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The direct effects of acute O; on the growth, sporulation
and infection of Pyricularia grisea, rice blast pathogen,
were investigated to understand the interactions bet-
ween ozone and the pathogen. Acute exposure of 200 nl
I'" ozone for 8 h significantly reduced conidia germina-
tion on water agar, Ozone exposure of 200 nl I for $ h
per day for 5 days had no effect on increase in colony
diameter, but severely damaged actively growing aerial
mycelia. However, the damage to mycalia was recovered
during the following 16 h exposure of unpolluted air.
Conidial production was also stimulated by the acute
ozone exposure for 5 days. The conidia exposed to the
acute ozone for 5 days normally germinates but slightly
reduce appressoria formation on rice leaf. However, the
conidia produced by artificial stimulation under the
same ozone concentration for 10 days showed signifi-
cant reduction in appressoria formation on a hydropho-
bic film. This study suggests that the acute ozone could
inhibit appressoria formation as well as vegetative
growth of the pathogen, resulting in decrease in rice
blast development in the field during summer when
high ozone episodes could occur occasionally.

Keywords : acute ozone, conidia, germination, appresso-
rium formation, vegetative growth.

sonina tremulae (Beare et al,, 1999; Heagle, 1982). For
example, conidia germination of M. tremudae was signifi-
canily deceased after acute exposure to 200 nl I for 8 h per
day over 15 days. Therefore, direct effects of ozone on
plant pathogens need to be investigated to understand the
impact of ozone on plants which are under influence of the
pathogen at the same time.

Pyricularia grisea (T. T. Herberl) Barr is the causal agent
of rice blast, one of the destructive pathogens of rice
throughoul the rice-growing areas of the world. Ozone con-
centrations are rapidly increasing in Korea during the last
few vears and the highest ozone episodes were often
recorded during summer when rice blast disease occurs
severely (Yun et al., 1999). Relative high concenirations of
ozone during sumimer were known 1o cause invisible injury
such as yield reduction as well as visible damage to tice
palnts {(Schn and Lee, 1997; Wahid el al., 1995). Given the
potential for concurrent impact of rice blast and ozorne on
rice plants during summer, investigation on the inleraction
between ozone and P grisea is needed. Thus, we examined
the direct effects of ozone on the growth, sporulation and
infection of P, grisea.

Ozone is considered the most economically important air
pollntani causing growth reduction, foliage injury and yield
loss in several vegetation (Heagle, 1989; Miller, 1987). Tn
addition 1o direct effects of ozone on plant, it may also
influence plant response to other stresses such as pathogens.
Ozone exposure renders plant more vulnerable to infection
by providing infection courts (Manning et al., 1970). On the
other hand, the plant exposed 1o ozone can be more resis-
tant (o a pathogen by decreasing the suitabulity of the plant
as a host or suppressing the pathogen (Laurence, 1981;
Rusch and Laurence, 1993). Suppression of plant patho-
gens by ozone was reported on Botryiis cinerea and Mars-
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Materials and Methods

Ozone exposure. The fiunigation system consisted of two 0.016
m’ clear-cast closed glass chambers housed m two growth cham-
bers. Air was pushed into the system by a small diaphragm pump
{Daegun electric Co., Seoul, Korea) and passed through activated
charcoal filters and the following impinger filled with sterilized
distilled water. Activated clharcoal filters maintained the ozone
concentration in the chambers at less than 10 nl I'". The impinger
maintained the relative humidity over 30% enough to prevent
waler loss from culture plates placed in the glass chambers, Air
entered the bottorn of each chamber and exited through the cham-
ber top. Airflow was balanced to give approximately 3 air
changes min™ in each chamber. Ozone was generated by passing
cylnder-stored oxygen through a 220-V, single phase O; genera-
lor and delvered to the chamber via a set of fine needle values,
Acule ozone exposure at the level of 200 nl 17 was given over 3
days for 8 hr (08:00-16:00) each day.

Tefion tubing was used for all the air sampling. Ozone concentra-
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tions in the chambers were monitored conlinuously during the
cxposure with an ultraviolet (UV) pholometric ozonc analyzer
(Model 400, AP, San Diego, UTSA) inslalled with mternal zero/
span calibrator. The analyzer was calibrated before exposure.
Fungal isolate and cultural conditions. Race KI 197 of £
grisea was used throughout the experiments and was routinely
mauttained on potato dextrose agar (PDA) (Difco, Detreit, USA)
The cultires were kepl i a 20°C incubator under white light (16
hr photoperiod). For preparation of conidia suspensions, the cul-
{ures were grown on oatmeal agar (50 g of oatmeal per liter) at
20°C under fluorescence light 1o promote conidiation. Cenidia
were collected from 10-day-old cultures by flooding the plates
with sterilized distilled water and the conidia concentration of the
resultant suspension was adjusted to approximately 10%-10°
conidia ml™.

Ozone effects on conidial germination on water agar. The
conidia suspension of P griseq was sprayed on water agar plales
(20 g I'") containing streptomyein sulphate (100 mg 1. Comdia
were exposed to 200 nl 1™ ozone for 8 hr Five plates were
removed at L6 h afier termmation of the exposure w1 cach chamber
and flooded with laciophenol blue staining solution (Beare et al.,
1999), Five 10-mm diameter plugs were taken from each plate
using a cork borer and exarmined under a compound microscope
al x400 magmification. Comdial germinalion was counted by
observing 500 conidia for each plug.

Ozone effects on fungal growth. Mycelial discs (3 mm in diam-
eler) ol P, grisea were removed from the margin of actively grow-
ing mycelial mat on PDA and transferred to fresh PDA (25 g 1)
plates. When the diameter of mycelial mat reached approximately
1.5 cm in a 20°C incubator, the plates were moved to the ozone
chamber and exposed Lo 200 nl I ozone for 8 hr per day over 5
days. Afler termination of the exposure, the diameter of the myce-
lial mat, including that of the original inoculum plug, was mea-
sured and conidia werc harvested by flooding the plates with 5 ml
distilled waler to exarnine ozone effect on conidia production. The
conidia suspension was also used to investigate the germimation
and appressorium formation of the conidia pre-exposed to ozone
on rice leaf discs. Small pieces of the mycelial mal were taken to
investigale ozone damage 1o fungal hyphae under a scanning elec-
tron microscope (SEM]).

Specimen preparation for scanning electron microscopy. Agar
plugs were removed with a razor blade from the PDA cullure
plates after the ozone exposure. The specimens were mounted o
metal stubs using carbon tapes and plinged into liquid nitrogen
for eryo-fixation for 10 sec. The specimens were then placed in a
eryo-chamber of a cryo-transfer system (CT1500, Oxford Instru-
ments, UK) maintained at -170°C, and transferred to a cold speci-
men stage of a scanning elcetron microscope (JSM-3410LY,
JEOL, Japan) Sublimation was performed by heating and mam-
taining the cold specimen stage at -70°C for 3 min, and the process
was monitored at 5 kV. The specimens were then sputter-coated
with gold and observed with the scanning electron nmcroscope at
20kV.

Ozone effects on conidial germination on rice leaf discs, The
rice plants of cultivar Dongin, which was previously lound to be
moderately sensitive to ozone (Sohn and Lee, 1997), were grown

ina 27°C growih chamber and exposed lo a photosynthetic photon
flux density of 1500 wmol m™s” {14 hr pholopenod) supplied by
metal halide lamps with a 5 cmm water layer to reduce heat. Ten-
mum diameter leal discs of the 6th leaf were oblained from approx-
imately 40-day old rice plants. The conidia suspension containing
approximately 5x10" conidia ml” was prepared as previously
mentioned. Tween 20 was added 1o the conidia suspension at the
rates of 0.01% (v/v). The conidia suspension was sprayed onto the
surface of leaf discs using a hand-hold sprayer. Five discs were
placed on waier agar (20 g 17') and incubated at 25°C for 24 hr.
The discs were 1emoved and placed into a clearing solution of a
3: | mixture of ethanel and glacial acelic acid for 24 hr. All discs
were washed 1n distilled water and stained with lactophenol blue
for 10 min before heing examined under a cornpound microscope
(Beare et al., 1999). The total number of conidia and germmated
comdia per leal disc was counled along with the mmuber of
appressotium-forming conidia. Twenty-five leaf discs were used
for the counting 1n ozone ot {illered-air treatment.

Ozone effects on appressoria formation. The cultme plates
prepared as above were exposed 10 200 nl 17" ozone for 8 hr per
day [or one week under dark condition. After 7-day exposure,
aerial mycelia of the culture plates were removed with a sterilized
razor blade and (hen the scraped cullure plates were further
exposed to the ozone for 3 days under [luorescence light 10 pro-
mote conidiation (24 hr photoperiod). Conidia production was
stimulated during the last 3-day exposure of acuie azone, When
ozone exposure was terminated, conidia were harvested by flood-
ing the plates with 10 ml distilled water. Several droplets (100 pl)
of the conidia suspension ($x10° conidia ml™) were placed on a
hydrophobic and transparent over-head-project (OHP) film,
sealed in a moistened box, and incubated at 25°C for 24 hr Pre-
liminary investigation showed (hat the film was suitable for the
observation and formation of conidial appressona. At every 6~
hour mterval diring the incubation, the percentages of germinated
and germinating conidia mduced Lo [orm appressoira were deter-
mined from direct microscopic examination of 1800 conidia on
three filins in ozone or filtered-air treatment.

Resulis

Vepgetative growth of the fungus was severely altered by
acute ozone exposure of 200 nl 17, The fungal cultures
erown under filtered-air formed white-colored mycelial mat
with dense aerial mycelia (Fig. 1A and C). When the fungal
cultures were exposed to ozone, dark gray-colored mycelial
mat was formed with loose aerial mycelia (Fig. 1B and D).
Compared with intact hyphae of P griseq exposed to fil-
tered-air (Fig. 1E), severely damaged hyphae were found in
the culiures exposed 1o ozone (Fig. 1F). Ozone cansed the
deformation of fungal hyphae such as swelling, shrinking,
distortion and disruption. Ozone damage lo vepetative
growth of the mycelia was obvious during the 8 h-exposure
of ozone. Alternately arranged bands of gray-colored and
loose mycelia and white-colored and dense miycelia were
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Fig. 1. Ozone-induced damage to aerial myceha of Pyricularia griseq. The fungal cultures were exposed to filtered air (A, C, E) or 200 nl
17" O, for & hr per day (B, D, F) for 5 days. (A): evenly growing fungal colony with white-colored acrial mycelia, {B): alternately arranged
bands of gray-colored aerial mycelia under acute ozone, (C): denscly developed aenal mycelia, (D): loosely developed aerial mycelia
under ozone exposure, (E): intact fungal hyphae, and (F): severe deformation of fungal hyphae such as swelling, shrinking, distortion and
disruption under acuie ozong.

produced on PDA. during the 5-day exposure period (Fig.
LB).

Ozone exposure to germinating conidia of P, gisea caused
significant reduction in the rate of conidial germination on
water agar (Table 1). Production of more than two germ-
tubes appeared to be inhibited under ozone but the effect
was not significant,

There was no difference in the diameter of mycelial mat

of the fungus between the cultures under ozone exposure
and filtered-air (Table 2), However, production of conidia
was significantly stimulated by acute ozone (Table 2).
Ozone exposure enhanced conidia production as much as
1.8 times compared with filtered-air. Unlike the reduction
of conidia germination on water agar under ozone exposure
(Table 1), conidia harvested from the cultures previously
exposed to acute ozone exhibited no significant difference
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Table 1. Effects of acute ozone exposure on conidia germination
of Pyricularia grisea on water agar

Germinated conidia Conidia with more

than 2 germ tubes
Control 01,5%=276 262+ 1.50
Ozone 836 =659 258+ .79

Spore suspension was sprayed on distilled water agar (20 g [') and
exposed to 200 11 "' ozone for 8 h. Spore germination was observed at
16 hr after termunation of the exposure. The data represent the means
and standard deviations of 23 replicates. The asterisk indicates signifi-
cant difference between control and ozone exposure at £ < 0 001

Table 2. Pyricularia grisea fungal growth and conidia production
on agar plales during acute ozone exposure, and spore germination
and appressorinm formation on rice leaf discs after ozone
exposure

on potato dextrose agar (during ozone exposure)”

Mycelial diameter Number of conidia

(mmn) {>10" conidia mI™)
Control 63.2+0.7 471 =111
Ozone 63.6+04 8.61%+2.07
on rice leaf discs (after ozone exposure)®
Germinated conidia (%) Ap pre:sslr(lilll;n-(}fﬁo)nning
Control 73,78 £ 10.76 3603+ 987
Ozone 7632+ 9.28 2721 £10.46

*P griseq was exposed to 200 ol I" ozonc (8 h day™) for 3 days.
Conidia were collected by flooding the plates with 5 ml sterilized
distilled water.

"The conidia were harvested immediately after termmation of the
ozone exposure and sprayed on 10-mm diameter rice leaf discs, The
inoculated discs were incubated at 25 °C for 24 .

The data represent the means and standard deviations of 25 replicates.

The asterisk indicates significant difference between control and

ozone exposure at £ < 0.001.

from the cultures under filtered-air in conidia germination
and appressoria formation on rice leaf discs (Table 2).
However, significant reduction of spore gemmination and
appressoria formation on hydrophobic OHP films was
found in the conidia produced by artificial stimulation
under acute ozone exposure (Table 3). More than 90% of
conidia were germinated at 6 hr incubation and formed
appressoria at 24 hr incubation on the films. Interestingly,
significant difference in appressoria formation between the
condia produced under ozone and filtered-air was consis-
tently observed throughout the incubation period but reduc-
tion of appressoria formation was more pronounced at early
incubation time than at late incubation time. At 6 hr incuba-
tion, almost 40% of reduction in appressoria formation was
found in the condia produced under acute ozone, compared
with those under filtered-air, The germination of conidia
exposed to ozone was also significantly ditferent from those

Table 3. Effect of acute ozone exposure cring condinia
production of Pyricularia griseq on spore germination and
appressoria formation on hydrophobic QHP films

Germinated conidia

Incuba- Appressorium-Torming
tion time (%) conidia (%)
(Hour)  (zone Control Qzone Control

6 03.0+1.76 95.1%*% £ .68 21.8£7.76 37.0%* 1686
12 963+ 187 9731078 7931209 B43%* L2111
13 9714131 9B6*£138 83.1x1.50 86.0%+*+£209
24 9924083 999*+030 907200 9331077

After 7-day exposure of P griseq cultures ta 200 nl I'' ozone (8 hr
day™) under dark condition, aeral mycelia were removed and then
the scraped culture plates were further exposed to the ozone for 3 days
under fluorescence light to promote conidiation. Conidia were col-
lected by flooding lhe plales with 10 ml sterilized distillad water
Droplets of the conidia suspension were placed on hydrophobc OHP
films, sealed m moistened box and meubated at 25°C for 24 hr. Spore
germination and appressoria formation were observed al every 6 hr
during the incubation.

The data represent the means and standard deviations of 18 replicates.
The asterisks indicate significant difference between conbol and
ozone expasure at 7 < 0.05 (*), P<0.01 (¥**) and P < 0.001 (¥=%).

exposed to filtered-air, but the difference was less than 2.2
% throughout the incubation period. It was obvious that
conidia exposed to ozone could normally germinate but less
successtully form appressoria than those exposed to fil-
tered-air.

Discussion

It was clearly demonstrated in this study that growth of P
grisea in vitro was severely inhibited by 200 nl I”' ozone
exposure (8 h day™, for 5 days). The findings were different
from the previous report showing most fungi were tolerant
to ozone (Manning and Tiedemann, 1995). Relatively high
ozone dose {ozone concentration and exposure duration)
was emploved in this study. Nevertheless, the responses of
Murssonina tremudae, casual agents of leafspot disease of
poplar, to acute ozone exposure at the level of 200 nl I'' (8
hr day™, for 7 days) were comparable to the responses of P
grisea to the same azone exposure. Mycelial growth of AL
fremula was unaffected, whereas severely damaged aerial
mycelia of P grisea were clearly observed under SEM.
Unlike £ grisea, high tolerance of M. fremula against the
acute ozone was postulated by the fact that M. tremula
hyphae are bounded by a bi-layered eleciron dense wall
which may act as an initial barrier to the pollutant (Beare et
al.,, 1999).

Interestingly, ozone exposure had no effect on the
increase in diameter of £ griseq colony on PDA. The lack
of gzone effect on the increase in colony diameter may be
due to the immersed nature of the mycelia within the agar
medium. The avoidance of mycelia from the pollutant by
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directing fungal growth within the agar medium could
explain no difference in colony diameter between the fun-
gal cultures under fillered-air and ozone throughout the
ozone exposure. Flowever, aerial mycelia which were in
direct contact with ozone were found to be severely dam-
aged. The avoidance may have also happened to many
fungi growing on the agar medium and could partly explain
the reparled tolerance of many fungi such as Alternaria ole-
raceae whose colony growth was only inhibited by a high
ozong dose (600 nl I, for 4 days) (Treshow et al,, 1969,
Therefore, it must be carefully considered that the estima-
tion of ozone damage to fungi i vivo can be variable
depending on characteristics of fungal growth and culture
media, and the high tolerance of many fungi growing on
agar media during ozone exposure would be overestimated.

Alternaled band arrangement of aerial mycelium with
different colors and density resulted from the interruption of
ozone exposure for 16 hr followed by 8 hr exposure during
the 5 days of ozone exposure. Formation of the bands indi-
cales that fungal growth of £ grisea was mhibiled under
presence of ozone for the & h and recovered under the fol-
lowing unpolluted air for 16 h. The result suggests that £
grisea could be damaged during high ozone episodes in
summer but the adverse effect of ozone could be masked by
recovering mycelial growth of the fungus under relatively
lower ozone levels of ambient air in the field.

Stimulation of conidia germination under low ozone
doses has been shown in the cases of other fungi and is due
to increases in permeability of spore wall to water through
ozone-induced oxidation of cell wall components (Beare et
al., 1999; Hibben and Stotzky, 1969). However, conidia
germination of P grisea in vitro was suppressed by acute
ozone, Conidia of P gréisea are small (15.8-27.0 pum long,
6.8-10.2 pm wide) and hyaline (Ou, 1985). Such spores
tend to be more sensilive o pollutant effects than large and
pigmented spores (Manning and Tiedemann, 1995). It is
well known that spore germinalion is inhibited to some
extent by substances contained within the spores them-
selves (Agrios, 1988). Therefore, it may be suggested that
ozone-induced degradaiion of cell wall of conidia could
accelerate release of the inhibitors contained within conidia.

Conidia production of the fungus in vitro was stimulated
by acute ozone. Nutrients in the growth medium and light
conditions affect sporulation of P grisea in vitro (Leung
and Shi, 1994), Currently, the mechanisms for the ozone-
induced stimulation of conidia production is not deter-
mined, Presumably, reproductive growth of the fungus may
have been stimulated to compensate for severe retardation
of vegetative growth caused by acute ozone.

Conidia produced under acute ozone seemed to be unaf-
fected in conidia germination but significantly inhibited in
appressoirum formation. Appressorium, the specialized infec-

tion structure of many plant pathogenic fungi, has been
known to be induced by environmental stimuli including
thigmotropic and chemical signals (Podila et al, 1993).
Recently, polyamines were suggested to inhibit the appres-
sorium formation of P grisea by regulating the level of
wntracetular cyclic AMP (Choi et al., 1998). Polyamines
also play important roles in preventing cells from oxidative
stress by eliminating active oxidants indnced by ozone
{(Bors et al., 1989; Smith, 1985). Increased concentration of
intracellular polyamines has been well established in the
mechanisms regulating oxidative damages in ozone-exposed
cells (Hur and Wellburn, 1994; Rowland-Bamford et al.,
1989; Wellburn and Wellburn, 1996). Therefore, it might be
passible that the mtracellular level of polyamines was ele-
vated in the conidia under acute ozone and the increased
level of polyamines could attribute to suppression of
appressorium formation.

It can be concluded in this study that 2 grisea was sensi-
tive to acute ozone which has occasionally recorded during
high ozone episodes in summer. Consequently, the acute
ozone would severely inhibit appressoria formation as well
as vegetative growth of the pathogen, resulting in decrease
mn rice blast development in the field during sunmer.
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