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Abstract

A possible connection between the effects of aluminum (Al) on the growth of tea plants and the active
oxygen species scavenging system in root tips of intact tea plants and suspension-cultured tea cells was
examined. Intact tea plants were treated with or without Al in a modified Hoagland solution, while
suspension-cultured tea cells were treated with or without Al in a simple salt solution containing 3% sucrose
and 0.2 mM calcium. Compared with the control treatments without Al, the activities of superoxide
dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) increased by Al both in roots of intact
plants and cultured cells. The level of peroxidation of membrane lipids, as well as the activity of wall-bound
peroxidas, the content of lignin and wall-bound phenols, however, reduced by the treatment with Al either
in tea roots or in cultured tea cells. The results indicated that Al-induced increase in the activities of
antioxidant enzymes, resulting in increased membrane integrity and delayed lignification and aging, can be
considered as a possible reason for the stimulatory effects of Al on the growth of the tea plants and this is
irrespect of the presence of other micronutrients and their interaction with Al.

Abbreviations:. APX — ascorbate peroxidase; CAT — catalase; CPO — covalently bound peroxidase; IPO —
ionically bound peroxidase; MDA — malondialdehyde; PAL — phenylalanine ammonia-lyase; PO — per-
oxidase; ROS — reactive oxygen species; SOD — superoxide dismutase; SPO — soluble peroxidase.

Introduction

The growth of many crop species is adversely
affected by the occurrence of soluble species of
aluminum (Al) in acid soils (pH below 5.0),
although many plants exhibit genetic-based vari-
ability in Al sensitivity and Al resistance. The tea
plant has been known as one of the most Al toler-
ant and Al accumulator plants species with mark-
edly stimulated growth at high concentrations of

*FAX No: 098-21-8009730. E-mail: ghangia@modares.ac.ir

Al supply (Konishi et al., 1985; Matsumoto et al.,
1976). However, the mechanism of the stimula-
tion of growth by Al has not been elucidated yet.
Studies with high Al concentration in nutrient
solutions are difficult to interpret in terms of
physiological responses as a high proportion or
nearly all of the Al added is presumably lost by
precipitation, polymerization and complexion
(Marschner, 1995). There is also a possibility that
the observed beneficial effects of Al on growth of
plants in nutrient solutions is a secondary effect
brought about alleviation of toxicity caused by
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H™" at low pH or by other mineral elements e.g.
excess phosphorus (Kinraide, 1993; Marschner,
1995). This hypothesis now is doubted by the
results of the present study since the results
obtained from experiments using suspension-cul-
tured tea cells pre-treated with or without Al in
simple salt solutions showed the same tendency as
those of intact plants in nutrient solutions.

Materials and methods
Plant materials and treatments

Two year-old rooted cuttings of Camellia sinensis
L. cv. Yabukita were grown for 8-10 months in
an aerated, modified nutrient solution contain-
ing (in mM): (NHy4),SOy4, 0.713; NH4NO;, 073:
KH,PO4, 0.1; K,SO4, 0.46; CaCl,, 0.5
MgSO,, 0.41; Fe-EDTA, 0.032; H3;BO;, 0.046;
CuSOy4, 0.002; MnSO4, 0.09; Na,MoQ,, 0.0026;
ZnS0y, 0.0091. pH was adjusted to 4.2 and the
nutrient solution was exchanged every week. In
Al treatments, Al was added as AICIl; to a final
concentration of 400 uM and the treatment was
continued for 12 weeks. The duration for the
treatment and the applied concentration of Al
were decided according to the previous reports
by Konishi et al. (1985) and Konishi (1992). Sus-
pension cultures were prepared from the calli of
the same variety of tea. The calli were derived
from anthers (Kuboi and Kaji, 1994) and were
generous gifts from professor Kuboi, Shizuoka
University. The cell line was fast growing, a
property which allowed us to detect the effects of
Al on growth, at shorter periods of time. The
cells were grown in B5 medium in darkness at
25 °C on rotary shakers (100 rpm) with weekly
exchange. Exponentially growing cells at 7 days
were harvested by suction filtration, suspended
and rinsed three times with a simple salt solution
containing 3% sucrose, 0.2 mM CaCl,, pH 4.2,
buffered with 2 mM Homo-pipes (Research
Organics, Cleveland, USA). A stock solution of
AICl; was prepared just before using, sterilized
by passing through a filter (pore size 0.45 um),
and added to the aforementioned simple salt
solution to final concentrations of 0, 50 or
500 pM. Preliminary experiments on suspension-
cultured tea cells revealed that the concentrations
of 50 uM of Al was optimal, whereas the

concentration of 500 uM was relatively high but
still had stimulatory effect (unpublished observa-
tion). After 24 h they were harvested, a batch of
them were washed thoroughly with deionized wa-
ter, frozen in liquid N, and kept at —80 °C for
further analytical experiments. The second batch
was washed thoroughly with BS medium and
equal amounts of them returned to B5 medium
in order to determine the effect of Al on their
further growth for 1 week (Yamamoto et al.,
1994). In one experiment a group of flasks con-
taining tea cells in simple salt solutions with or
without Al were harvested just after 24 h, while
the others were kept for an additional 5 days and
the viability and the growth of their cells were
evaluated. Cell viability was checked by Evans
Blue (0.1% water solution, 5 min) and growth
was measured by determination of fresh weight.
All observations and measurements were carried
out with three independent repetitions.

Determination of the level of lipid peroxidation

Level of damage of membranes was determined
by measuring malonyldealdehyde (MDA) as the
end product of peroxidation of membrane lipids
(De Vos et al.,, 1991). In brief, samples were
homogenized in an aquatic solution of TCA
(10% w/v) and aliquots of the filtrates were he-
ated in 0.25% TBA. The amount of MDA was
determined from the absorbance at 532 nm fol-
lowed by correction for the nonspecific absor-
bance at 600 nm.

Extraction and assay of the enzymes involved
in scavenging ROS

Frozen samples (200 mg fresh weight) were
homogenized in 3 mL HEPES--KOH buffer (pH
7.8) containing 0.1 mM EDTA. The homogenate
was centrifuged at 15,000 x g for 15 min. All
operations were performed at 4 °C. In the super-
natant, superoxide dismutase (SOD) was assayed
by a photochemical method (Giannopolitis and
Reis, 1977). Reaction mixture (3 mL) consisted
of 50 mM HEPES-KOH buffer (pH 7.8),
0.1 mM EDTA, 50 mM Na,CO3; (pH 10.2),
12 mM 1-methionine, 75 uM NBT, 300 uL
enzyme extract and 1 pM riboflavin. One unit
SOD activity was defined as the amount of
enzyme required to result in a 50% inhibition of



the rate of NBT reduction measured at 560 nm.
Activity of catalase (CAT) was measured in a
reaction mixture which consisted of 25 mM
Na-phosphate buffer (pH 6.8), 10 mM H-O, and
diluted enzyme extract in a total valium of 1 mL.
The decomposition of H,O, was followed by the
decline in absorbance at 240 nm (Cakmak and
Horst, 1991). Activity of ascorbate peroxidase
(APX) was measured according to the method of
Nakano and Asada (1981). In brief, samples
were homogenized in 1 mL of 50 mM Na-phos-
phate buffer (pH 7.8) containing 5 mM ascor-
bate, 5 mM DTT, 5 mM EDTA, 100 mM NaCl
and 2% (w/v) PVP. The homogenate was centri-
fuged as 15000 x g for 15 min at 4 °C. The reac-
tion was initiated by adding H,O, to a final
concentration of 44 uM. The reaction rate was
monitored by the decrease in absorbance at
290 nm. The rate constant was calculated using
the extinction coefficient of 2.8 mM ' cm™' and
corrected for the rate obtained prior to the addi-
tion of H,O,. Protein contents were determined
by the method of Bradford (1976), using BSA as
standard.

Extraction and assay of the enzymes involved
in the metabolism of phenolics

In order to determine the activity of phenylala-
nine ammonia-lyase (PAL), the frozen cells were
homogenized in ice-cold K-borate buffer (0.1 M,
pH 8.8) containing 2 mAM f -mercaptoethanol
with a mortar and pestle and centrifuged at
16,000 x g, 10 min at 2 °C. The supernatant was
used as a crude enzyme solution. The reaction
mixture (total of 2 mL) was composed of 0.5 mL
of crude enzyme and 1 mL of extraction buffer
(without p-mercaptoethanol). The reaction star-
ted with the addition of 0.5 mL of 4 mM Phenyl-
alanine and after 1 h incubation at 37 °C was
stopped with 100 pL. of 5 M HCI. The mixture
was extracted three times with EtOAc. The
EtOAc extract was air-dried, redissolved in 50%
MeOH and analyzed by HPLC on an ODS-80 Ts
column (4.6 x 250 mm, Tosoh, Japan). Cinnamic
acid (CA), as the products of PAL reaction was
eluted at a flow rate of 0.5 mL min-: with a linear
gradient of 30-80% MeOH containing 0.1%
HOACc and was monitored at 273 nm (Wakabay-
ashi et al., 1997). The enzyme activity was
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expressed as amounts of CA produced for 1 h per
mg of protein in the reaction mixture.

Peroxidase (PO) was extracted and determined
in three fractions; the soluble (SPO), ionically
(IPO) and covalently (CPO) wall bound fractions.
The first one, using guaiacol as an electron donor
is involved in the stress response and the two lat-
ter, using syringaldazine as an electron donor, are
supposed to be more related to the lignification
and suberization of the cells (Fukuda and
Komamine, 1982; Pandolfini et al., 1992). Samples
were homogenized in 50 mM Tris-maleate buffer
(pH 6.0) and centrifuged at 1000 x g for 10 min at
2 °C. The supernatant was re-centrifuged at
18,000 x g for 20 min at 2 °C. This second super-
natant was used to assay soluble PO. Pellets of the
first and the second centrifugations were pooled,
incubated with 0.2 M CaCl, for 2 h at room tem-
perature, and then centrifuged at 18,000 x g for
20 min at 2 °C. The supernatant was used to mea-
sure the activity of IPO. The pellet was used
directly for assay of CPO (Pandolfini et al., 1992).
Activity of SPO fraction was assayed in 60 mM
K-phosphate buffer (pH 6.1) containing 28 mM
guaiacol and 5 mM H»0O,. The increase in the
absorbance was recorded at 470 nm. For IPO and
CPO assay, the final reaction mixture (3 mL) con-
tained 41.6 nM syringaldazine, 40 mM Tris-male-
ate buffer (pH 6.0) and 16 mM H-0O,. These
anionic types of PO utilize syringaldazine as a spe-
cific substrate and have been supposed to be more
related to the lignification of the cell walls and
polymerization of phenolic domains of suberin
(Goldberg et al., 1983; Pandolfini et al., 1992).
Activity of IPO was expressed as the increase in
absorbance at 530 nm per min per mg protein and
activity of CPO was expressed as the increase in
absorbance at 530 nm against cell wall dry weight.

Determination of lignin and wall-bound phenolics

Cell wall preparations were obtained by homoge-
nization of frozen samples in water with a mor-
tar and pestle followed by centrifugation at
1000 g and sequential washing of the pellet with
EtOH, CHCI;-MeOH (2:1) and acetone and then
drying in air. Lignin content of wall preparations
was measured via a modified acetyl bromide pro-
cedure (Iliyama and Wallis, 1990). The lignin con-
tent was determined by measuring of absorbance
at 280 nm using specific absorption coefficient
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value 20.0 g7' L cm™'. Phenolics were liberated

from the walls with ammonium oxalate (20 mM,
70 °C) and then with 0.1 M NaOH, under N, for
24 h. After acidification of both fractions to
approximately pH 3.0 with HCI, phenolics were
extracted three times with EtOAc, air-dried
and re-dissolved in 50% MeOH before determi-
nation by HPLC on an ODS-80 Ts column
(4.6 x 250 mm, Tosoh, Japan) (Wakabayashi
et al., 1997). Monophenols were monitored at
280 nm and the sum of them in the ammonium
oxalate and NaOH fractions were calculated.

Statistical analysis

All of the experiments were carried out with at
least three independent repetitions. All values are
shown as the mean + SD. Statistical analysis
was performed using Student’s z-Test and the dif-
ferences between treatments were expressed as
significant at level of P < 0.05.

Results

Growth of the root tips of tea plants was mark-
edly stimulated in the presence of Al compared to
those grown in the absence of Al (Figure 1a). The
rate of the elongation of Al-treated roots

(8.3 £ 1.0 mm/10 days) was also significantly
higher than that the one treated without Al
(3.1 £ 0.4 mm/10 days). In addition, in treat-
ments without Al, the abundance of brown roots
and the emergence of second or third order lateral
roots were noticeable (Figure 1B). Pretreatment
of suspension-cultured tea cells with simple salt
solutions containing 50 or 500 uM Al for 24 h
stimulated their subsequent growth in B5 med-
ium, compared to those control cells pretreated in
simple salt solutions without Al (Figure 2). The
viability of Al-pretreated cells in BS medium was
almost similar to those in B5 without pretreat-
ment with Al (96 and 94%, respectively). In the
cells that were kept in simple salt solution, a
reduction in the fresh weight was observed after
24 h. This phenomenon is usually observed in cell
culture, apparently due to the rinsing procedure
and exposing the cells to a new medium. How-
ever, a 33% reduction was observed in the fresh
weight of the cells treated without Al, while 20
and 22% reductions were observed in 50 and
500 uM  Al-treated cells, respectively. Further
increase in the fresh weight of the cells during
24 h to 5 days after treatment was also higher in
50 pM Al-treated cells, compared to those treated
without Al or with 500 pM (Figure 2). After
5 days, the viability of the cells cultured in simple
salt solutions containing 0, 50 and 500 puM of Al

Figure 1. Effect of Al on the growth of root tips of intact tea plants in nutrient solution. The plants treated with 0 or 400 pM Al

in nutrient solution for 12 weeks.
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Figure 2. Effect of Al on the growth of suspension-cultured
tea cells. A batch of cells were pretreated with 0, 50 or 500 pM
Al in simple salt solutions for 24 h and then returned to B5
medium and their capability for growth was compared after
1 week (SS/BS). The second group kept in simple salt solution
for 5 days with or without Al (SS). Data are means obtained
from at least three different experiments in triplicate +SD.
Signs with different letters in each group indicate significant
differences at P < 0.05 according to Student’s 7-Test.

was 93, 86, and 85%, respectively. In comparison
with the treatments without Al, the level of perox-
idation of lipids of Al-treated roots and Al-trea-
ted cultured cells was significantly low (Figure 3).
The activity of SOD of tea plant roots was
improved by the treatment with Al, although the

Lipid peroxidation Rate
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Figure 3. Effect of Al on the rate of lipid peroxidation in
root tips of tea plants and suspension-cultured tea cells. The
plants were treated with 0 or 400 uM Al in nutrient solution
for 12 weeks and the cells were treated with 0, 50, and
500 pM Al in simple salt solutions for 24 h. Data are
mean + SD, n = 3. Signs with different letters in each group
indicate significant differences at P < 0.05 according to
Student’s 7-Test.
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level of increase was not significant. The activity
of SOD in cultured cells, however, was signifi-
cantly increased with Al treatment, compared to
that of control cells (Figure 4a). Similarly, treat-
ment of tea roots and tea cells with Al increased
the activity of CAT, compared to that of treat-
ments without Al. The level of increase of CAT
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Figure 4. Effect of Al on the activities of SOD (a), Catalase
(b), and APX (c) in root tips of tea plants and suspension-
cultured tea cells. The plants were treated with 0 or 400 pM
Al in nutrient solution for 12 weeks and the cells were treated
with 0, 50, and 500 pM Al in simple salt solutions for 24 h.
Data are mean + SD, n = 3. Signs with different letters in
each group indicate significant differences at P < 0.05
according to Student’s 7-Test.
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activity induced by Al treatment was more signifi-
cant in cultured cells than in intact plants (Fig-
ure 4B). As shown in Figure 4C, treatment with
Al enhanced the activity of APX. However, the
effect was statistically significant only in cultured
cells.

Enhancement of the activities of the ROS
scavenging enzymes should result in reducing
level of H,O», a major substance for lignification
and biosynthesis and accumulation of phenoilc
compounds in plants. The activity of PAL, a key
enzyme involved in the metabolism of phenolics
and lignification of cell walls, was lowered by
treatments of tea plants and suspension-cultured
tea cells with Al, compared to that of those cor-
responding treatments without Al (Table 1). The
activity of soluble fraction of peroxidase (SPO),
that is a cationic type of PO and is of relevance
for stress conditions, was repressed in Al-treated
roots, but was not significantly changed in
Al-treated cultured cells (Figure 5). The activities
of ionically and covalently bound fractions of
peroxidase (IPO and CPO, respectively) in roots
tips of tea plants and in cultured tea cells
reduced by Al treatment (Figure 5). In this con-
text and as shown in Table 1, the content of lig-
nin and sum of the monophenols esterified to the
cell wall polysaccharides of root tips and suspen-
sion-cultured cells treated without Al were higher
than those corresponding treatments with Al.

Discussion
The growth of roots of intact tea plants in the

presence of Al and further growth of Al-pretreated
suspension-cultured cells of tea (Figures 1 and 2

implied that the response of this plant to Al is not
only expressed at the level of intact plants but also
at the cellular level. The fast growing tea cell line
used in the present study was initially derived from
anther (Kuboi and Kaji, 1994) and has maintained
for several years as calli. The calli were then intro-
duced to suspension media with several subcul-
tures. Thus, they provided a homogenous pool of
developmentally identical and undifferentiated
cells capable of showing the mechanism of physio-
logical response of tea plant to Al.

Evaluation of the effects of Al on the growth
of tea cells in nutrient solution was out of the
goal of the present study. On the other hand,
growing of tea plants in a simple salt solution for
a long period of time seems to be impractical.
Nevertheless, based on the results presented here
the growth responses of tea roots to Al in the
presence of other micronutrients was similar to
that of the cells in simple salt solutions without
other micronutrients. These results may cast in
doubt the previous hypotheses that explained the
beneficial effect of Al exclusively based on the
interaction of Al with other micronutrients and
alleviation of their toxicity (Konishi et al., 1985;
Ogawa et al., 2000). The possible interaction of
Al at high concentrations with other micronutri-
ents however, cannot be excluded and is cur-
rently under investigation.

Promotion of the growth of tea plant roots
and tea cells by Al treatment was accompanied
by the maintenance of cell viability and decrease
of the level of lipid peroxidation (Figure 3) and
the increase of the activities of antioxidant
enzymes (Figure 4). The initial rates of lipid per-
oxidation and the activities of antioxidant
enzymes were different in the suspension-cultured

Table 1. Lignin content, total content of wall-bound phenols, and PAL activity of root tips of tea and suspension-

cultured tea cells treated with different concentrations of Al

Plant material Al supply Wall-bound phenols Lignin PAL activity

(nM) (ng g dry weight™") (ng CA/mg protein/h)
Roots 0 72.0 + 6.0° 81.1 + 6.12 10.15 + 1.3

400 56.0 = 1.0° 546 + 1.7° 243 + 0.4°
Cultured cells 0 40.1 + 1.5 70.5 + 9.0° 14.04 + 0.5%

50 36.4 + 1.0° 57.9 + 9.9° 12.23 + 1.6°

500 354 + 1.0° 58.6 + 9.9° 12.80 + 0.2°

Data show mean + SD, n = 3. In each group signs with different letters indicate significant differences at P < 0.05

according to Student’s t-Test.



32

A470/mg protein
—
2

0
0 400 0 50 500
IPO
£
3
2
2
)
s
-
w
<
a a
b
0 50 500

AS530/mg wall dry weightt

0 400 0 50 500
Al concentration (mM )
Roots Cells

Figure 5. Peroxidase activity of root tips of tea plants and sus-
pension-cultured tea cells. The plants were treated with 0 or
400 pM Al in nutrient solution for 12 weeks and the cells were
treated with 0, 50, and 500 pM Al in simple salt solutions for
24 h. Activity was determined in three fractions; SPO, soluble
fraction using guaiacol as an electron donor; IPO and CPO,
ionically and covalntly wall bound PO, respectively, using sy-
ringaldazine as an electron donor. Data are mean + SD,
n = 3. Signs with different letters in each group indicate signif-
icant differences at P < 0.05 according to Student’s 7-Test.
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tea cells and the roots of the intact plants. The
extent to which the activities of the enzymes were
changed after Al treatment was also different
between the two groups. Although the real rea-
son for such differences needs to be clarified by
further experiments, it might be linked to the dif-
ferent media as well as different durations of the
treatments of intact plants and cultured cells.
Treatment of cultured tea cells and tea plants
caused the activation of antioxidant system. It
suggests that the fundamental role of Al in pro-
motion of growth of tea plant is connected with
and scavenging of ROS. The latter is formed in
normal cell metabolism and its regulation is a
common cellular event. Oxidative damage is
often associated with plant stress. A number of
studies indicated that the degree of oxidative cel-
lular damage in plants exposed to abiotic stress is
controlled by the capacity of the antioxidant sys-
tem (Sreenivasulu et al., 2000). Genetics-based
studies in plants suggested the involvement of
oxidative stress in Al toxicity (Yamamoto et al.,
2002). Most of Al-induced genes are gener-
ally stress-inducible genes (Ezaki et al., 2001).
Enhancement of antioxidant capacity may pro-
tect plants under specific conditions but it will
also interfere with the signaling cascade involved
in plant adaptation (Dat et al., 2001). A main
protective role against ROS is attributed to SOD
in catalyzing and dismutation of superoxide
anions to O, and H,O, (Sreenivasulu et al.,
2000) The great difference between tea plant
(and probably other Al-tolerant species, (Ogawa
et al., 2000; Ezaki et al., 2001), and sensitive spe-
cies (Cakmak and Horst, 1991), can be explained
upon the upregulation of SOD followed by other
ROS scavenging enzymes, in particular CAT and
APX. In Al-sensitive plants, SOD activity is
mainly triggered by Al that in turn results in
dismutation of O,~ and more production of
another toxic species, H,O,. In Al-treated tea
plants, however, the produced H,O, is subse-
quently detoxified by APX and CAT. Peroxidase
also eliminates H,O, but due to its role in the
stiffening of the walls (Fry, 1986), a lower activ-
ity of it will be more beneficial for the growth. It
has been already shown that CAT removes the
bulk of H,O, whereas APX can scavenge H,O,
that is not removed by CAT. Also, due to the
higher affinities for H,O,, APX can remove
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lower concentrations of H,O, at different subcel-
lular locations (Dat et al., 2001). In the present
study we measured cytoplasm-located anionic
PO. This isoenzyme of APX utilizes ascorbic acid
as a specific electron donor (Shigeoka et al.,
2002) and probably plays a key role in the
defense system, through detoxification of H,0O,
as well as prevention of ascorbic acid peroxida-
tion (Zheng and Huystee, 1992). Cytosolic APX
was significantly upregulated by H,O, and/or
paraquat treatment in cell suspension culture of
rice (Morita et al., 1999). Addition of diet-
hyldithiocarbamat (a SOD inhibitor) lowered the
induction of APX, whereas inhibition of CAT or
APX (resulting in H,O, accumulation) upregulat-
ed APX expression, suggesting that H,O, is part
of signaling cascade that induces cytosolic APX
(Morita et al., 1999). Thus, although all H,O,
scavenger enzymes act in a cooperative or syner-
gistic way for the survival of the cell even under
normal conditions (Michiels et al., 1994), it is
more likely that among ROS scavenger enzymes,
CAT is the key enzyme that effectively eliminates
H,0,, thereby regulates the activity of APX and
PO. This may explain the fact that in Al-treated
tea cells and tea plants the level of the increase in
the activity of APX was not as remarkable as the
activity of CAT. Also, it suggests that the low-
ered activity of PO following the treatment of
the plants and cells with Al was potentially
related to the higher activity of CAT.

In tea plants treated without Al, accumula-
tion of one of ROS, e.g., H,O,, in normal cell
metabolism, can stimulate accumulation of other
ROS (Dat et al., 2001). H,O, is a signaling inter-
mediate in programed cell death (Alvarez and
Lamb, 1997). It is mostly consumed in peroxoi-
dation of membrane lipids (Cakmak and Horst,
1991), and increases the mechanical strength and
lowers the extensibility of plant cell walls (Schop-
fer, 1996). Hydrogen peroxide as an electron
acceptor for wall-bound PO, plays a major role
in polymerization of phenolic monomers in the
synthesis of lignin and also establishment of
covalent bonds between lignin and carbohydrate
in the cell walls (Fry, 1986). Consist with this,
the higher activities of PAL (Table 1) and wall
bound fractions of PO (Figure 5), the more lig-
nin content and the bigger pool of monophenols
bound to the cell wall polysaccharides (Table 1)

of tea plant materials in the treatments without
Al, can be explained upon the more available
ROS, in particular H,O». Such a H>O,-mediated
rigidity of cell walls would explain the faster
abolishment of growth occurring in those plants
treated without Al. Therefore, the beneficence of
Al for the growth of tea plants is likely, at least
in part, mediated by scavenging of ROS, result-
ing in the increase of cell membrane and cell wall
stability and postponement of aging and death of
tea plant cells.

References

Alvarez M E and Lamb C 1997 Oxidative burst mediated
defense responses in plant disease resistance. /n Oxidative
Stress and the Molecular Biology of Antioxidant Defenses.
Ed. J G. Scandalios. pp. 815-839. Cold Spring Harbor
Laboratory Press, New York.

Bradford M M 1976 A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 72,
248-254.

Cakmak I and Horst W J 1991 Effect of aluminum on
lipid peroxidation, superoxide dismutase, catalase, and
peroxidase activities in root tips of soybean (Glycine max).
Physiol. Plant. 83, 463—468.

Dat J F, Van Montagu M, Inze D and Van Breusegem F 2001
Catalase-deficient tobacco plants: tools for in planta studies
on the role of hydrogen peroxide. Redox Report 6, 37-42.

Dual action of the active oxygen species during plant stress
responses. CMLS. 57, 779-795.

De Vos C H R, Schat H, De Waal M A D., Vooijs R and Ernst
W H O 1991 Increased resistance to copper-induced damage
of the root plasma membrane in copper tolerant Silene
cucubalus. Physiol. Plant. 82, 523-528.

Ezaki B, Katsuhara M, Kawamura M and Matsumoto H 2001
Different mechanisms of four aluminum (Al)-resistant
transgenes for Al toxicity in Arabidopsis. Plant Physiol.
127, 918-927.

Fry S C 1986 Cross-linking of matrix polymers in the growing
cell walls of angiosperms. Ann. Rev. Plant Physiol. 37,
165-186.

Fukuda H and Komamine A 1982 Lignin synthesis and its
related enzymes as markers of tracheary-element differenti-
ation in single cells isolated from the mesophyll of Zinnia
elegans. Planta 155, 423-430.

Giannopolitis C N and Ries S K 1977 Superoxide dismutase |
Occurrence in higher plants. Plant Physiol. 59, 309-314.
Goldberg R, Catesson A M and Czaninski Y 1983 Some
properties of syringaldazine oxidase, a peroxidase specifi-
cally involved in lignification processes. Z. Pflanzenphysiol.

110, 256-277.

Iiyama K and Wallis A F A 1990 Determination of lignin in
herbaceous plants by an improved acetyl bromide procedure.
J. Sci. Food Agric. 51, 145-161.



Kinraide T B 1993 Aluminum enhancement of plant growth in
acid rooting media. A case of reciprocal alleviation of
toxicity by two toxic cations. Plant Physiol. 88, 619-625.

Konishi S 1992 Promotive effects of aluminum on tea plant
growth. JARQ. 26, 26-33.

Konishi S, Miyamoto S and Taki T 1985 Stimulatory effects of
aluminum on tea plants growth under low and high
phosphorus supply. Soil Sci. Plant Nutr. 31, 361-368.

Kuboi T and Kaji M 1994 Establishment of tea cell lines with
high growth rate. Tea Res. 80, 1-8 (in Japanese).

Marschner H 1995 Mineral Nutrition of Higher Plants.
Academic Press, London.

Matsumoto H, Hirasawa E, Morimura S and Takahashi E 1976
Localization of aluminum in tea leaves. Plant Cell Physiol.
17, 627-631.

Michiels C, Raes M, Toussaint O and Remacle J 1994
Importance of Se-glutathione peroxidase, catalase, and Cu/
Zn-SOD for cell survival against oxidative stress. Free
Radical Biol. Med. 17, 235-248.

Morita S, Kaminaka H, Matsumura T and Tanaka K 1999
Induction of rice cytosolic ascorbate peroxidase mRNA by
oxidative stress; the involvement of hydrogen peroxide in
oxidative stress signaling. Plant Cell Physiol. 40, 417-422.

Nakano Y and Asada K 1981 Hydrogen peroxide is scavenged
by ascorbate-specific peroxidase in spinach chloroplasts.
Plant Cell Physiol. 22, 867-880.

Ogawa T, Matsumoto C, Takenaka C and Tezuka T 2000
Effects of Ca on Al-induced activation of antioxidant
enzymes in the needles of Hinoki Cypress (Chamaecyparis
obtusa). J. Forest Res. 5, 81-85.

141

Pandolfini T, Gabbrielli R and Comparini C 1992 Nickel
toxicity and peroxidase activity in seedlings of Triticum
aestivum L. Plant Cell Environ. 15, 719-275.

Schopfer P 1996 Hydrogen peroxide mediated cell wall stiffen-
ing in vitro in maize coleoptiles. Planta 199, 43-49.

Sreenivasulu N, Grimm B, Wobus U and Weschke W 2000
Differential response of antioxidant compounds to salinity
stress in salt-tolerant and salt-sensitive seedlings of foxtail
millet (Setaria italica). Physiol. Plant. 109, 435-442.

Wakabayashi K, Takayuki H and Kamisaka S 1997 Osmotic
stress suppresses cell wall stiffening and the increase in cell
wall-bound ferulic and diferulic acids in wheat coleoptiles.
Plant Physiol. 113, 967-973.

Yamamoto Y, Rikiishi S, Chang Y, Ono K, Kasai M and
Matsumoto H 1994 Quantitative estimation of aluminum
toxicity in cultured tobacco cells: Correlation between
aluminum uptake and growth inhibition. Plant Cell Physiol.
35, 575-583.

Yamamoto Y, Kobayashi Y, Devi R S, Rikiishi S and
Matsumoto H 2002 Aluminum toxicity is associated with
mitochondrial dysfunction and production of reactive oxy-
gen species in plant cells. Plant Physiol. 128, 63-72.

Zheng X and Huystee R. B.Van 1992 Anionic peroxidase
catalyzed ascorbic acid and IAA oxidation in the presence of
hydrogen peroxide: A defense system against peroxidative
stress in peanut plant. Phytochemistry 31, 1895-1898.

Section editor: T.B. Kinraide




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


