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Physiological Responses of One-vear-old Zelkova serrata
Makino Seedlings to Ozone in Open-top Chamber’
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ABSTRACT

This study was conducted to evaluate resistance and physiological responses of Zelkova serrata
Makino seedlings to ozone in open-top chamber.

One-year-old seedlings of Zelkova serrata were planted in pots in April and grown in greenhouse
until August. The plants were transferred into two out-door open-top chambers with a dimension of
2.0 m in diameter and 2.0 m in height. First chamber served as a control and was supplied with
ambient air. Ozone was added to the second chamber for 5 hours per day(10.00 AM-15.00 PM) for 23
consecutive days at 0.1 ppm. Each chamber housed 70 pots. Every two, three or five days after
initiation of exposure, ten pots were randomly removed from the chamber and determined for the
contents of chlorophyll a, b, total chlorophyll and 8 -carotene in the leaves. Photosynthesis and dark
respiration were estimated by measuring CO: absorption in a gas exchange chamber and oxygen
absorption by oxygen monitoring system, respectively. Superoxide dismutase(SOD) activity in the
leaves was assayed by a xanthine oxidase method.

First visible injury of translucent(water-soaked looking) spots appeared on the leaves 14 days after
the initial exposure, and ozone accelerated senescence of old leaves. Contents of chlorophyll a and b
decreased by 17%, and 31%, respectively, in ozone treatment two days after exposure, The decrease
in chlorophyll b was greater than that of chlorophyll a. Content of 3 -carotene in ozone treatment
decreased by 25% two days after initiation of exposure, but the reduction was recovered with time.
Fhotosynthesis decreased by 45%, and the respiration increased by 28% in the ozone treatment. SOD
activity started to increase 4 days after beginning of exposure and increased by 285% 7 days after
exposure, and decreased to the level below the control treatment with the advancement of the visible
injury.

Key words: Zelkova serrata Makino, ozome, open-lop chamber, chlorophyll, 8- carotene, photosynthests,
dark respiration, SOIXN superoxide dismutase)
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INTRODUCTION

Ozone(Os) is one of the most important photo-
chemical phytotoxicants that affect plant growth.
Increased ambient level of O3 results from human
Automobile exhaust

activities, is a primary

indirect source. In large cities, internal combus-
tion engines exhaust tons of waste hydrocarbons
The mixture of
high
energy of ultraviolet light during the day time
{Leighton, 1961).

is a

and nitrogen oxides into the air,

these gases is converted into ozone by

Ozone reactive oxidant and destroys
various cellular components. Many studies have
reported the decrease in chlorophyll content in
ozone-exposed plants(Knudson ef al., 1977
1993). Sakaki et al..

(1983) fumigated spinach plants(Spinacia olercea

Fernandez-Bayon ef al.,

L. cv. New Asia) with ozone in light and observ-
ed destruction of chlorophylls and carotenoids in
the leaves. Chlorophyll a and carotenoids in leaves
started to break down 6-8 hours atter the com-
mencement of (.5 ppm ozone fumigation.
Reduced photosynthesis as a result of exposure
to ozone has been reported (MacDowall, 1965
Reich, 1983; Femandez-Bayon ef al., 1993; Sheng

ola) & wrom, SOD 4L & Ego tsly
34t}

et al., 1993). Amundson et a/.(1986) reported a
linear relationship between levels of Oz and a

reduction of net photosynthetic assimilation of
CO-.
CO:
apparent carboxylation inefficiency appeared to be
the
(Farage ef al.,

Hoigne and

Ozone reduced the light-saturated rate of

uptake, and it was suggested that the

initial cause of decline in photosynthesis
1991).

Bader{1975) reported that ozone
into superoxide, hydrogen peroxide,
And
singlet oxygen from reactions with biological

molecules(Kanofsky and Sima, 1991).

degraded
and hydroxyl radicals. ozone produced
The oxvgen
-detoxifying enzymes have been suggested as an
improtant factor of defense mechanism. Superoxide
dismutase(SOD) was red spruce,
loblolly pine and Scots pine(Tandy ef a/., 1989).
Many others reported the similar resulis(Lee and
Benett, 1982 Decleire ef al., 1984). But,

leaves exposed to ozone exhibited decreased

induced In

spinach

though ascorbate
1983,

SOD and catalase activities,
peroxidase activity increased (Sakaki ef al..
Tanaka ef al.. 1988)

The objective of this study was to understand
the physiological responses of Zelkova servala
trees to ozone in open-top chamber. Particularly,

critical duration of ozone exposure to induce
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visible injury was determined. In addition, su-
peroxide dismutase was quantified to understand
mechanism involved in resistance of trees to
0zone exposure.

MATERIALS AND METHODS

Plant Materials and Ozone Treatments

On April 25° 1994, one-year-old seedlings of
Zelkova sevvata Makino were planted in pots(2]
in capacity) with a mixture of peatmoss, vermi-
culite, compost and sand in the ratio of 1:1:1
:1 (v/v). All plants were well watered through
out the experiment and equally fertilized at the
beginning of the experiment, During May through
August, all plants were kept in ambient air in
partially shaded greenhouse.

On August 21, 1994, the plants were transfer-
red into fumigation chambers. The two open-top
chambers covered with translucent polyethylene
film had a dimension of 2.0 m in diameter and
2.0 m in height and were set in open field. One
chamber served as a control and was supplied
with ambient air. Ozone concentration in the
ambient air fluctuated from less than (.0lppm in
the morning to 0.01-0.02ppm in the afternoon.
Ozone was generated by an ozone generator(R-
CAN Distribution Inc. Canada, 0.5 g O3 /hr in
capacity) and added to the second chamber for 5
hours per day(10.00 AM-15.00 PM) to keep the
O3 concentration at 0.1 ppm at canopy level. The
air in the chamber was continuously mixed by a
blowing fan. The fumigation lasted for 23 days.
The top of the chambers was covered with a
screen which blocked 60% of natural daylight.
Each chamber housed 70 pots. Ten pots were
randomly removed from the chamber every two
or three days and were measured for the follow-
ings.

Measurement of Chlorophyll a and b

in Leaves

Half gram of fresh leaves were excised from
both control plants and ozone-treated plants, and
homogenized in 80% acetone, And the acetone
extracts were stored in a dark refrigerator. After
48 hours of storage, they were filtered and the

filtrates were determined for absorption at 663
and 645 nm for chlorophyll a and b, respectively,
according to the methods of Mackinnev(1941).

Measurement of B -Carotene in Leaves

Concentration of 2 -carotene was determined
according to the methods of AOAC(1970). One
gram of leaves was ground with 40 ml acetone,
60 ml hexane and (.lg magnesium carbonate for
5 minutes. After filtration, the flask containing
residue was rinsed by 25 ml acetone for 2 times
and by 25 ml hexane. And 100 m! of distilled
water was poured to wash out acetone from the
extract. After separating the aqueous laver, the
supernatant was poured to the 100 ml flask with
9ml! acetone and filled to 100 ml! with hexane.
The content of @ -carotene was determined for
the absorption at 436nm.

Estimation of Dark Respiration of the Leaves

Dark respiration was measured by the amount
of oxygen absorbed from unit leaf area(cm®) per
hour under controlled environment. Ten leaf discs
6 mm in diameter were punched from excised
leaves. The discs were dipped immediately into
distilled water and kept in the dark in a chamber
at 25°C.
phosphate buffer solution(pH 7.2) containing 0.5
mM MgCl and 0.1mM CaS04, and 2mi of 0.625M
NaHCO; were used as a reaction solution. Dark

Four milliliters of 50mM potassium-

respiration per unit leaf surface area per hour
(mole O: hr™' cm™ was measured by Oxygen
Monitoring System(YSI 5300).

Measurement of Photosynthetic Rate

The photosynthetic rate was determined by the
amount of carbon dioxide absorption using Koito
Photosynthesis analyzer system, KMC-1500. The
whole plant was inserted into a cuvette, stabiliz-
ed for 30 minutes, and changes in CO: concentra-
tion in the cuvette was monitored at constant
temperature of 25C, 301/min of air flow rate, and
at light intensity of about 30,000 lux.

Preparation of SOD Extracts and Enzyme
Assays
Leaves were prepared by homogenization in
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grinding medium(0.1mM Nax-EDTA. 50mM pot-
assium phosphate buffer, pH 7.8) and followed
by centrifugation at 20,000g for 15min to remove
particulate and Fridovich,
1971).

Superoxide dismutase(SOD) was assayed by
the NBT(nitro blue tetrazolium)- xanthine oxidase
method of Beauchamp and Fridovich(1971). The
reaction mixture was composed of 40 M NBT,

matter(Beauchamp

32« M xanthine, and 2ml leaf extract. The reac-
tion was initiated by addition of 18g xanthine
oxidase. The initial rate of the reaction was
determined as an increase of absorbance at 530
nm for 120 sec.

Quantification of Proteins

Proteins were determined using the bicinchoninic
acid protein assay(Smith ef a/., 1985). One gram
sodium bicinchoninate (BCA), 2g sodium carbon-
ate, (0.16g sodium tartrate, ().4g NaOH and 0.95g
NaHCOs; were brought to 100 ml with water.
And 0.4g CuSO:5H20 was dissolved in 10ml
water, Two solutions were mixed at 100:2 ratio
to make SWR(Standard Working Reagent), and 1
ml SWR and 20-4¢ sample were mixed and
incubated for 30 min at 60T . After cooling, the
absorbance was read at 562nm. The protein con-
tent was used to express SOD activity in the
leaves,

RESULTS AND DISCUSSION

During the experimental period of five months,
starting from May until September, background
ozone concentration in the air in Suwon ranged
from minimum of 0.01ppm to maximum 0.02ppm.
Therefore, charcoal filter was not used in this
experiment due to low background ozone.

Visible Injuries
On September 4,
ozone exposure, translucent(water-soaked looking)

14 days after initiation of
spots in ozone treated leaves were observed,
which could be caused by the leaking of water
from the cells into the intercellular spaces. These
With time the
water-soaked spots changed into the dark brown

were the first visible injurv.

spots, and the size of spots increased with
time. Older leaves in the lower part of crown
turned yellow and showed symptom of early
senescence.

Zelkova serrata seedlings may be classified as
a sensitive woody plant based on the first visible
injury observed after 14 days of ozone exposure
at (.lppm. Resistant species such as Acer rubrum
may not respond to ozone up to (.3ppm{(Lee and

Hinckley, 1995).

Leaf Chlorophyll Contents

Fig. 1 shows the contents of chlorophylls a, b
and total chlorophyll. Exposure to O: for 23 days
significantly (P<0.05) reduced leaf concentrations
b and total
comparison to leaves maintained in ambient air.

Chlorophyll a content was reduced right after

of chlorophyll a, chlorophvll in

ozone exposure and maintained the lower level
through the experimental period. Knudson et a/.
(1977) reported that maximum reduction occurred
4 days after fumigation, and the reduction of
chlorophyll was not recovered.

There was a tendency for greater reduction in
chlorophyll b than a. It was a similar result to
Knudson ef al.(1977) and Femandez-Bayvon et
al.(1993). It is assumed that chlorophyll b with
aldehyde group would be oxidized more easily
than chlorophyll a with methane group.

Greenstock and Miller(1975) reported that trion
and L-ascorbate, which were the scavengers of
O,
destruction. Quannes and Wilson(1968) presented

effectively protected pigments from the

OZONE TREATMENT CONTROL
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Fig. 1. Concentration of chlorophylls in the leaves
of 1-vyr.-old Zelkova serrata seedlings
exposed to (0.1 ppm ozone in open-top
chamber. Ozone exposure was initiated
on Aug. 22.
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Fig. 2. Concentration of §-carotene in the leaves
of l-yr.-old Zelkova serrata seedlings
exposed to 0.1 ppm ozone in open-top
chamber. Ozone exposure was initiated
on Aug 22.

that DABCO, a scavenger of 'O:, had essentially
no effect on the destruction of pigments, and
D40, which lengthened the lifetime of 'O«(Merkel
et al, 1972), had no effect.
formate, the OH scavengers(Harbour and Bolton,
1978), had no effect on the destruction of chloro-
phyll a and carotenoids. These results suggested
that 0" played an important role in the destruc-
tion of these pigments(Sakaki ef a/., 1983).

Benzoate and

B -Carotene Content

Fig. 2 shows the content of 3 -carotene during
The 3 -carotene
content in ozone treatment was lowest right after

the period of ozone exposure,

ozone exposure, but recovered to normal level at
the later stage. This result was different from
that of Sakaki ef «/.(1983) who reported that the
total carotenoid contents of spinach in ozone
treatment was stayed in lower level throughout
the experiment. Special difference might have
been involved in the difference in the response

to ozone.

Respiration and Photosynthesis

Fig. 3 shows the amount of oxygen absorption
of leaf discs in the dark., The dark respiration of
plants in ozone treatment was not much different
from control plants at the beginning of ozone
exposure, but showed difference 10 days after
exposure, The ozone-treated leaves showed 28%
higher respiration than untreated leaves. This is
similar to the result of Reich(1983). Effects of
O3 exposure on dark respiration declined with
increasing leaf age(Reich, 1983).
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Fig. 3. Dark respiration of leaf discs of Zelkova
serrata exposed to (.1 ppm ozone in
open-top chamber. Ozone exposure was
initiated on Aug. 22.
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Fig. 4. Photosynthesis of 1-yr.-old Zelkova serrata
seedlings exposed to (.1 ppm ozone in
open-top chamber. Ozone exposure was
initiated on Aug. 22.

Fig. 4 shows the amount of carbon dioxide
fixation measured by open cuvette method. The
carbon dioxide fixation was reduced by ozone
treatment starting one day after ozone exposure.
And the reduction reached maximum 14 days after
ozone exposure, and was approximately 40% at
the later stage of the ozone exposure.

Farage et al.(1991) reported that decrease in the
efficiency of carboxylation appeared to be the
initial cause of decline in photosynthesis in wivo
following acute Oj; fumigation. This meant a
decrease in the activity and quantity of ribulose-
1,5-hisphosphate carboxvlase/oxygenase(Rubisco).
This was similar to those of others(Pell and
Pearson, 1983; Landry and Pell, 1993), and ozone
reduced photosynthesis of older
than that of younger leaves (Reich, 1983).

Changes in photosynthetic rate can indirectly

leaves greater

influence stomatal conductance, by altering the
CO2 concentration, and thereby
affect the flux of O3 to the leaf interior(Sheng et
al.. 1993). The attainment of equilibrium rate
for net photosynthesis has been observed during

intercellular

exposure to moderate or low concentration of Oj
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(Taylor ef al., 1982; Yang et al.. 1983) in a
variety of plants, This equilibrium condition im-
plies a balance between pollutant flux and the
cells’ capacity for detoxification and repair of me-
tabolic or cytological lesions(Sheng ef @/., 1993).

Superoxide Dismutase Activity

Fig. 5 shows the activity of superoxide dis-
mutase(SOD). SOD level remained same one day
after ozone exposure. However, activity of SOD
started to increase 4 days after ozone exposure
and reached the peak 8 days after the initiation
of exposure. On August 30, the activity of SOD
in ozone treatment was approximately three tirnes
larger than that in control. After the peak, SOD
in ozone treatment rapidly decreased to the level
below the control treatment with the advancement
of visible injury.

Superoxide dismutase, which dismutates O-
to 1450+ and O-, has been implicated in O; toler-
ance because increased activity of this enzyme
was observed in plants treated with the O3 pro-
tectant, ethylenediurea(Lee and Bennett, 1982).
Declier et al.(1984) and Tandy ef af.(1989) also
supported that. But, McKersie ef a/.(1982), and
Matters and Scandalios(1987) reported conflicting
results with the hypothesis that SOD was directly
Sakaki et al.(1983)
reported that ozone reduced SOD activity. But

involved in Oj tolerance,

present experiment proved that SOD activity

increased at first and then decreased. It implies

180
160 /‘
s

40 - \\‘ Vit njury
}; 120 - / \‘\
fa 100 /
] / \‘
Toto 4 e Ve
i R Y
g T o
“C

w0 -

8/23 8/2¢ 8/30 972 975 918 8/13
Date [-# Control & ]

Fig. 5. Activity of SOD(superoxide dismutase)
during the 23 days of exposure to 0.1
ppm ozone in open-top chamber. Ozone
exposure was initiated on Aug 22. Data
with one(P<0.1), or two(P<0.05) asterisks
indicate statistically significant difference
between the two treatments on the same
date.

that at first stage of ozone exposure SOD activity
increased as a resistance mechanism to ozone,
but further ozone exposure possibly destroyed this
protection mechanism,

Sheng et al.(1993) suggested that SOD activity
was not a limiting factor in O; detoxification,
and that ozone might be involved in the produc-
tion of superoxide as a secondary reaction product,
after initial interference with normal electron flow
systems in organelles. But biochemical tolerance
might be more related to maintaining an adequate
supply of primary electron acceptors than to the
removal of oxyradicals.

It may be concluded that one-vear-old Zelkova
serrata Makino seedlings are susceptible to ozone,
hased on the observation that they showed first
visible injury 14 days after initiation of ozone ex-
posure at (.lppm. Ozone reduced photosynthesis
and increase respiration in the leaves. The SOD
activity increased during the first 3 days after
exposure and decreased to the level below the
control treatment, Therefore, SOD may be con-
sidered as a physiological indicator for early de-
fense against ozone.
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