions to investi-
gate the nature of the different polymorphisms, especial-
ly at exons, in order to determine whether they cause a
change in amino-acid sequence between genotypes or
not. The biological value of classifying tea based on
such polymorphism would be greatly increased and
would be of particular interest in breeding for new tea
tastes.

RFLP analysis using PAL cDNA as a probe has al-
ready been employed for the classification of Japanese tea
cultivars (Matsumoto et al. 1994). Three different alleles
were identified, the combination of which generated five
genotypes in all. Yabukita the main tea cultivar in Japan
was found to be a heterozygote with the BD genotype. In
our study, Yabukita was also a heterozygote when PAL
exon 1 was digested with HpaII, but a homozygote for
PAL intron and PAL exon 2 cut by TaqI. The conflicting
results between classical RFLP and PCR-RFLP in some
cases are easily explained by the fact that RFLPs screen
polymorphism over a large region upstream of and down-
stream from the actual gene, whereas CAPS markers de-
tect polymorphism within the gene itself.

The caffeine synthase and polyphenol oxidase genes,
respectively directing the synthesis of caffeine and cata-
lyzing the fermentation process in black tea, have recent-
ly been cloned in tea, and their cDNA sequences are
readily available in the GenBank. These genes are as im-
portant as PAL, CHS and DFR regarding the organolep-
tic properties of tea. Using the same procedure described
here, CAPS markers can easily be devised based on the
polymorphism of these genes and contribute to clarifying
the genetic relationships among and within the varieties
of this poorly studied crop species. This work also opens
the way for correlative analyses between newly estab-
lished tea genotypes based on phenylpropanoid genes
and chemotypes, mainly polyphenolic.
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A first genetic map of assamica tea has been pub-
lished (Hackett et al. 2000) and another one using a sin-
ensis mapping population is in progress (Tanaka 2001).
Both maps have been constructed using RAPD and AFLP
markers. Though these two marker types are undoubtedly
the most suited for mapping studies, requiring no prior
genome information for marker development and having
a wide genome coverage, they are however dominant and
anonymous. The newly established CAPS markers are
not only informative and may be linked to important
QTLs associated with tea taste and quality, and due to
their co-dominant and sometimes multi-allelic nature,
they could be used with others to bridge the individual tea
maps and produce a synthetic map with an increased
number of markers.

Several studies aimed at investigating the genetic di-
versity in different tea germplasms have revealed a rela-
tively low variability in each case (Wachira et al. 1995;
Kaundun et al. 2000; Mewan et al. 2001) This is particu-
larly true for Japanese tea with a leading Yabukita culti-
var covering 75% of the total tea cultivated-area in the
country. Yabukita has also been used as a parent in the
breeding of a number of new cultivars, with a conse-
quence of limiting tea types and tastes in Japan. The
CAPS markers will be useful in screening for new tea
genotypes from abandoned tea populations from Japan,
Korea and China and, thus, facilitate enrichment of the
existing germplasm collection. Since CAPS markers are
PCR-based, requiring minute amounts of DNA template
as well as being very reproducible, they may also be ap-
plied in fingerprinting tea and provide a means for dis-
couraging the fraudulent commercialization of processed
tea.

The development of STS-based markers may initially
be time-consuming, as sequence information is required
for primer design and sequencing reactions are necessary
to confirm that the right DNA fragments have been am-
plified. In addition, a number of restriction enzymes
have to be tested to reveal polymorphism. Nonetheless,
once markers are established they can not only find wide
application in mapping, population genetics and finger-
printing studies in the species in question, but also in a
number of closely related genera also.
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