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Abstract Tea (Camellia sinensis) phenylalanine ammo-
nia-lyase (PAL) cDNA was cloned using labelled rice PAL
c¢DNA as a probe. The PAL genes of the tea plant were in-
vestigated by restriction fragment length polymorphism
(RFLP) analysis using tea PAL cDNA. PAL genetic vari-
ation in tea plants was much larger than predicted due to
the presence of various hybridized fragments in the Assam
hybrids, which are hybrids between C. sinensis var
‘assamica’ and var ‘sinensis’. On the other hand, hybri-
dized band patterns of Japanese green tea cultivars belong-
ing to var ‘sinensis’ could be divided into five groups. Fur-
thermore, a short-length PAL probe, about 280 bp includ-
ing the 3" untranslated sequence, detected 3 DNA frag-
ments of different lengths, which were named A, B and D.
An experiment tracing the PAL gene heredity showed that
A, B and D fragments were inherited according to the Men-
delian monogenic ratio. Therefore, PAL genes identifiable
by A, B and D fragments are multiple alleles, and the PAL
gene is present as a single gene in the tea haploid genome.
It was also clear that five groups of Japanese green tea cul-
tivars were characterized by the composition of these PAL
fragments. From RFLP analysis using tea PAL cDNA, we
succeeded in distinguishing Assam hybrids and Japanese
green tea cultivars with high and low catechin content, re-
spectively, and in grouping Japanese green tea at the cul-
tivar level.
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Introduction

Tea plants are distributed throughout India, China, Japan
and other regions of Asia where the tea industry has been
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developed. Though the origin of the various types of tea
plants is not clear, during the extension process tea plants
differentiated not only by morphological traits but also by
characteristic compounds contained in their leaves. Today,
on the basis of these morphological characters, Camellia
sinensis is botanically divided into four varieties (Chang
and Bartholomew 1984). Two varieties, ‘assamica’ and
‘sinensis’, are the principle tea producers. The former was
developed in India and the latter in China; they were sub-
sequently introduced into Japan. However, since reproduc-
tive isolation has not been present between them, a num-
ber of intermediate types have been cultivated. These inter-
mediate types are used for producing distinct tea products,
which are dependent on the characteristic compounds con-
tained in their leaves. For example, var ‘assamica’ and As-
sam hybrids are mainly utilized for black tea and var
‘sinensis’ for green tea and other tea products.

Many characteristic compounds related to tea quality
have been detected in tea leaves (Nagata and Sakai 1984).
One of these, catechin, which amounts to 10-30% of the
dry weight of tea leaves, is a main component of astrin-
gency and a key determinant of tea quality (Iwasa 1968;
Anan and Nakagawa 1974). Catechin content varies in va-
rieties or cultivars; var ‘assamica’ and Assam hybrids con-
tain a higher proportion than var ‘sinensis’. Therefore, reg-
ulation of catechin content is very important in tea breed-
ing and cultivation. This diversity in catechin content
among tea cultivars may be caused by the different activ-
ity of the enzymes related to its biosynthesis. Of these
enzymes, phenylalanine ammonia-lyase (PAL) catalyzes
the deamination of L-phenylalanine to yield trans-cin-
namic acid and NHJ, which is the first step in phenyl-
propanoid synthesis leading to catechin production. It has
been reported thfat PAL activity in young tea leaves, which
contain abundant catechin, is higher than in mature ones,
which have a low catechin content (Iwasa 1977). Both
the activity and content of catechin are controlled by light
intensity (Saijo 1980). In addition, higher activity has
also been observed in leaves of cultivars belonging to
var ‘assamica’ and Assam hybrids than in Japanese green
tea cultivars (Iwasa 1977). Therefore, PAL activity in
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tea leaves must have some connection with catechin con-
tent.

For tea breeding to control the catechin content, a tech-
nique must be established that is able to assess the cate-
chin biosynthetic ability of various tea clones and to clas-
sify tea plants into useful genetic resources. It is a reason-
able assumption to define and use the PAL gene as a ge-
netic marker for the assessment of tea genetic resources.
Therefore, a full length PAL ¢cDNA was cloned and, PAL
restriction fragment length polymorphisms (RFLPs) of the
tea plants were detected. On the basis of these RFLPs, two
tea leading varieties, var ‘assamica’ and var ‘sinensis’,
could be distinguished. Furthermore, we showed that PAL
of the green tea cultivars tested consisted of three multi-
ple alleles on a single locus and that green tea plants could
be classified at the cultivar level using these PAL gene com-
positions.

Materials and methods
Plant materials

Except for ‘Karabeni’ and ‘Benitsukuba’, the tea plants used in the
present study were Japanese green tea cultivars and Assam hybrids.
Japanese green tea cultivars belonging to var ‘sinensis’ are domes-
tic varieties obtained from cultivated tea farms in Japan or hybrids
of these varieties that are used as breeding materials: ‘Yabukita’,
‘Kanayamidori’, ‘Tamamidori’, ‘Meiryoku’, ‘Kuritawase’,
‘Shunmei’, ‘Asatsuyu’, ‘Asagiri’, ‘Yaeho’, ‘Sayamakaori’,
‘Saemidori’, ‘Fushun’, ‘Natsumidori® and ‘Z1’. Assam hybrid cul-
tivars were ‘Indo’, ‘Benikaori’, ‘Benitachiwase’, ‘Benifuji’,
‘Benihikari’, ‘Satsumabeni’, ‘“Tadanishiki’ and ‘Akane’. ‘Karabeni’
is a variety introduced from China and may not be an Assam hybrid.
‘Benitsukuba’ is a black tea cultivar but a domestic variety in Japan.
‘Assam’ and ‘Inzatsu 131’ are Assam hybrid lines. These genetic
materials were obtained from stocks maintained at the National Re-
search Institute of Vegetables and Ornamental Plants and Tea, Ka-
naya, Shizuoka, Japan. Tea leaves used for DNA extraction were har-
vested in the field under normal agricultural conditions.

Construction of cDNA library, cloning and sequencing
of PAL cDNA

For construction of the cDNA library, young tea (C. sinensis var
‘sinensis’ cv. “Yabukita’) leaves were harvested from bushes grown
in the field, on a sunny afternoon in April, because the PAL activity
of tea leaves is high under this condition. Total RNA was isolated
from pulverized frozen leaves by a modification of the SDS-phenol
method (Palmiter 1974). Polyadenylated RNA was extracted using
the mRNA Purification Kit (Pharmacia). Double-stranded cDNA
was synthesized using the cDNA Synthesis Kit (Boehringer Mann-
heim) and was inserted into the unique EcoRI site of the lambda gt11
vector using EcoRI linker addition. The cDNA library was screened
using rice PAL ¢cDNA (Minami et al. 1989) labelled with o-[>?P]-
dCTP by the Random Primer DNA Labeling Kit (Takara Shuzo Co,
Kyoto, Japan). The screening was carried out according to Sambrook
et al. (1989). An insert of the positive clone was subcloned into
pBluescript KS+ for further analysis. Sequencing reactions were car-
ried out using the Taq Dye Primer Cycle Sequencing Kit (Applied
Biosystems). A DNA Sequencer Model 373A (Applied Biosystems)
was used for DNA sequence determination. Nucleotide and amino
acid sequences were analyzed using the GENETYX software system
(Software Development Co, Tokyo, Japan).

DNA preparation and RFLP analysis

Plant DNA was prepared from frozen leaf tissues according to Guil-
lemanut et al. (1992) and some modified procedures. Fifteen micro-
gram DNA extracted from tea cultivars was digested with HindIII or
EcoRV and resolved in 0.8 % agarose gel. DNA fragments were trans-
ferred to a nylon membrane and were fixed by exposure to UV light.
The cloned tea PAL cDNA was labelled with o-[**P]dCTP. The oth-
er two short probes that are partial PAL ¢cDNAs which included the
57 (N350) and 3’ untranslated regions (C280) were used. N350 and
C280 contain about 200 bp of translated regions. Hybridization was
carried out overnight at 65°C. After hybridization, the membranes
were rinsed twice for 5 min in 2xSSC and washed at 65°C for 30 min
in 0.2xSSC-0.1%SDS before being exposed to X-ray film with in-
tensifying screens at —80°C for 3-5 days.

Results
Cloning of PAL cDNA and sequence determination

In the first screening using labelled rice PAL cDNA as a
probe, 2 positive clones containing a short insert were ob-
tained. The insert of 1 of these clone showed a higher DNA
sequence homology with other plants cloned PAL se-
quence, and this was taken to indicate that the insert was
part of the tea PAL cDNA. The insert DNA was used as a
probe to obtain another clone with a longer insert. After
hybridization and detection, 21 clones showed a positive
signal on X-ray film. A clone with the largest insert was
selected and designated as A21. The insert contained 2344
nucleotide sequences including a poly-A tail, and the open
reading frame consisted of 2142 bp (data not shown; the
nucleotide sequence will appear in the GSDB, DDBJ,
EMBL and NCBI nucleotide sequence database with the
accession number D26596). The molecular mass was cal-
culated on the basis of the deduced amino acid sequence
to be 77.750, which is similar in size to those of other plant
PALs. A comparison of the deduced amino acid sequence
of the insert with those of other plants showed high homol-
ogy with dicotyledonous plants, i.e. 87.3%, 84.3%, and
82.2% of the amino acids of the A21 insert were homolo-
gous withthose of pea (Kawamata et al. 1992), poplar (Sub-
ramaniam et al. 1993) and sweet potato (Tanaka et al.
1989), respectively. However, the homology was lower in
monocotyledonous and gymnospermous plants, and the ac-
tual figures we found were 69.0% in rice (Minami et al.
1989) and 67.5% in pine (Whetten and Sederoff 1992).
These results indicate that the insert DNA of A21 encoded
the information of tea PAL cDNA.

Genetic variation of PAL in tea plants

To assess the genetic variation of PAL in tea plants, ap-
proximately 2.3 kbp of insert DNA of A21 was used as a
probe. RFLP analysis detected 2 or 3 DNA fragments
between about 5.3 and 7.3 kbp in Japanese green tea cul-
tivars, and the 5.9 kbp fragment was found to be common
to all of the tested cultivars (Fig. 1a). On the basis of the
numbers and lengths of the detected fragments, we could
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Fig. 1 RFLPs comparison of C. sinensis var ‘sinensis’ (a) with
Assam hybrids (b) and ‘Karabeni’ and ‘Benitsukuba’. The DNA
was digested with HindIIl, and the probe was 2.3-kb PAL cDNA.
a Lane 1 ‘Yabukita’, 2 ‘Kanayamidori’, 3 ‘Tamamidori’, 4 ‘Meiryo-
ko', 5 ‘Kuritawase’, 6 ‘Shunmei’, 7 ‘Asatsuyn’, 8 ‘Asagiri’, 9
‘Yaeho’, 10 ‘Sayamakaori’, /1 ‘Natsumidori’, 12 ‘Z1’, 13 ‘Fushun’,
14 ‘Saemidori’. b Lane 1 ‘Yabukita’ (Cont.), 2 ‘Assam’, 3 ‘In-
zatsul31’, 4 ‘Indo’, 5 ‘Benitsukuba’, 6 ‘Benikaori’, 7 ‘Beni-
tachiwase’, 8 ‘Benifuji’, 9 ‘Benihikari’, /0 ‘Satsumabeni’, /] ‘Kara-
beni’, 12 ‘Tadanishiki’, 13 ‘Akane’

Fig. 2 Different hybridized 1 2 3 4 5
fragment patterns (4, B, D) of
5 tea cultivars using C280 as a
probe. Lane 1 ‘Yabukita’,

2 ‘Kanayamidori’, 3 ‘Tamami-
dori’, 4 ‘Meiryokw’, 5 ‘Asagiri’

classify Japanese green tea cultivars into five groups (Ta-
ble 1). A further RFLP analysis using EcoRV divided these
green tea cultivars into the same five groups consisting of
the same cultivars as a result of HindIlI digestion (data not
shown but the result is summarized in Table 1). To distin-
guish between var ‘sinensis’ and var ‘assamica’ using the
PAL gene, we compared hybridized band patterns between
Japanese green tea cultivars and Assam hybrids and the
black tea cultivars. On the other hand, Assam hybrids and
‘Benitsukuba’ and ‘Karabeni’ showed various fragment

b

patterns on most cultivars (Fig. 1b); these patterns were
distinct from those of Japanese green tea cultivars. The pat-
terns of ‘Satsumabeni’ and ‘Tadanishiki’ were similar to
those of Japanese green tea cultivars (Fig. 1b), but were
different in another RFLP analysis using EcoRV as a re-
striction enzyme (data not shown). All of the Assam hy-
brids used in the present study could be distinguished from
Japanese green tea cultivars by RFLPs.

Inheritance of PAL in tea plants

Two short probes, N350 and C280, were used for a subse-
quent analysis of Japanese green tea cultivars. Each frag-
ment detected by RFLP analysis using HindIlI was desig-
nated as A, B, C and D in order of longest (A) to shortest
(D) (Fig. 1a). One greentea cultivar was selected from each
of the classified groups based on RFLP analysis (Table 1)
and in total, 5 cultivars were studied. From RFLP analysis
using the N350 probe, the common fragment C, about
5.9 kbp, was the only one that emerged (data not shown).
However, the three other kinds of fragments, A, B and D,
were detected using the C280 probe and subsequently
utilized for further classification (Fig. 2). These results
suggest that the HindIll recognition site is different in the
3’ flanking region of the PAL gene but is the same in the
5’ flanking region. The HindIII recognition site, which sep-
arates the C fragment from the others, may be present in
the intron sequence because it was not present in the cloned
PAL cDNA.

Since the intensity of a single fragment detected in
Fig. 2 was stronger than that of two others, it seemed that
the former contained the PAL gene as a homozygote and
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Fig. 3 a,b Segregation of PAL-specific RFLPs of 2 tea hybrid pop-
ulations. The probe was the 2.3-kb PAL cDNA. a Hybrids (lanes
2-21)between ‘Sayamakaori’ (BD, lane 1) and ‘Yabukita’ (BD, lane
22). Twenty patterns of 22 hybrids assayed in this analysis are shown.
b Hybrids (lanes 2-33) between ‘Sayamakaori’ (BD, lane 1) and ‘Z1’
(AA, lane 34)

Table 2 Segregation ratios of PAL ¢cDNA hybridized fragments of
tea plants

Parent cultivars Number Total y* Value
of hybrids
BB BD DD
Sayamakaori(BD) 5 12 5 22 0.18* ns
xYabukita(BD)
AB AD
Sayamakaori(BD) 18 14 32 0.50° ns
xZ1(AA)

ns, not significant at P=0.05
& o for 1:2:1
b ¥ for 1:1

the latter as a heterozygote. Therefore, we hypothesized
that the A, B and D fragments are inherited as a single gene.
To confirm this hypothesis, two progeny populations
between ‘Sayamakaori’ (BD) and ‘Yabukita’ (BD), and
between ‘Sayamakaori’ (BD) and *Z1° (AA) were assayed.
From the former population, each lane had, together with
the C fragment, only the B, only the D or both the B and
D fragments (Fig. 3a). Furthermore, only two fragment
patterns, those of A and B or A and D, were observed from
the latter population (Fig. 3b). These results are summar-
ized in Table 2. A total of 22 hybrid plants of the former
segregated 5 BB, 12 BD and 5 DD plants. Moreover, AB

and AD plants eventually emerged from the latter. The A,
B and D fragments were apparently multiple alleles distin-
guishable by RFLPs because these fragments were inher-
ited as a single gene according to their Mendelian ratio.
Since any additional hybridized fragments were not de-
tected, the PAL gene of the tea plant was a single one per
haploid genome. This finding indicates that the previously
mentioned five groups are composed of the AA, AB, AD,
BD and DD type (Table 1).

Discussion

Since PAL acts as a key enzyme in phenylpropanoid me-
tabolism of plants, PAL ¢cDNA or genes have been cloned
from several plants, including the woody plants (Cramer
etal. 1989; Joos and Hahlbrook 1992; Lois et al. 1989; Ohl
etal. 1989, Gowrietal. 1991; Kawamataetal. 1992; Whet-
ten and Sederoff 1992). A comparison of the amino acid
sequence estimated from tea PAL cDNA with those of other
plants showed that the tea plant has a higher homology to
dicotyledons than to monocotyledons and gymnosperms.
Although tea is the same woody type of plant as poplar and
pine, this different homology matches the degree of evo-
lutional distance of these plants. By RFLP analysis, we
were able to reveal PAL genetic variation among tea plants
whose catechin content was different. In Japanese green
tea cultivars, five groups were determined (Table 1),
whereas Assam hybrids could not be placed into any spe-
cific group because complex patterns were produced. As-
sam hybrids used in the present study were derived from
crosses between var ‘assamica’ and Japanese domestic tea
that have been made to breed black tea cultivars that can
tolerate the cold climate of Japan. These hybrids contain



only one-half or one-quarter of the genes from var
‘assamica’. In addition, the number of samples of the
present study was not enough to detect the genetic PAL
variation within all of var ‘assamica’. In spite of these lim-
itations, various PAL-hybridizing bands could be seen in
most Assam hybrids, which indicates that PAL genetic
variation is much wider than that we predicted. Moreover,
‘Karabeni’, which was derived from a Chinese wild-type
tea belonging to var ‘sinensis’, showed different hybridiz-
ing bands from either the Assam hybrids or the Japanese
green tea cultivars. An analysis extended to the Chinese
wild-type tea plants would reveal the other different PALs.
Therefore, it would be reasonable to speculate that a large
number of PAL genes detectable by RFLPs might be dis-
tributed in tea plants.

Although in the Japanese green tea cultivars PAL is en-
coded by a single gene per haploid genome, RFLP analy-
sis could distinguish at least three kinds of PAL genes, A,
B and D. Three fragments were distinguished on the basis
of the position of the HindIII recognition site in the 3’ flank-
ing region of the PAL gene, but some other sequences also
seemed to be present in the coding region of these genes.
During the PAL cDNA cloning process, a clone with an in-
complete length, which had a different nucleotide sequence
from the insert of A21, was identified. Out of the 300 base
pairs of nucleotide sequences of the clone, 37 base pairs
were different, which caused 5 deduced amino acid con-
versions (data not shown). Since ‘Yabukita’ (BD) was used
for the cDNA library construction, if A21 and the clone
correspond to the B or D fragment, each of the PAL genes
displayed by the B and D fragments has a different se-
quence with amino acid conversion. The diversity of the
PAL gene in tea plants was shown in the present study.
However, it is unknown whether this diversity arises not
only in the flanking region but also in the coding region.
The finding of two different sequences of PAL cDNA
clones in “Yabukita’ suggests that the diversity could have
arisen in the coding region of the PAL gene of the var
‘assamica’ or Assam hybrids.

We were able to classify Japanese green tea cultivars
into five groups, AA, AB, AD, BD and DD. However, one
question remains, why were no cultivars of the BB type
found, which otherwise would have easily been obtained
from a cross-hybridized population. If one of some inade-
quate phenotypes might be the cause of BB type forma-
tion, we could immediately use RFLP analysis for green
tea breeding. Although the existence of many kinds of PAL
genes distinguishable by RFLPs is predicted among the tea
plants, only three PAL genes contribute to the development
of Japanese green tea. We conclude that the key ancestries
of Japanese green tea were derived from a few limited
clones among all of the tea plants. Until now, many green
tea cultivars were developed by crossing and selection
from a genetically limited population.
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