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Effect of Gaseous Ozone Exposure on the Development of Green and Blue Molds 
on Cold Stored Citrus Fruit 

Lluís Palou, Dept. of Pomology, University of California, Davis, Kearney Agricultural Center, 9240 South River-
bend Ave., Parlier, CA 93648; Joseph L. Smilanick, Horticultural Crops Research Laboratory, USDA-ARS, 2021 
South Peach Ave., Fresno, CA 93727; Carlos H. Crisosto, Dept. of Pomology, University of California, Davis, 
Kearney Agricultural Center, 9240 South Riverbend Ave., Parlier, CA 93648; and Monir Mansour, College of 
Agriculture, Menofiya University, Shebin El-Kom, Egypt 

Postharvest green mold, caused by 
Penicillium digitatum (Pers.:Fr.) Sacc., and 
postharvest blue mold, caused by Pen-
icillium italicum Wehmer, are among the 
most economically important postharvest 
diseases of citrus worldwide (8). Blue 
mold is especially important on citrus fruit 
kept under cold storage for long time 
periods (30). In California, Valencia 
oranges for preparation of fresh juice are 
held at temperatures from 3 to 5ºC. Cur-
rently, both diseases are controlled mainly 
by application of the fungicides imazalil, 
sodium ortho-phenyl phenate, or thiabend-
azole (8). Alternative methods are needed 
because the widespread use of these 
chemicals in commercial packinghouses 
has led to the proliferation of resistant 
strains of the pathogens (4,7). Furthermore, 

concerns about human health risks and the 
protection of the environment associated 
with fungicide residues (5,18) have in-
creased the need for alternatives to 
fungicide usage. 

In 1997, ozone, the triatomic form of 
oxygen (O3), was recognized as being 
generally safe (GRAS) for food contact 
applications in the United States (10,29). 
Since that time, interest in developing 
ozone applications in the food industry has 
increased, although some regulatory issues 
about ozone use for this purpose have not 
been resolved. Currently, a Food Additive 
Petition has been submitted to the U.S. 
Food and Drug Administration (US-FDA) 
that would allow ozone to be used in food 
contact applications. The current Threshold 
Limit Value-Short Term Exposure Limit 
(TLV-STEL) established by the U.S. Occu-
pational Safety and Health Administration 
(US-OSHA) for ozone is 0.3 ppm. This is 
the level to which healthy individuals can 
be exposed for 15 min without suffering 
irritation or other acute effects. Exposures 
at this level should not be repeated more 
than four times per day. Once citrus fruit 
are stored at low temperature, only a few 

brief tasks must be done within the storage 
rooms so that workers do not exceed the US-
OSHA TLV-STEL. However, concentrations 
could be higher in export containers, which 
can stay closed for longer periods of time. 
Other exposure designs include generation 
of ozone in day-night cycles to minimize 
workers’ exposure to ozone (23). 

Currently, ozone can be generated read-
ily and economically on site. For the post-
harvest treatment of fresh fruit and vege-
tables, ozone can be used as a relatively 
brief prestorage or storage treatment in air 
or water, or as a continuous or intermittent 
atmosphere throughout the storage period. 
Both procedures have recently attracted 
considerable commercial interest, espec-
ially because of the lack of residue on the 
produce and the possibilities opened by the 
new regulations. 

Effects of ozone in the air of storage 
rooms on fungal decay, and/or commodity 
storage potential and quality, have been 
examined for a variety of fruits and 
vegetables. There are numerous reports on 
both the benefits (3,16,17,23) and the lack 
of benefits (2,20,22,25,26) of ozone. 
However, early studies involving contin-
uous ozone exposure as a storage treatment 
were probably conducted before efficient 
ozone generators and reliable means to 
control and measure ozone concentrations 
were available. In 1936, Klotz (15) re-
ported that ozone was unsatisfactory for 
control of green and blue molds on arti-
ficially inoculated navel oranges. Hopkins 
and Loucks (13) reported in 1949 an in-
crease in stem-end rot, green mold, and 
some fruit pitting on oranges subjected to 
high ozone concentrations for several 
minutes to 4 h. In 1968, Harding (11) 
concluded that storage of lemons and 
oranges under 1.0 ppm ozone effectively 
prevented sporulation of green mold on 
infected fruit, and moderately reduced the 
incidence of green mold. Jin et al. (14) 
reported in 1989 that storage of Wenzhou 
mandarins under discharge products 
greatly delayed the process of senescence 
of fruit without damaging the fruit. 
Recently, García et al. (9) reported no 
differences in quality parameters between 
oranges stored at 5ºC for 1 month in air or 
0.1 ppm ozone. 

The objectives of this work were to 
evaluate the effect of continuous gaseous 
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ozone exposure at 0.3 or 1.0 ppm, or an 
intermittent exposure at 0.3 ppm (day-
night cycle), on the development of P. 
digitatum and P. italicum in vitro and on 
artificially inoculated citrus fruit stored at 
low temperature. The ability of an ozone 
generator to abate ethylene levels (6) was 
also investigated. 

MATERIALS AND METHODS 
Fruit. Oranges (Citrus sinensis (L.) Os-

beck), cv. Valencia, or lemons (Citrus li-
mon (L.) Burm.) cv. Eureka, from commer-
cial orchards in the San Joaquin Valley 
(California), were selected from field bins 
after harvest, randomized, and used in the 
experiments before any commercial post-
harvest treatments were applied. 

Inoculum. P. digitatum isolate PDM-1 
and P. italicum isolate PIM-7 were grown 
on PDA in petri dishes at 25 ± 1ºC for 7 to 
10 days. Five milliliters of 0.05% (wt/vol) 
Triton X-100 in sterile water were added to 
each dish, and spores were rubbed from the 
agar surface with a sterile glass rod. This 
high-density spore suspension was passed 
through two layers of cheesecloth, meas-
ured with a hemacytometer, and diluted 
with sterile water to achieve the desired 
inoculum density. 

Continuous exposure to 0.3 ppm 
ozone. A 90-W corona discharge ozone 
generator (AgroCare, Model Oxtomcav 
XEE-245, Agroquality International, LLC, 
Bridgewater, NJ) was installed in a 66.6 m3 
cold storage room and set to maintain 0.3 ± 
0.05 ppm (vol/vol) ozone at 5 ± 1ºC and 90 
± 5% relative humidity (RH). The unit 
released ozone through a perforated 38.1-
mm diameter polyvinyl chloride (PVC) 
tube anchored to the ceiling of the room. 
The ozone concentration in the room was 
controlled and continuously monitored by 
a UV absorption ozone analyzer (Model 
IN-2000-1, INUSA Inc., Needham, MA) 
with a minimum detection limit of 0.01 
ppm. Air from the ozonated cold storage 
room was pumped through a Teflon tube to 
the analyzer, which was located in an adja-
cent room. As a control, similar environ-
mental conditions of temperature and RH 
were set in an ambient air atmosphere cold 
storage room. Ozone levels in this control 
room were periodically assessed with ei-
ther a heated metal oxide ozone sensor 
(Model 21-Z, Eco Sensors Inc., Santa Fe, 
NM), with a minimum detection limit of 
0.02 ppm, or a gas sampling pump (Sen-
sidyne Model 800, Clearwater, FL) with 
detection tube no. 18L and a minimum 
detection limit of 0.025 ppm. No measur-
able ozone was detected by either method 
during the entire storage period. Tempera-
ture and RH were continuously monitored 
in both rooms during the experiments. The 
desired RH was maintained in both rooms 
by an air-assisted low-pressure RH system, 
equipped with a computer-controlled hu-
midity transmitter (Model HMD20VB, 
Vaisala, Inc., Helsinki, Finland). 

(i) In vitro mycelial growth. High-den-
sity spore suspensions of P. digitatum and 
P. italicum were prepared as previously 
described, and poured into sterile Erlen-
meyer flasks with 50 ml of potato dextrose 
agar (PDA) at 45ºC. The agar medium 
containing spores was quickly poured into 
empty sterile petri dishes and allowed to 
solidify. Cylinders of medium (4.2 mm 
diameter) were cut with a sterile cork borer 

and each one placed on the agar surface in 
the center of a PDA petri dish. Six petri 
dishes per pathogen were prepared. Three 
partially open plates per pathogen (repli-
cates) were held in both the ozone and the 
control rooms. After 4 days of exposure, 
the petri dishes from both rooms were 
covered with the lids and placed in an 
incubation chamber at 20 ± 1ºC and 90 ± 
5% RH for an additional 5-day period. 

 

Fig. 2. Green (A) and blue (B) molds incidence (bars) and severity (lines) on artificially inoculated 
Valencia oranges continuously exposed for 4 weeks at 5ºC and 90% RH to ambient air or 0.3 ppm 
ozone. 

 

Fig. 1. Regression lines for the in vitro growth of Penicillium italicum and Penicillium digitatum
during a 5-day incubation period at 20ºC after 4 days of continuous exposure at 5ºC to ambient air or 
0.3 ppm ozone. 
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Colony diameter and presence of spores 
were recorded daily. The experiment was 
conducted twice. In the second experiment, 
five replicates per pathogen were used. 

 (ii) Disease development. Valencia or-
anges were inoculated with 106 spores ml-1 
of P. digitatum or P. italicum by briefly 
immersing a stainless steel rod with a 
probe tip (1 mm wide by 2 mm in length) 
into the spore suspension and wounding 
each fruit once on the equator. The wound 
penetrated the albedo tissue but not the 
juice sacs, simulating natural inoculation. 
Inoculated fruit were placed in plastic cav-
ity trays on open wooden trays that assured 
adequate gas contact. About 24 h after 

inoculation, five trays (replicates) of 18 
oranges each were stored for 4 weeks in 
the ozone room, and five trays in the con-
trol room. Disease incidence and severity 
(lesion diameter), as well as external dis-
ease appearance, were recorded weekly. 
The experiment was conducted twice. 

(iii) Inoculum density and fruit suscepti-
bility. Environmental conditions in both the 
ozone and the control rooms were main-
tained at 20 ± 1ºC and 90 ± 5% RH. Se-
lected and randomized Valencia oranges 
were separated into two groups. Fruit in 
the first group were inoculated with 104, 
105, and 106 spores ml-1 of P. digitatum or 
P. italicum, as previously described. Fruit 

in the second group were not inoculated. 
For each treatment (combination of patho-
gen and inoculum density), half of fruit in 
each group were held for 7 days in the 
ozone room and half in the control room. 
Each treatment was applied to four trays 
(replicates) of 18 oranges each. Decay 
incidence and severity of inoculated fruit 
were recorded after 4 and 7 days of stor-
age. After 7 days of storage, all fruit were 
removed from both rooms. In order to 
evaluate the possible effect of ozone expo-
sure on the susceptibility of fruit to decay, 
fruit in the second group were then inocu-
lated with 104, 105, and 106 spores ml-1 of 
P. digitatum or P. italicum and incubated 
for 7 days in the control room. Incidence 
and severity of green and blue molds were 
determined after 4 and 7 incubation days. 
The experiment was conducted twice. 

Intermittent exposure to 0.3 ppm 
ozone in a day-night cycle. A concentra-
tion of 0.3 ± 0.01 ppm ozone was gener-
ated at night in a 226 m3 commercial stor-
age room. No ozone was generated during 
the day. The gas was generated with a wa-
ter-cooled, corona discharge generator 
(Model CD-7, Del Industries, San Luis 
Obispo, CA) that produced 7 g h-1 of ozone 
at its maximum setting. The unit incorpo-
rated an oxygen concentration and air drier 
so the 3.5-liter min-1 output was composed 
of about 2% ozone with the balance being 
oxygen. The generator, located in an adja-
cent nonozonated room, was operated with 
a timer on a 12 h cycle. Ozone concentra-
tion in the ozone room was continuously 
monitored with an UV ozone analyzer 
(Model LC-400, PCI Wedeco Environ-
mental Technologies Inc., New York, NY) 
with a minimum detection limit of 0.001 
ppm. This monitor was located in the same 
room as the generator. Air from the 
ozonated cold storage room was pumped 
through a Teflon tube to the analyzer. The 
ozonated commercial storage room was 
maintained at 4.5 ± 1°C and high RH. 
Temperature was monitored with thermo-
couples connected to a data-logger. Control 
fruit were stored in a room of 30 m3 main-
tained at a similar temperature and high 
humidity. Ozone levels in this control room 
were periodically measured with the ozone 
sensor previously described. No ozone was 
detected during the storage period. 

Eureka lemons were inoculated by injec-
tion of 100 fruit with 105 spores of P. itali-
cum 1.5 cm deep into the juice sacs. The 
fruit were randomly placed into four open 
boxes of 25 fruit each. Two of the boxes 
were placed in the ozonated storage room 
and two boxes were placed in the control 
room. The fruit were examined weekly. 
Sporulation was recorded for each fruit at 
each observation with an index from 0 to 5. 
Numbers 1, 2, 3, 4, and 5, respectively, 
indicated 1 to 20%, 21 to 40%, 41 to 60%, 
61 to 80%, and >80% of the fruit surface 
covered with spores. The experiment was 
conducted twice; the fruit were stored for 8 

 
Fig. 4. Influence of continuous ozone exposure on the susceptibility of oranges to infection. Shown 
are green (A) and blue (B) molds incidence (bars) and severity (lines) on Valencia oranges exposed 
for 7 days at 20ºC and 90% RH to ambient air or 0.3 ppm ozone, then artificially inoculated with 
different inoculum densities and incubated for 4 or 7 days at 20ºC and 90% RH in an ambient air 
atmosphere. 

Fig. 3. Influence of inoculum density on the incidence (bars) and severity (lines) of green (A) and 
blue (B) molds on Valencia oranges exposed for 4 or 7 days at 20ºC and 90% RH to ambient air or 
0.3 ppm ozone. 
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and 9 weeks in the first and second experi-
ments, respectively. 

Continuous exposure to 1.0 ppm 
ozone. An ozone generator (Oxtomcav 
XEE-245) was installed in a 59.78 m3 re-
frigerated export container (Hyundai, 
Seoul, Korea, ID No. DFIU-320472-1). 
Ozone was released through 19-mm 
diameter perforated distribution PVC tubes 
placed in the T-channels of the container 
floor. Ozone concentration in the container 
was maintained to 1.0 ± 0.05 ppm at 10 ± 
1ºC and continuously monitored with an 
UV ozone analyzer (IN-2000-1) located 
outside the container. Eureka lemons, in-
oculated 24 h before with 105 and 106 
spores ml-1, and Valencia oranges, inocu-
lated with 106 spores ml-1 of P. digitatum 
and P. italicum, were placed in plastic cav-
ity trays on open wooden trays and stored 
in the container for 2 weeks. For each 
pathogen and inoculum density, four trays 
(replicates) with 25 lemons each and four 
trays with 20 oranges each were used. As a 
control treatment, inoculated fruit were 
stored in a standard cold room at the same 
temperature. Ozone levels in this control 
room were periodically measured with the 
ozone sensor previously described. No 
ozone was detected during the storage 
period. Decay incidence and fruit sporula-
tion were evaluated after 7 and 14 days of 
storage. 

Ability to abate ethylene in an export 
container. The 59.78 m3 export container 
and the ozone equipment previously de-
scribed were used in these trials. The tem-
perature in the container was set to 0 ± 1ºC 
and the drain holes and air exchange vents 
were closed. The empty container was then 
vented and closed, and the initial ozone 
and ethylene levels determined. Ethylene 
from a gas cylinder was then introduced 
into the container. A pressure regulator and 
a rotometer (Model FM-1000, Matheson, 
Montgomeryville, PA) were used for con-
trolling the flow of ethylene. When the 
ethylene concentration reached approxi-
mately 3.8 ppm, the ozone generator was 
turned on. Ethylene and ozone concentra-
tions were measured hourly for a period of 
5 h, and again after 24 h. Five relative 
ozone levels, designated as control 
(generator switched off), and levels 1, 2, 3, 
and 4, were generated by different genera-
tor settings. Ethylene was measured by 
removing air from the ozone sample loop 
and then injecting the samples into a gas 
chromatograph equipped with a flame ioni-
zation detector (Carle AGC-211, EG&G 
Chandler Engineering, Tulsa, OK). 

Statistical analysis. For the in vitro 
tests, linear regression lines were fit to the 
radial growth values during the 5-day incu-
bation period at 20ºC. Slopes of the lines 
were compared with a two-tailed Student’s 
t test (P = 0.05). Severity data (lesion di-
ameter), the sporulation index, and the 
arcsine of the square root of the proportion 
of decayed fruit were analyzed with analy-

ses of variance (SAS Institute Inc., Cary, 
NC). Mean comparisons were performed 
by Fisher’s protected least significant 
difference (LSD) test (P = 0.05). 

RESULTS 
Continuous exposure to 0.3 ppm 

ozone. (i) In vitro mycelial growth. None 
of the pathogen cultures exposed to 0.3 
ppm ozone or to ambient air exhibited 
visible growth during the 4-day exposure 
period at 5ºC. Radial growth of P. italicum 
during the 5-day incubation period at 20ºC 
was significantly reduced by the previous 
0.3 ppm ozone exposure at 5ºC for 4 days 
(Fig. 1). In contrast, no differences in col-
ony diameter were found for P. digitatum 
previously exposed to 0.3 ppm ozone. 
Pathogen sporulation was not affected by 
the previous 0.3 ppm ozone exposure. 
Spores of both P. digitatum and P. italicum 
were observed after a 2-day incubation 

period at 20ºC in plates previously exposed 
to either ozonated or ambient air atmos-
pheres. 

(ii) Disease development. The incidence 
of both green and blue molds was signifi-
cantly lower after 14 storage days at 5ºC, 
but not after 21 or 28 days, on inoculated 
oranges exposed to 0.3 ppm ozone than on 
fruit exposed to ambient air (Fig. 2). Dis-
ease severity was also significantly lower 
under ozone after 21 days storage at 5ºC. 
The differences in lesion diameter after 28 
days reached about 30 mm for green mold 
and 10 mm for blue mold (Fig. 2). 
Continuous exposure to 0.3 ppm ozone 
affected external mycelial growth and 
sporulation of both pathogens. While pow-
dery masses of olive green or blue spores 
were observed on decayed fruit exposed to 
ambient air, irregularly distributed masses 
of white mycelia that did not develop co-
nidia were observed under 0.3 ppm ozone. 

Fig. 5. Incidence of blue mold and sporulation among Eureka lemons artificially inoculated with 
Penicillium italicum and stored in a commercial storage room for 9 weeks at 4.5°C in an ambient air 
atmosphere or in a day-night ozone cycle (intermittent exposure to 0.3 ppm ozone for 12 h). 



636 Plant Disease / Vol. 85 No. 6 636

Both species resumed normal surface 
growth and sporulated on samples of de-
cayed fruit from the ozone room that were 
incubated at 20ºC and 90% RH for 2 days. 
Ozone exposure did not noticeably injure 
the fruit. 

 (iii) Inoculum density and fruit suscepti-
bility. For both green and blue molds, and 
at all three inoculum densities tested, there 
were no significant differences in inci-
dence or severity between oranges exposed 
to 0.3 ppm ozone or to ambient air (Fig. 3). 
Both pathogens developed normal disease 
symptomatology and sporulated after 1 
week storage under 0.3 ppm ozone at 20ºC. 
Ozone exposure for 1 week at 20ºC before 
inoculation did not affect susceptibility of 
oranges to either green or blue mold (Fig. 
4). Even at the lowest spore concentration 
of 104 spores ml-1, disease incidence and 
severity were not significantly different on 
fruit previously exposed to 0.3 ppm ozone. 

Intermittent exposure to 0.3 ppm ozone in 
a day-night cycle. In a commercial citrus 
storage, the incidence of blue mold on 
artificially inoculated lemons was delayed, 
but not reduced, by a day-night ozone cycle. 
After 3 weeks of storage at 4.5ºC, it was 
about 15% and 50% on ozone-exposed and 
control fruit, respectively. However, it was 
100% for both treatments after 7 weeks of 

storage (Fig. 5A). In contrast, the 
sporulation of blue mold-infected lemons 
was greatly reduced by a day-night ozone 
cycle. A mean sporulation rating of about 0.5 
and 1.1 was observed among control fruit 
after 7 and 9 weeks of storage, respectively, 
while the rating among ozone-exposed 
lemons was 0.0 and 0.4, respectively (Fig. 
5B). None of the fruit appeared injured by 
the ozone treatment. 

Continuous exposure to 1.0 ppm 
ozone. Decay incidence on lemons and 
oranges inoculated with 106 spores ml-1 of 
P. digitatum or P. italicum was signifi-
cantly lower among fruit exposed to 1.0 
ppm ozone than among control fruit after 1 
week of storage at 10ºC, but not after 2 
weeks of storage (Table 1). Green mold 
incidence on lemons inoculated with 105 
spores ml-1 was significantly lower among 
fruit exposed to 1.0 ppm ozone than among 
control fruit after either 1 or 2 weeks of 
storage. No significant differences were 
found for blue mold incidence on lemons 
inoculated with 105 spores ml-1 (Table 1). 
Sporulation of both fungi at both inoculum 
densities was suppressed by ozone expo-
sure. In every test, no surface injuries were 
observed on the fruit skin. 

Ability to abate ethylene in an export 
container. Ethylene concentration within 

the container decreased only slightly over 
the test period (0.035 ppm h-1) when the 
ozone generator was off (control, Table 2). 
The ozone generator reduced the ethylene 
level within the container, with the rate of 
reduction increasing as the generator set-
ting was increased. At its highest settings 
(levels 3 and 4), the ozone generator re-
duced the ethylene level in the container at 
a rate of 0.145 ppm h-1, compared to 0.035 
ppm h-1 for the control (Table 2). Ozone 
concentrations in the container increased 
from the 0.0 ppm ambient level (control) to 
0.2, 0.5, 1.3, and 2.1 ppm for settings 1, 2, 
3, and 4, respectively, after 5 h (Fig. 6). 
After 24 h, the ozone concentration in the 
container reached levels of 0.3, 1.0, and 
3.9 ppm for settings 1, 2, and 3, respec-
tively (Table 2). The ozone concentration 
exceeded the range of the analyzer (10.0 
ppm) after 24 h with level 4. 

DISCUSSION 
In the in vitro tests, ozone neither killed 

all the spores nor adversely affected germi-
nation ability. Since the spores were lo-
cated not only on the surface but also in-
side the agar cylinder, direct gas contact 
with all spores probably was not achieved. 
Similarly, Klotz (15) observed that ozone 
gas only partially inhibited the germination 
and growth of P. digitatum and P. italicum 
on agar, and that the cultures resumed their 
usual rapid rate of growth when they were 
removed from the ozone chamber, even 
after 3 weeks exposure. Hibben and 
Stotzky (12) concluded that spore sensitiv-
ity to the oxidizing action of ozone de-
pended on the fungal species, spore mor-
phology, substrate, moisture, and ozone 
dosage. Spore morphology could play 
some role on the differential activity of 
ozone against P. digitatum and P. italicum 
that was observed in our tests. No growth 
was noticed on the culture plates held in 
ambient air. Therefore, the lack of radial 
growth during exposure to 0.3 ppm ozone 
at 5ºC was due primarily to the low tem-
perature and not to the presence of ozone. 
A longer exposure period was not used 
because in preliminary tests the PDA me-
dium in the open culture dishes dried 
extensively. 

In all experiments, exposure to gaseous 
ozone delayed the incidence of both green 
and blue molds on wound-inoculated or-
anges or lemons about 1 week. However, 
ozone was unable to control decay. Infec-
tions developed more slowly under ozone, 
but disease incidence at the end of the stor-
age period was not reduced. Furthermore, 
we found no influence of inoculum density 
on the effect of ozone on both decay inci-
dence and severity. The inability of ozone 
to control pathogens in wounds has been 
observed on naturally inoculated Valencia 
oranges (13) and artificially inoculated 
navel oranges (15) stored in an ozone at-
mosphere, and on artificially inoculated 
Valencia oranges treated with ozonated 

Table 2. Rate of ethylene reduction and concentration of ozone and ethylene resulting from the use 
of an ozone generator (Oxtomcav XEE-245) in an empty 59.78 m3 export container over a 24 h
period after introducing an initial concentration of 3.8 ppm of ethylene 

  Concentration after 24 h 

Treatment Ethylene reduction (ppm h-1) Ozone (ppm) Ethylene (ppm) 

Controlx 0.035 0.0 3.0 
Generator Level 1 0.073 0.3 2.0 
Generator Level 2 0.109 1.0 0.8 
Generator Level 3 0.145 3.9 0.2 
Generator Level 4 0.145 >10.0y 0.0 
x Generator off. 
y Concentration exceeded the range of the analyzer. 

Table 1. Influence of continuous exposure to ambient air or to 1.0 ppm ozone on decay incidence on 
artificially inoculated Eureka lemons and Valencia oranges stored at 10ºC in a 59.78 m3 export 
container 

   Decay incidence (%)x 

   1 × 105 y 1 × 106 

Fruit Pathogen Treatment 7dz 14d 7d 14d 

Eureka lemons P. digitatum Air 21 a 99 a 96 a 100 a 
  Ozone 2 b 71 b 26 b 95 a 
       
 P. italicum Air 17 a 95 a 91 a 100 a 
  Ozone 12 a 89 a 33 b 92 a 
       
Valencia oranges P. digitatum Air … … 95 a 100 a 
  Ozone … … 32 b 94 a 
       
 P. italicum Air … … 94 a 100 a 
  Ozone … … 28 b 99 a 

x For each pathogen, values within columns followed by unlike letters are different according to a 
Fisher’s Protected LSD test (P = 0.05) applied after an analysis of variance of the arcsine of the 
square root of the proportion of infected fruits. Non-transformed data are shown. 

y Inoculum density (spores ml-1). 
z Storage period (days). 
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water (24). Likewise, ozone treatment did 
not control postharvest wound-infections 
on apples (22), pears (27), peaches (25,26), 
or other commodities (19,25,26). Appar-
ently, fungal structures within wounds 
remain protected from the oxidizing effect 
of ozone because of limited ozone penetra-
tion, reduced ozone concentration as it 
reacts with fruit tissue or extracellular 
biochemicals, and/or the presence of anti-
oxidants in the fruit. Some of these factors 
could also explain the failure of other 
strong oxidants, such as chlorine and chlo-
rine dioxide, in controlling infections 
within inoculated wounds (1,8,28). Since 
Penicillium molds are initiated by infec-
tions in wounds on the fruit surface, the 
efficacy of ozone in controlling green and 
blue molds cannot be predicted by the tox-
icity of ozone against free spores and hy-
phae. Therefore, ozone could not be a sub-
stitute for the synthetic fungicides that are 
currently applied on citrus fruit packing-
lines. 

In our tests, despite the inability to con-
trol decay, ozone gas inhibited the normal 
aerial growth of the mycelia and greatly 
reduced sporulation from lesions among 
infected fruit once lesions developed. This 
was accomplished either with a continuous 
0.3 or 1.0 ppm ozone exposure or with a 
0.3 ppm day-night cycle. Harding (11) 
similarly observed control of sporulation 
and some control of decay by Penicillium 
molds on citrus fruit with continuous expo-
sure to ozone at 1.0 ppm for 15 days. We 
and Harding (11) observed that sporulation 
was suppressed only as long as ozone was 
present; lesions sporulated quickly when 
infected fruit were removed from the 
ozone atmosphere. The reduction of spore 
production has commercial value because 
stored fruit are usually treated with fungi-
cides; if resistance develops among these 
pathogens, the ozone would reduce prolif-
eration of resistant spores and presumably 
would prolong the useful life of posthar-
vest fungicides. Furthermore, Penicillium 
spores that are produced from stored fruit 
are a significant source of contamination 
for healthy adjacent fruit, and for pack-
ages, walls, and floors of rooms. Storage 
under ozone could greatly reduce the load 
of airborne pathogenic spores. Schomer 
and McColloch (22) reported a strong re-
duction in spore load when apple storage 
rooms were ozonated. The contamination 
that can occur on packingline brushes and 
belts when citrus fruit are re-processed and 
packaged would also be reduced if infected 
fruit did not present sporulating lesions. 
The lack of sporulation, however, may 
make it more difficult for culling crews to 
see and remove infected fruit. 

To be an effective anti-sporulant, ozone 
must penetrate into bins or boxes where 
fruit are stored. Harding (11) obtained 
good results with open boxes, whereas 
ozone penetration into cartons with small 
vents was unsatisfactory. We noticed that 

ozone was barely able to go through the 
plastic cavity trays used in some experi-
ments. In tests not reported here, we ob-
tained good suppression of sporulation on 
oranges stored in large plastic field bins 
that had large vents. The small storage 
boxes used for lemons are similarly well 
vented. 

The susceptibility of Valencia oranges to 
decay was not affected by continuous 
exposure to 0.3 ppm ozone. Since the fruit 
were exposed to ozone and then wounded 
and inoculated, this result suggests that the 
gas did not produce any mechanical dam-
age to the albedo cells. Jin et al. (14) 
concluded that fruit senescence was 
delayed on Wenzhou mandarins exposed to 
ozone and negative ions, the respiratory 
intensity was lowered and the ethylene 
release rate decreased. Removal of ethyl-
ene in storage rooms or containers could 
delay fruit senescence and extend its post-

harvest life. We and other workers (6,21) 
found corona discharge ozone generators to 
be effective in reducing ethylene. 

Ozone concentration in a storage room 
is dependent on the environmental con-
ditions and on the fruit load. Ozone con-
centration rapidly decreases when temper-
ature, humidity, or fruit load increases. Our 
results showed a synergistic effect between 
ozone and low temperature. While spor-
ulation was effectively inhibited by a 
concentration of 0.3 ppm ozone at 5ºC, it 
was not when the temperature was set at 
20ºC. Ozone-generating technology today 
is accurate and reliable enough to provide 
and hold the desired ozone concentration in 
any storage room with use of correct 
equipment. Once the produce are stored at 
low temperature, only a few tasks taking a 
short time are required inside the storage 
rooms. The 0.3 ppm US-OSHA TLV-STEL 
concentration should minimize safety con-

 

Fig. 6. Ozone and ethylene concentrations during a 5-h period resulting from the use of an ozone 
generator (Oxtomcav XEE-245) in an empty 59.78 m3 export container having an initial 
concentration of 3.8 ppm of ethylene. 
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cerns of workers and regulators about 
ozone use, and minimize the risk of injury 
to stored products. Exposure in a day-night 
cycle, in which no workers would normally 
be exposed to ozone, although brief entry 
would remain feasible and safe, may also 
be an alternative. 
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