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ABSTRACT: Anthracnose causes serious economic damage in strawberry production worldwide. C.
gloeosporioides species complex has been the dominant and most devastating pathogen in strawberry
nurseries in Japan. The effect of ozonated water (OZW) applied through overhead irrigation was
evaluated for control of strawberry anthracnose caused by Colletotrichum fructicola. In an in vitro
condition, conidia of the pathogen were completely inactivated after exposure to 0.5 mg L-1 of dissolved
ozone in OZW for 10, 30 and 60 s, and more over 90% even exposure to 0.2 mg L-1 for 10 s. In a
greenhouse, disease severity was significantly decreased at 0.5-1.0 mg L-1 ozone concentration in
water, but found no significant difference at 0.1-0.4 mg L-1. When combined with fungicides in irrigation
water, the effectiveness was significantly improved compared with OZW alone or conventional
fungicide spray. No visible phytotoxicity was recognized on plants treated with OZW alone or when
combined with fungicides. Fungicides have so far been the only practical control measure for
strawberry anthracnose. This study revealed the potential of OZW as an additional control measure
for control of C. fructicola in commercial nurseries without phytotoxicity.
Key words: Colletotrichum fructicola, overhead irrigation, ozonated water, routine fungicides,
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INTRODUCTION
Anthracnose causes serious economic damage in strawberry (Fragaria × ananassa Duchesne)
production worldwide (Peres et al., 2005). In Japan, the expanding distribution of the disease may be ascribed
to increases of disease-susceptible cultivars. The disease is caused by Colletotrichum gloeosporioides Penzig &
Saccardo, C. acutatum J. H. Simmonds and C. Fragariae A. N. Brooks (Howard et al., 1992). C. gloeosporioides
has been the dominant and most devastating pathogen in strawberry nurseries in Japan (Okayama and Tsujimoto,
1994). Recent taxonomic revision revealed that C. gloeosporioides was a species complex comprising 22 species
and one subspecies (Weir et al., 2012). C. fructicola Prihastuti, L. Cai and K. D. Hyde is the major species in the
C. gloeosporioides complex and is distributed in many countries. Because the disease is incited by the dispersal
of conidia, drip irrigation or ebb-flow irrigation are useful for disease control. Farmers, however, commonly adopt
overhead irrigation systems in nurseries to promote even plant growth and prevent root rot. Although fungicide
application is effective against anthracnose (MacKenzie et al., 2009), frequent application burdens farmers and
leads the development of resistant strains (Hirayama et al., 2008; Inada et al., 2010).
Ozone was used to decontaminate bacteria, fungi and insects on fruits, vegetables, storage grain and
other crops (O’Donnell et al., 2012). While ozone has a strong disinfection activity on many species of
microorganisms, it is rapidly dissolved in water and converted to oxygen. These features mean ozone can be
characterized as a promising disinfestant. Ozonated water (OZW) has been used to control plant diseases by
spraying once a day (Kuroda et al., 2011). High-frequency machinery spraying imposes the burden of control on
the farmer. OZW spraying through overhead irrigation, adopted widely in comercial strawberry cultivation, is more
labor saving than application by machinery spraying.
The objectives of this study were: 1) to determine the efficacy of OZW applied through overhead irrigation to
control strawberry anthracnose, and 2) to evaluate OZW when combined with fungicides in the integrated
management of the disease.
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MATERIALS AND METHODS
Pathogen and inoculum preparation
Colletotrichum fructicola isolate Nara-gc5 deposited as MAFF 245243 in NIAS Genebank, Tsukuba,
Ibaraki Prefecture, Japan obtained from strawberry in Nara Prefecture, Japan in 1999 was used. Ten ml of
conidial suspension (106 conidia ml-1) of the fungal isolate were incubated in an Erlenmeyer flask containing 100
ml of potato sucrose broth (PSB: 200 g of sliced potato, 20 g of sucrose and 1 L of water) on a rotary shaker at
120 rpm at 25 °C for 10 days under ambient light conditions. Conidia produced in PSB were suspended in sterile
distilled water at a concentration of 106 conidia ml-1 as inoculum.
Ozonated water preparation
OZW was prepared using a corona discharge generator (a prototype model, Sharp Corporation, Osaka,
Japan). In an in vitro experiment, dissolved ozone concentration were measured using potable ozone monitor
(PL-620A, Ebara Jitsugyo Co., LTD., Tokyo, Japan). In greenhouse experiments, water samples were collected
from a sprinkler head of the irrigation system at 2- to 3-day intervals to monitor ozone concentration with a
portable colorimeter (DR/850, Hach Company, Loveland, CO, USA).
Laboratory experiment
The effect of OZW on the mortality of the pathogen conidia was examined under laboratory conditions.
OZW was prepared by the generator. The available ozone in OZW was adjusted to 0.2, 0.3 and 0.5 mg L-1 by
diluting with tap water. One ml of conidial suspension at 106 conidia.ml-1 was mixed with 99 ml of OZW containing
different levels of ozone. To stop the reaction of ozone, 200 μl of 5 % sodium thiosulfate solution was then added
in the mixed solution after 10, 30 and 60 s. Tap water was used as an untreated control. The conidial population
was quantified by the dilution plating technique using Mathur’s medium (Freeman et al., 2001) containing with
benomyl (50 mg a.i./l, Benlate WP, Sumitomo Chemical, Osaka, Japan). Benomyl was added because it restricts
colony size for effective enumeration. Plates were incubated for 7 days in the dark at 25 °C. The conidial mortality
was calculated as follows: mortality (%) = {1 – (the number of colony formation in each NEW suspension) / (the
number of colony formation in untreated control suspension)} × 100. The experiment was repeated three times
with 10 plates per treatment.
Greenhouse experiments
Efficacy of OZW on disease suppression was evaluated at the different concentrations in a greenhouse
in Nara Prefecture Agricultural Research and Development Center, Japan. Experiments were perfomed from 22
Aug. to 21 Sep., 2014. The dissolved ozone concentrations were established at low (from 0.1 to 0.4 mg.L-1 ) and
at high (from 0.5 to 1.0 mg L-1). Bare-root strawberry plants, cultivar ‘Asukaruby’, were transplanted in plastic
pots (300 ml volume) filled with plant growth medium (TM-1, Takii Seed, Kyoto, Japan). Before OZW treatment,
plants were irrigated through an overhead irrigation system with tap water. Then, healthy plants at three leaf
development stage were treated OZW through overhead irrigation system (Figure 1). OZW was irrigated twice a
day for 10 min at 13 ml min-1 plant-1 using a sprinkler (pin nozzle blue M11, Royal Brinkman, 's-Gravenzande,
The Netherlands). Tap water was used as an untreated control. To maintain normal plant growth, plants received
0.5 g of solid fertilizer (IB-S1, N–P–K: 10–10–10, JCAM Agri, Tokyo, Japan). For inoculation with the pathogen,
two artificially-infested plants were placed in the center of 20 healthy plants and removed after 15 days. The
infested plants were prepared by spraying with 10 ml of conidial suspension (106 conidia ml-1) and covered with
plastic bags for 48 h at 25 °C. The disease severity was assessed based on the number of diseased plants 30
days after the introduction of the infested plants. C. fructicola infection was confirmed by microscopic
observations of conidia on necrotic spots.
A combination of OZW and conventional fungicides was investigated in a greenhouse. Experiments were
conducted from 24 Nov. to 3 Dec., 2014, using 60-day-old healthy strawberry plants. OZW, containing 1.2-1.5
mg L-1 of ozone was sprinkled on plants twice a day for 5 min at 13 ml min-1 plant-1 through overhead irrigation.
Fungicides, i.e., propineb (Antracol 70 WP, Bayer CropScience, Tokyo, Japan), iminoctadine triacetate (Berkut
40 WP, Nippon Soda, Tokyo, Japan), mancozeb (Jimandaisen 75 WP, Dow AgroSciences, Tokyo, Japan) and
fludioxonil (Savior 20 WP, Syngenta Japan, Tokyo, Japan) were applied in rotation at 10-day intervals. Plants
were placed in a greenhouse at 15 to 30 °C, and each received 0.5 g of solid fertilizer. The inoculation of C.
fructicola was conducted as described above. The number of diseased plants was counted 40 days after
inoculation.
Statistical analysis
Greenhouse experiments were conducted in a randomized complete block with split-plots for each treatment.
Experiments were repeated with four replications, each consisting of 20 plants. Statistical analyses were
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performed using the statistical program R version 3.2.0. The statistical difference of the OZW treatment and TW
was determined by Student’s t-tests (P < 0.05). Data in the combined effects of the OZW and routine fungicides
were subjected to the means in one-way analysis of variance (ANOVA) and Tukey HSD multiple range test used
to determine the differences at P < 0.05.
RESULTS AND DISCUSSION
The conidia of C. fructicola were completely inactivated at 0.5 mg L-1 for 10, 30 and 60 s (Figure 2). The
conidial mortality of C. fructicola were more than 99.0 % at 0.2 mg L-1 for 60 s or 0.3 mg L-1 for 30 s and 60 s,
and less than 99.0 % at 0.2 mg L-1 for 10 and 30 s, and at 0.3 mg L-1 for 10 s. These results indicate that
concentration of dissolved ozone is essential for control of strawberry anthracnose.
In greenhouse experiment, OZW, containing 0.5-1.0 mg L-1 of ozone significantly decreased disease
severity compared with an untreated control (Figure 3). However disease severity of low OZW treatment (0.1-0.4
mg L-1) was found no significant difference at an untreated control. Ozone is quickly neutralized in the presence
of organic matter, and its effectiveness is subsequently reduced (Guzzon et al. 2013). Various organic substrates
adhering to strawberry plants may reduce the effectiveness of ozone. Therefore, the low ozone concentration,
strong inactivation on the conidia in OZW, were considered to be ineffective for strawberry anthracnose. Higher
ozone concentrations were required to control C. fructicola on strawberry in this study, and overhead irrigation
was considered to prevent the neutralization of ozone.
Disease severity was lowest when plants received OZW in combination with fungicides, and significantly lower
in the plots with OZW alone than in the fungicide-treated plots (Figure 4). Susceptible cultivars require frequent
fungicide application in strawberry nurseries, producing isolates resistant to benomil or azoxystrobin (Hirayama
et al., 2008; Inada et al., 2010). Therefore few curative fungicides was used for strawberry anthracnose. In this
study, the four protectant fungicides, haradly effective after the disease developed, were applied in rotation.
Ozone does not posess protective activity, but curative activity. Therefore, the combination of OZW and these
fungicides was thought to be complimentarily effective. No phytotoxicity was found in plants treated with OZW
alone or when combined with fungicides.
Figure legends

Figure 1: An overhead irrigation system with ozonated water (OZW).
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Figure 2: Effect of ozonated water (OZW) on conidial mortality of Colletotrichum fructicola. A conidial suspension (1 × 10 6
conidia ml-1) was exposed to OZW of different chlorine concentrations for 10, 30 and 60 s. Error bars represent standard
error of the means (N = 3)

Figure 3: Effect of ozonated water (OZW) on the severity of strawberry anthracnose. Plants were treated with ozone at a
low concentration of 0.1 to 0.4 mg L-1 and at a high concentration of 0.5 to 1.0 mg L-1 by overhead irrigation. Tap water
(TW) was used as a control. Experiments were conducted in a greenhouse. An asterisk represents a significant difference
between the means, according to the Student’s t-test (P < 0.05). Error bars represent standard error of the means (N = 4).
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Figure 4: Effect of ozonated water (OZW) with or without conventional fungicides on strawberry anthracnose. Tap water
(TW) with or without fungicides was used as a control. Experiments were conducted in a greenhouse. Conventional
fungicides used were propineb (Antracol 70 WP), iminoctadine triacetate (Berkut 40 WP), mancozeb (Jimandaisen 75 WP)
and fludioxonil (Savior 20 WP). They were applied in rotation at 10-day intervals. Different letters indicate significant
differences among the means, according to the Tukey HSD multiple range test (P < 0.05). Error bars represent standard
error of the means (N = 4).

CONCLUSION AND RECOMMENDATIONS
Fungicides have so far been the only practical control measure for strawberry anthracnose. This study revealed
the potential of OZW as an additional control measure for control of C. fructicola in commercial nurseries without
phytotoxicity. We propose instructions on the application of OZW as follows: 1) OZW should be applied at
concentraions over 5 mg L-1 twice a day for effective control, and 2) the overhead irrigation system is recomended
as a practical application for commercial strawberry cultivation.
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