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Abstract : Young rice plants (Oryza sativa L. cv. Koshihikari), which are 4 week old plants grown in a potting
soil under natural light at 28/27°C in day/night, were intermittently fumigated with 0.1 ppm ozone for 4 h (AM
10-14) /day for 4 days, and the ultrastructural changes of chloroplasts in leaf cells were examined by electron
microscopy. A visual symptom of small reddish brown flecks appeared on an abaxial leaf surface fumigated for
2 days. After fumigation for 3 days or more, the flecks increased in both size and number and also brightness
of green leaves slightly diminished. On observation by electron microscopy, the first indication of ozone injury
was swelling of the thylakoid membranes in chloroplasts of abaxial leaf cells fumigated for 2 days. The swelling
began first at the outermost thylakoid in grana stacks and was followed by a distortion in the arrangement of
internal thylakoids. After fumigation for 3 days or more, the changes of thylakoid membranes became serious and
then vacuolization occurred in chloroplast stroma. In leaves which were fumigated for 4 days and afterward kept
in a fumigation chamber for a day, destruction of chloroplast envelope was observed. The ultrastructural changes
occurred first on the leaf tip area and then extended to the middle region. Ozone injury was more serious in
abaxial leaf cells than in adaxial ones. A characteristic was no increase of osmiophilic globules in chloroplasts
throughout this ozone fumigation.
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Ozone is a major component of photochem-
ical air pollutants and generated when NO,
and hydrocarbons released into the atomos-
phere react with sunlight'”. Ozone exposure
reduces productivity in many plant species

including agronomically important crops by
the following ways: induction of stomatal
closure, reduction of photosynthetic activity,
and induction of necrosis and chlorosis®?.
Consequently, previous studies have strongly
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focused on the injury of structure and func-
tion of chloroplasts in higher plants. Electron
microscopic observations of cell membranes
and organelles in ozone-fumigated plants have
shown ultrastructural alterations before
appearance of visible symptoms, especially
deformation and disintegration of the thyla-
koid membranes in chloroplasts!!%22232% On
the other hand, many biochemical and physio-
logical studies have shown that molecular
organization of photosynthesizing cells is alter-
ed by ozone?!*1%20 including oxidative degra-
dation of lipids and proteins in membranes
and breakdown of photosynthetic pigments.
Although the mechanism by which ozone
causes injury to plant cells remains unclear, it
has been reported that an alteration of cell
membrane permeability is most likely the ini-
tial step leading to injury*?".

The present study was performed to obtain
further information of the rice chloroplast
injury by ozone fumigation. Fumigation exper-
iments were carried out under strictly regulat-
ed conditions, because ozone injury of plants
are closely connected not only with the surface
structure and aging of plant leaves, but also
with ozone concentration, temperature and
light intensity during fumigation.

Materials and Methods

Seeds of rice (Oryza sativa L. cv. Koshihikar-
i) were sowed in a potting soil under natural
light at 28/27°C in day/night. After 4 weeks,
fully expanded 3rd leaves were used for exper-
iments. Before ozone treatment, the potted
plants were placed for a day in a naturally-lit
environmentally controlled glass chamber [2
m (D) X2 m (W) X2m (H) ) equipped with
activated chacoal filters. The conditions in the
chamber were maintained at 30°C and 80/
909, in day/night for relative humidity. On
the next day, the plants were fumigated with
ozone in the chamber.

Ozone was generated by passing air
through a high voltage discharging tube and
introduced into the naturally-lit environ-
mentally controlled glass chamber in which
the plants were placed. The plants were
fumigated with ozone for 4 h (AM 10—14)/
day for 4 days. The environmental conditions
during ozone fumigation are shown in Table
1. The concentration of ozone in the chamber
was maintained at about 100 ppb and

monitored with a UV absorption ozone anal-
yzer, although it took about 1 h to obtain the
desired ozone concentration. On the last day,
the plants were placed in the chamber for a
day without ozone fumigation.

The materials for electron microscopy were
collected from three sites, tip, middle and base,
of a 3rd leaf (18—23 cm tall) ; 1.5—2.5, 4—5
and 15—20 cm respectively from the tip.
Samples were collected everyday at the end of
fumigation and immediately fixed in 49,
glutaraldehyde for 16 h at 4°C. After washing
in cacodylate buffer (pH 7.2), samples were
postfixed in 29, OsO, in 0.05 M sodium
cacodylate buffer (pH 7.2) for 16 h at 4°C.
Samples were continuously dehydrated with
ethanol series and embedded in Spurr’s resin.
Ultrathin sections were stained with a saturat-
ed solution of uranyl acetate and Reynolds’s
lead citrate solution, and observed by a Hita-
chi H-600 electron microscope.

Results

In rice leaves fumigated with about 100 ppb
ozone for 2 days, the first visible symptom was
small reddish brown flecks on the tip and
middle region in the abaxial surface of the
expanded 3rd leaves grown in a potting soil
under natural light for 4 weeks (Fig. 1). On
fumigation for 3 days or more, these flecks,
which were irregular in shape and about 1—2
mm in diameter, increased in both size and
number. Brightness in green leaves was slight-
ly diminished. Subsequent growth of plants
which were fumigated for 4 days and then
transferred into a green house, was slow
compared with that of untreated plants. The
plants, however, still appeared healthy.

Figs. 2 and 3 show normal chloroplasts in
untreated leaves, which show typical arrange-
ments of grana- and stroma-thylakoid mem-
branes running parallel to a chloroplast long
axis. The grana stacks are composed of 5—10
thylakoids or more. The thylakoid membranes
did not swell at all and intact membranes of
chloroplast envelope were clearly observed
(Fig. 3, arrow). The first indication of ultras-
tructural injury in chloroplasts caused by
ozone fumigation was swelling of grana thyla-
koids, which was first detected in chloroplasts
fumigated for 2 days (Fig. 4). These changes
became more conspicuous after fumigation for
3 days (Figs. 5 and 6). The swelling appeared
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Fig. 1. Abaxial leaf surface of a 4-week old rice plant which was fumigated with 0.1 ppm ozone for
4 h/day for 4 days. Dark spots (arrows) on a leaf surface show reddish brown flecks caused with
ozone fumigation. This picture was solarized from a color slide. Figs. 2 and 3. Normal chloroplasts in
a 3rd leaf of 4-week old rice before fumigation with ozone. An arrow in Fig. 3 shows membranes of
chloroplast envelope. CW : cell wall, M : mitochondria, N : nucleus, Os: osmiophilic globule, S:
starch. A bar length in Fig. 2 and Fig. 3 is 1 gm and 0.5 gm respectively.
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Fig. 4. A chloroplast in a leaf fumigated for 2 days in which thylakoid membranes began to swell. V:
vacuole. Figs. 5 and 6. A part of chloroplast in a leaf fumigated for 3 days respectively. Swelling of
thylakoid membranes occurred seriously, especially the outermost thylakoids in grana stacks (arrows
in Fig. 6). Fig. 7. A chloroplast in a leaf fumigated for 4 days. Note the serious swelling of thylakoid
membranes and their distortion in arrangement. Arrows show microvesicles in stroma resulted from
ozone fumigation. A bar leagth in Figs. 4, 5, 7 and Fig. 6 is 1 ym and 0.5um respectively.
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Fig. 8. A part of chloroplast in a adaxial leaf surface fumigated for 4 days. Note the normal
arrangement and compact structure of thylakoid membrane system. Fig. 9. A part of chloroplast in
a leaf which was fumigated for 4 days and afterward kept in a fumigation chamber for a day. The
serious disintegration of thylakoid systems and chloroplast envelope is observed. Fig. 10. A chloroplast
in a leaf tip fumigated for a day in which slight swelling of thylakoid membranes is observed. Fig. 11.
A chloroplast in a base region of leal which was fumigated for 4 days and afterward kept in a
fumigation chamber for a day. The serious changes of chloroplast ultrastructure are not observed. A
bar length in Figs. 8, 9, 10 and 11 is 1 yzm.
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at the outermost thylakoid in grana stacks
(Fig. 6, arrow) and then spread to internal
thylakoids in grana stacks after fumigation for
4 days or more (Figs. 7 and 9). The orienta-
tion of the thylakoid membrane system was
seriously disturbed with increasing fumigation.
The swelling of the outermost thylakoid occur-
red prior to the microvesicle formation in
stroma (Fig. 7, arrow). On the next day after
4-day fumigation, envelope membranes of
some chloroplasts were disintegrated (Fig. 9).

Although these changes began in the chlor-
oplasts of abaxial leaf cells after fumigation for
2 days, but not in the chloroplasts of adaxial
leaf cells even after fumigation for 4 days (Fig.
8), and the orientation of membrane arrange-
ment was not disturbed (Fig. 8). In old cells of
leaf tip region, swelling of thylakoid mem-
branes was observed even when fumigated for
only a day (Fig. 10). On the other hand, in
young cells of leaf base region, these ultras-
tructural changes were not so marked even
after fumigation for 4 days (Fig. 11). Thus,
the sensitivity of rice cells to ozone fumigation
was high with increasing maturity of leaf cells.
Osmiophilic globules were commonly obser-
ved in chloroplasts of both unfumigated (Fig.
3) and fumigated leaves (Fig. 6) with ozone,
but not increased in number and size with
continuing fumigation.

Discussion

Ozone reacts preferentially with lipids and
proteins of cell membrane which is first
exposed to ozone. It has been suggested that
oxidation of fatty acids in cell membranes
led to an alteration of the membrane
permeability®. Rich and Tomlinson'® report-
ed that oxidation of protein sulf-hydryl groups
was a primary reaction leading to cell mem-
brane injury and that lipid oxidation was a
consequence rather than a cause of injury.
This proposal is supported by the recent
studies with bean leaves® and Euglena gracilis?
exposed to ozone. However, it is not simple to
predict ’in vive’” ozone injury from ’in vitro”
studies, because the action of ozone on plant
cells is affected by the interior and exterior
conditions of cellular environment™?V. It has
been known that antioxidants such as vita-
mins C and E or glutathione limit the extent of
oxidative degradation of cell components!!!4.
Mehlhorn et al.}¥ reported that fir needles had

a 1.9 fold and 3 fold higher content of vitamin
E and glutathione respectively, after exposure
to a mixture of SO, and O, than needles
exposed to filtrated air.

Appearance of visible foliar injury is closely
related with aging and surface structure of
fumigated leaves : many reddish brown flecks
appeared only on the abaxial surface and tip
region of rice leaves. Visible ozone injury is
reported to involve in the accumulation of
flavonoid pigment®!®. On the other hand,
Sakaki et al'®). proposed a sequence of loss of
O3 scavenger activity, O; accumulation and
pigment degradation (visible injury) using
spinach leaves fumigated with ozone. There-
fore, small reddish brown flecks observed in
this study are most likely a result of the accu-
mulation of flavonoid pigments and degrada-
tion of photosynthetic pigments.

The aim of this study was to make clear the
ultrastructural changes of chloroplasts in rice
mesophyll cells fumigated with ozone. In this
study, swelling of thylakoids, reorientation of
thylakoid system, loss of stroma and rupture of
chloroplast envelope were found by electron
microscopy. Two cases are known on the
swelling of thylakoid membranes. One is a
reversible change of thylakoid constriction and
swelling induced by coupling with energy
exchange processes in photosynthesis!”.
Another is a equivocal alteration as a response
of plant cells to senescing and/or uncomfort-
able conditions?#?%. The sequence of ultras-
tructural changes in rice chloroplasts fumigat-
ed with ozone was similar to that in chloro-
plasts of naturally senescing or detached aging
leaves. It is well known that the ultrastructural
changes during plant senescence are usually
expressed first in chloroplasts®?%. And the
conspicuous indicators of chloroplast senes-
cence are appearance of osmiophilic globules,
swelling of thylakoids, loss of starch grains,
disappearance of plastid ribosomes and loss of
chloroplast envelope?+26).

The formation of osmiophilic globules is the
first and the most remarkable modification of
these indicators. During chloroplast degrada-
tion, osmiophilic globules increase in number
and size as thylakoid membranes break
down®!?. These globules, however, did not
increase either in number and size in rice
chloroplasts during ozone fumigation. This
was a striking difference between ozone
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fumigated chloroplasts and naturally senesc-
ing ones. This difference depends most likely
on a speed and violence of alteration accelerat-
ed by ozone fumigation. Cellular degradation
is more rapid in detached aging leaves than in
naturally senescing leaves®. This is also quite
true with the degradation of cell organelles.
More osmiophilic globules are formed in chlor-
oplasts of naturally senescing leaves than in
those of detached leaves where thylakoid
degradation was not marked®. In chloroplasts
of detached aging leaves, the chloroplast
envelope is lost before thylakoid break down,
but in chloroplasts of naturally senescing
leaves, the envelope remains intact until termi-
nal stages of senescence®. On the other hand,
a main component of osmiophilic globules is
composed of lipids released from
thylakoids'#2?%. Therefore, no growth in num-
ber and size of osmiophilic globules in ozone
fumigated rice chloroplasts may be attributed
to a rapid decomposition of lipids prior the
formation of osmiophilic globules with ozone
fumigation.

Plants have usually some repair mecha-
nisms for ozone fumigated membrane
injury!*2b. Sutton and Ting?? reported that
this repair was retarded by cold or continuous
dark treatment, enhanced by continuous light,
and greatly increased by glucose applied to
the leaves. These results suggest that ozone
injury at the cellular level can be repaired by
energy-dependent processes so that necrosis of
the leaf tissue does not occur, and also that
conditions and treatments after ozone fumiga-
tion can alter the degree of ozone injury.
There are only a few reports on the plant
resistance and counteraction mechanisms to
ozone injury!*!%. It is important to make clear
a remedy mechanism of plant cells for ozone
injury with endogenous antioxidants ; ascorbic
acid, reduced glutathion and tocopherol etc.

In summary, ultrastructural alterations of
chloroplasts in ozone fumigated rice leaves
may be regarded as a rapid and violent senes-
cence caused by ozone exposure.
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