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ABSTRACT

Barley, Hordeum vulgare, and powdery mildew,
Erysiphe graminis f. sp. hordei, were exposed to ozone at
concentrations that often occur in polluted ambient air.
The effects of ozone on germination of conidia, on plant
infection by conidia, on growth of mycelia, and on sporu-
lation were determined. When sporulating colonies were
exposed to ozone, the percentage infection by exposed

Additional key words: air pollution.

conidia was significantly reduced. Ozone exposures during
spore incubation also significantly reduced infection.
Germination of conidia was not significantly reduced by
the same exposures which inhibited infection. Colony and
spore mass length was significantly increased by ozone
exposures which caused chlorosis of barley leaves.
Phytopathology 62:1144-1148.

Some injurious effects of ozone (O3), the major
plant-pathogenic component of photochemical
oxidant pollution, on higher plants have been docu-
mented in several comprehensive reviews (3, 7, 14,
17). The effect of O3 on in vitro cultures of several
‘plant-pathogenic fungi have also been reported (9, 10,
11, 18, 19, 20). Until recently, very little has been
published on the effects of O3 on the interactions
between plants and parasitic fungi. Plant injury
caused by low O3 concentrations increased the
amount of infection of potato (13) and geranium
(11) leaves by Botrytis cinerea. Infection of geranium

petals by B. cinerea was not affected by 4-hr O3
exposures that began after inoculation, but the
disease development was often inhibited (12). White
pine needles injured by O3 were more susceptible to
infection and invasion by Pullularia pullulans than
were normal needles (1). Ozone injury before inocula-
tion retarded infection of white pine by Lopho-
dermium ‘pinastri but Oj injury after infection
increased invasion (1).

The only report of O3 effects on an obligate
fungus parasite showed that low doses inhibited the
growth of uredia of Puccinia coronata var. avenae,
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but did not affect germination or infection by uredio-
spores (6). There are no reports on the effects of O3
on the host-parasite interactions of the powdery
mildew fungi. Because the hyphae of the powdery
mildew fungi grow on the host surface, in direct con-
tact with ambient air, they are a logical subject for
studies to determine the effects of air pollutants on
parasitism. Ozone in a polluted atmosphere could
influence any stage of the life cycle of powdery
mildew, and thereby alter its prevalence and
pathogenicity. To determine whether this might be
true, we studied the effects of O3 on all stages of the
asexual growth cycle of Erysiphe graminis (DC.)
Merat hordei Em. Marchal on barley, Hordeum
vulgare L. Concentrations of O3 representing O3
levels experienced in the United States were used.

MATERIALS AND METHODS.-Investigations
were conducted in the greenhouse and growth cham-
ber facilities of the North Carolina State University
Phytotron (5). Barley was grown in the greenhouse at
26-30 C in a mixture of gravel and Jiffy Mix in 9-cm
styrofoam pots. Plants were watered on the five
weekdays with quarter-strength Hoagland’s solution
with nitrogen increased to half-strength, and on week-
ends with deionized water. One to 6 hr prior to the
start of each experiment, plants were moved to a
walk-in growth chamber at 20 C, 65% relative humid-
ity (RH) and 4,200-4,500 ft-c during a 12-hr (6AM-
6PM) photoperiod using incandescent and fluorescent
light.

Manchuria (C.I. 2330) and two nearly isogenic
selections from the cross Psaknon (C.I. 6350) X 14*
Manchuria were used. Conidia of E. graminis hordei
(isolate CR 3 of race 3) from 6- to 8-day-old infec-
tions on Manchuria were used to inoculate the upper
surface of the first foliar leaves of 7-day-old plants at
3 PM. Inoculations were made by the rolling method
(16), or by the brushing of plants with leaves bearing
sporulating colonies.

Plants were exposed to Oz in a series of four
identical 90- X 90- X 120-cm exposure chambers (8)
installed in the growth chamber. Exposure was at 25
C, RH 65%, and 4,200-4,500 ft-c. When exposures
occurred at night, the temperature was 20 C. Each
exposure chamber was equipped with an electric-arc
ozonizer that produced O3 from air filtered through
activated charcoal. Ozone concentrations were moni-
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Fig. 1-2. 1) Effect of ozone exposures on the percentage
of germinated Erysiphe graminis conidia that caused infec-
tion of barley leaves. Sporulating colonies were exposed to 0,
5, 10, or 15 pphm ozone for 6 hr/day on the 7th, 8th, and
9th days after inoculation. Each value is the mean of a total
of 6,000 germinated spores on a total of 60 leaves in six
inoculations. The 95% confidence interval about each mean is
indicated by the horizontal bars. 2) Effect of ozone ex-
posures on the percentage of germinated Erysiphe graminis
conidia that caused infection of barley leaves. Conidia were
exposed for 24 hr during incubation to 0, 10, 20, or 30 pphm
ozone. Each value is the mean of a total of 3,000 germinated
spores on a total of 30 leaves in three inoculations. The 95%
confidence interval about each mean is indicated by the hori-
zontal bars.
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tored with Mast O3 meters, and all values were cor-
rected to a 2% neutral KI standard. Plants were re-
moved from the exposure chambers to the center of
the growth chamber between exposures and after the
last exposures.

For microscopic examination, infected leaves were
fixed and stained in 2% lactophenol-cotton-blue (21),
or the fungus was stained by carefully placing 2%
lactophenol-cotton-blue on the leaf surface. In all
germination and infection experiments, 10 plants
were inoculated for each treatment, and 100 spores/
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leaf were observed in taking measurements. In all
colony growth experiments, three colonies on each of
four leaves/treatment were used in taking measure-
ments.

Analyses of variance were performed on the results
of each experiment, and treatment separations were
identified according to Tukey’s method (4).

RESULTS.—Conidia germination and infection.—
In experiment 1, plants were exposed to 0, 5, 10, or
15 pphm O3 for 6 hr (9AM-3PM) on the 7th, 8th,
and 9th days after inoculation. Prior to each ex-
posure, plants with sporulating colonies were shaken
for discard of mature conidia. After each exposure,
the new conidia which matured during exposure were
used to inoculate unexposed plants. Percentage germi-
nation and the percentage of germinated conidia
which produced normal infections (infections con-
taining functional secondary hyphae) were deter-
mined after 42 hr of incubation in the absence of O;.
This experiment was repeated once.

Percentage germination was not significantly
affected by ozone, but the conidia from colonies
exposed to 5, 10, or 15 pphm Oj; consistently pro-
duced significantly fewer infections than those not
exposed (Fig. 1). In this and in all subsequent experi-
ments, host plant genotype did not affect the reac-
tion of E. graminis to O3.

Experiment 2 was performed to determine wheth-
er percentage infection would be further reduced if
O3 exposures occurred during early colony growth as
well as during sporulation. Infected plants were
exposed for 6 hr (9AM-3PM) to 0, 5, 10, or 15 pphm
O3 on 8 consecutive days after inoculation. Prior to
the 8th exposure, plants were shaken to discard
mature conidia. After the 8th exposure, the new
conidia which matured during exposure were used to
inoculate unexposed plants. The percentage of
germinated conidia that produced normal infections
was determined after 42 hr. This experiment was
repeated once.

The increased number of O3 exposures did not
produce a further reduction in percentage infection.

TABLE 1. Effect of ozone on Erysiphe graminis colony
length

Colony length (in microns) per
ozone concentration (pphm)

PHYTOPATHOLOGY

Number of exposures? 0 5 10 15
2 331h  278j 297 ij 302i
4 1298k 13581 1326j 1405h
6 2606j 2747i 2773h 2773 h
8 41117 4130j 42551 4395h

aPlants and colonies were exposed to ozone for 6 hr/day
at concentrations of 0, 5, 10, or 15 pphm ozone on the 8
days after inoculation. (One pphm 0, = 19.6 pg/m? at
760 mm of Hg and 25 C).

Means followed by the same letter in each row are not
significantly different at the .05 level according to Tukey’s
test. Each figure is the mean of a total of 24 colonies on
eight leaves in experiment 2.
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The results were similar to those in experiment 1
(Fig. 1).

Experiment 3 was designed to determine whether
O3 exposure during the spore incubation period
would affect germination and infection. Inoculated
plants were immediately exposed to 0, 10, 20, or 30
pphm O3 for 24 hr. Immediately after exposure, half
the plants were stained to determine percentage ger-
mination. The remaining plants were used to deter-
mine percentage infection as previously described.
This experiment was conducted 3 times.

The relatively high doses of O3 failed to signifi-
cantly affect germination, but plant tissues were
often severely injured at both 20 and 30 pphm. The
number of normal infections, however, was signifi-
cantly reduced by all O3 concentrations (Fig. 2), and
the results were similar to previous experiments.

In all experiments, germination of exposed conidia
appeared to be normal. Prior to penetration, however,
the germ tube protoplasm of conidia that failed to
infect appeared to be released at the tip of the germ
tubes, indicating germ tube rupture.

Colony growth and sporulation.—The rate of
colony growth, the number and size of cells, and
amount of sporulation are indicators of colony vigor.
To determine whether these indicators are affected
by Oj, infected plants were exposed as described in
experiment 2. Leaves were sampled, fixed, and
stained immediately following the 2nd, 4th, 6th, and
8th exposures. To determine effects on cell division
and elongation, the number and length of individual
cells in the longest hypha in individual colonies was
measured after the 2nd exposure. Colony lengths (the
distance between the tips of the most extended
hypha at two opposite ends of each colony) were
measured after 2, 4, 6, and 8 exposures. To measure
O; effects on sporulation, the number of conidio-
phores, with conidia and without conidia, was
determined per colony after four exposures. The
length of the colony which contained spore-bearing
conidiophores was measured after eight exposures.
This experiment was repeated once.

The number and length of cells in the longest
hyphae were not significantly affected by two 6-hr
exposures. Colonies were significantly smaller on ex-
posed plants than on nonexposed plants after two
exposures (Table 1). After 4, 6, and 8 exposures,
however, colony lengths on plants exposed to 5, 10,
or 15 pphm O3 were usually significantly larger than
on those not exposed (Table 1).

Ozone did not significantly affect the number of
conidiophores or the number of conidiophores bear-
ing conidia after four exposures (Table 2). The length
of the spore-bearing area per colony after eight ex-
posures, however, was significantly larger at 15 pphm
than at the lower concentrations (Table 2). Leaves of
plants exposed to 10 and 15 pphm O; were often
partially chlorotic after six exposures, whereas those
at 0 and 5 pphm remained relatively green.

DISCUSSION.—-The powdery mildews are ecto-
parasitic; their hyphae are exposed to ambient air.
Because they are ectoparasites, oxidant air pollution,
toxic to higher plants, might also be expected to
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TABLE 2. Effect of ozone on asexual reproduction of
Erysiphe graminis after eight exposures

Effect per ozone concentration

(pphm)2@
Sporulation measure 0 5 10 15
Conidiophores (number)b 57h  65h 58h 56h
Conidiophores with conidia
(number)b 39h  44h  40h 34h

Length of spore mass

(in microns)© 3,191 3,1681 3,259i 3,435 h

aMeans followed by the same letter are not significantly
different at the 5% level according to Tukey’s test. Each value
is the average of a total of 24 colonies on eight leaves in
experiment 2.
Colonies were sampled after exposure to 0, 5, 10, or
15 pphm O, on the 4 days after inoculation.
CColonies were sampled after exposure to 0, 5, 10, or
15 pphm O, on the 8 days after inoculation.

affect powdery mildews. On the other hand, the
exposed nature of the powdery mildews requires
tolerance to variations in meteorological conditions.
Our studies show that once infection is established,
the vegetative growth of E. graminis hordei is tolerant
to O3 and is even slightly stimulated by Oj levels
commonly found in many urban areas. This tolerance
suggests either a lack of penetration of hyphae by Os
or a physiological resistance of hyphal protoplasm to
O3. We feel that the O3 fails to penetrate the hyphae,
possibly owing to decomposition from reaction with
the hyphal cell walls. If O; penetrates powdery
mildew hyphae, injury should result because O3 is
one of the strongest oxidizing agents known. That O,
injures plant cells is well documented.

Our results show that E. graminis is adversely
affected during certain phases of high metabolic
activity when cell walls may be more easily pene-
trated by O3. The percentage of spores which success-
fully infected host cells was reduced when maturing
or germinating spores were exposed to O3. The cause
of the increased sensitivity at these stages is probably
due either to easier O3 penetration through conidial
papillae or immature cell walls, toxic effects of O3 on
metabolic activities unique to these stages, or a com-
bination of these factors. Buxton et al. (2) and
Moseman & Greeley (15) reported that short periods
of ultraviolet irradiation inhibited germination and
infection of E. graminis. In their studies as in ours,
infectivity of the fungus was more easily altered than
was germination, suggesting that a common mecha-
nism may be involved.

Colony growth was not inhibited. Instead it was
slightly stimulated, even when host leaves became
partially chlorotic. The stimulation may have resulted
indirectly from action of Oj in causing injury to the
host plant or directly from action on the mildew. It is
possible that the lack of inhibition was due to the
fact that haustoria invade only host epidermal cells
which are visibly affected less by O3 than are
mesophyll cells.

These experiments have provided some clues to
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the influence of oxidant pollutants on the epidemi-
ology of barley powdery mildew in the field. Ozone-
induced growth stimulation might increase sporula-
tion and increase disease incidence. On the other
hand, Oj-induced inhibition of penetration could
reduce the incidence of this disease. The effects of
oxidant pollutants on germination, infection, and
invasion by other groups of fungi in the field also
remain unknown. It is possible that many diseases
caused by fungi would be much more sensitive to
pollutant-caused disruptions than the relatively re-
sistant barley powdery mildew. Any inhibitory or
stimulatory effect of air pollutants on fungi, whether
parasitic or saprophytic species, could have far-
reaching effects on the incidence and severity of plant
diseases and on the orderly progression of organic
decay cycles.
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