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Abstract: Ozon is considered an environmentally friendly, low-cost antimicrobial treatment and an
effective alternative to chemical pesticides. Ozonated water in the form of droplets and mist has been
used in two concentrations (4 and 2 mg/L) against three biomasses (102, 104, and 106 CFU/mL) of
phytopathogenic bacteria Erwinia amylovora, Pseudomonas syringae, and Agrobacterium tumefaciens and
fungus Botrytis cinerea that infest a wide range of crops worldwide and pose a threat to global food
production. Regardless of concentration, ozone dissolved in water showed a pronounced inhibitory
effect on phytopathogenic bacteria when applied in the form of droplets. However, the effect was
only detected when the bacterial load was not higher than 104 CFU/mL, indicating the necessity
to treat the crops and plant materials when the bacterial load is still manageable. Unlike bacterial
phytopathogens, B. cinerea was the most susceptible to treatment with aqueous ozone, regardless
of the applied biomass, ozone concentration, or type of application. Total removal of high biomass
of B. cinerea was achieved even with the lowest ozonated water concentration thus underlying the
power of ozone in treating this particular fungal contamination.
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1. Introduction

Food losses caused by microorganisms affect our ability to produce food, harm the
economy, and lead to human health risks due to food shortages. It is estimated that
more than 20% of global food production is lost due to plant diseases and postharvest
microbial contamination [1,2], resulting in over 220 billion USD in losses to the global
economy [3]. As the world population is expected to reach 9.6 billion by 2050, crop
production will need to increase by 80–110% [4,5] to feed the growing world population.
To achieve these yields, the impact of plant diseases and microbial contamination of food
plants during storage, processing, and distribution must be significantly reduced without
harming the environment.

Already, the demand for food contributes to intensive crop protection and the use
of 2 million tons of bactericides, fungicides, and other chemical pesticides worldwide [6].
Many of the currently available antimicrobial agents used as pesticides are highly toxic and
non-biodegradable, causing severe environmental pollution [7]. Moreover, the overuse of
antimicrobial substances has facilitated the emergence and spread of antimicrobial resistance
in pathogenic bacteria, which is one of the most pressing global public health problems [8].

Overall, there are over 150 bacterial [9] and over 8000 fungal species [10] that damage
the plants during growing, storage, processing, or distribution. Amongst those, Pseu-
domonas syringae, Ralstonia solanacearum, Agrobacterium tumefaciens, Xanthomonas oryzae
pv. oryzae, Xanthomonas campestris pathovars, Xanthomonas axonopodis pathovars, Erwinia
amylovora, Xylella fastidiosa, Dickeya dadantii, and Pectobacterium carotovorum, as well as
Magnaporthe oryzae, Botrytis cinerea, Puccinia spp., Fusarium graminearum, Fusarium oxys-
porum, Blumeria graminis, Mycosphaerella graminicola, Colletotrichum spp., Ustilago maydis,
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and Melampsora lini are considered the most important [11,12]. In the last two centuries,
those pathogens have spread worldwide [13] and are extremely difficult to control without
a negative impact on environmental and human health.

Because of the limited ability to control microbial contamination during plant growth,
storage, processing, or transport by chemical pesticides, along with the great potential
for environmental pollution and the development of microbial resistance, complementary
methods of controlling microbial growth are needed. One of the methods which have
proven effective in inhibiting the growth of Gram-positive and Gram-negative bacteria, as
well as fungi, is the use of ozone [14–16]. Ozone (O3) is a gas composed of three oxygen
atoms that occurs naturally in the upper atmosphere in small amounts, with a maximum
concentration not exceeding 0.001%. Ozone has a half-life of about 30 min [17] before it
decomposes into diatomic oxygen (O2) and a single free oxygen atom [18]. This single
free oxygen is highly reactive and acts on cellular components of microorganisms such
as fatty acids, enzymes, and nucleic acids, and disrupts their normal activity [19]. Cell
membrane destruction or the combination of increased cytoplasmic membrane permeability
and cytoplasm coagulation are the primary mechanisms that cause cell lysis and death of
microbial cells [15,20].

As ozone can be generated at the treatment site using only electricity and air, ozone
treatment offers several safety advantages over chemical pesticides [21]. Because of its
short half-life and conversion to naturally occurring oxygen, there are no residues or toxic
compounds on products. In addition, there is no risk of mixing toxic chemicals, and there
are no problems with the disposal of pesticide residues or packaging waste. Because of
its proven effectiveness and advantages over other antimicrobial compounds, ozone was
declared by the US Food and Drug Administration (FDA) in 2001 as an “antimicrobial agent
for the treatment, storage, and processing of foods in gaseous and aqueous phases” [22]. In
the EU, it was declared as an active ingredient under the EU Biocidal Products Regulation
(BPR) No. 528/2012 in 2013 [23]. Ozone has also been approved by the US Department of
Agriculture (USDA) for organic crop production and food processing [24]. Globally, ozone
is used with promising results in agriculture as an alternative to conventional chemical
pesticides, for soil remediation, in the food industry, for drinking water disinfection,
wastewater treatment, medical disinfection, air freshening, and reduction of aflatoxin
contamination [25–31]. However, the effect of ozone treatment depends on many intrinsic
and extrinsic factors, such as type of microbial cells, and microbial load, as well as ozone
concentration, type of treatment, and duration of application [32], all of which must be
determined before in situ application.

Apart from a few publications, little is known about the effects of ozone on Erwinia
amylovora, Pseudomonas syringae, Agrobacterium tumefaciens, and Botrytis cinerea [14,32–34],
and even less is known about the influence of microbial biomass, ozone concentration,
and type of application on the survival rate of the respective microorganisms. Since they
significantly contribute to crop diseases and plant food spoilage worldwide [11,12], these
microorganisms are among the top 10 plant pathogenic bacteria and fungi, which is why
there is great interest in inhibiting their growth and preventing contamination.

Based on everything above, the hypothesis of this study is that ozone is a powerful
tool in controlling the growth of plant pathogens. Its effect depends on many factors e.g.,
concentration of ozone, method of application, pathogen species, and biomass. Based on
the hypothesis, the objective of this study was to compare the effect of two concentrations of
ozonated water (2 and 4 mg/L), applied in the form of droplets and mist on three different
biomasses (102, 104, and 106 CFU/mL) of E. amylovora, P. syringae, A. tumefaciens, and
B. cinerea, and to determine the optimum values for the biocidal effect of ozonated water.

2. Materials and Methods
2.1. The Preparation of Ozonated Water

The ozonated water for all experiments in this study was prepared in the same way,
and under the same conditions, only differing in the end concentrations of aqueous ozone.
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Tap water was selected for all experiments due to its availability, easy obtainment, and
low costs.

In brief, the ozonated water was prepared by dissolving the ozone in tap water by
using an ozone generator (SIHON; Vez Farmachem, Zagreb, Croatia) at 22 ◦C. Ozone gas
was pumped into tap water at a controlled flow rate of 8 g/L for up to 30 min or until the
required ozone concentration was achieved.

The concentration of aqueous ozone was measured by the Portable Dissolved Ozone
Analyzer DOZ-30 (Guangzhou Qili Environmental Equipment Co., Guangzhou, China)
under static conditions. The ozonated water was used immediately after the ozone concen-
tration reached target values.

2.2. Preliminary Experiments (First Phase)

To optimize the microbial reduction with aqueous ozone, the influence of several fac-
tors was analyzed, including the stability of ozone in tap water, ozone concentration, and
the ozone exposure time. During the whole first phase experiment, the bacterial load was
kept constant.

2.2.1. The Assessment of Ozone Stability in Tap Water

The decay of ozone concentration in tap water was measured under static conditions.
The ozonated water was prepared as described in Chapter 2.1. When the ozone concentra-
tion reached 4 mg/L, thirty milliliters of ozonated water were placed in 50 mL Falcon tubes
and left at 22 ◦C. The ozone concentration was measured after 0, 1, 5, 10, 20, 30, 45, and
60 min by the Portable Dissolved Ozone Analyzer DOZ-30 (Guangzhou Qili Environmental
Equipment Co., Guangzhou, China). At least three tubes for each time point were tested.
The concentration of ozone in tap water is shown as mean value with standard deviation.

2.2.2. The Optimization of Microbial Reduction by Aqueous Ozone

To evaluate the antibacterial effect of aqueous ozone concentration and the duration
of exposure, the survival of a model organism, Escherichia coli, was monitored. In brief,
E. coli (DSM 6969) was treated with ozone concentrations of 4 and 2 mg/L by mixing
bacterial suspension (bacterial load of 106 CFU/mL) with ozonated water in a 1:1 ratio and
exposed to the aqueous ozone for 1 and 20 min at 22 ◦C. Since the ozone decay experiment
has shown that the ozone concentration of at least 2 mg/L is maintained in tap water for
20 min, the ozone exposure times of 1 and 20 min were selected for this experiment.

At the end of the treatment, treated bacterial suspensions and controls (E. coli cell
concentration of 106 CFU/mL) were serially diluted in a sterile saline solution (0.85%) in
a 1:10 ratio. An aliquot (0.1 mL) of each dilution was inoculated on brain heart infusion
agar (BHI agar, Biolife, Monza, Italy) and incubated at 37 ◦C overnight. All experiments
were performed in triplicates. The viable cell number was determined by counting CFUs
for each experiment, and the microbial reduction was calculated according to Equation (1):

Microbial reduction [%] = 100 ×
(

1 − CFU1
CFU2

)
(1)

where CFU1 is the number of viable bacterial or fungal cells after the ozone treatment, and
CFU2 is the number of microbial cells in controls. The viable cells and microbial reduction
are expressed as mean value with standard deviation.

2.3. Main Experiment (Second Phase)

The effects of two different aqueous ozone concentrations (4 and 2 mg/L) and
two different types of applications (droplet vs. mist) on three different microbial loads (102,
104, and 106 CFU/mL) of selected phytopathogen (E. amylovora, P. syringae, A. tumefaciens,
and B. cinerea) were determined in this study.
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2.3.1. Microbial Strains and Media

The phytopathogenic strains used in this study included E. amylovora (DSM 50901),
P. syringae (DSM 10604), A. tumefaciens (DSM 30205), and B. cinerea (DSM 877) and were pur-
chased from the German Collection of Microorganisms and Cell Cultures. All isolates were
stored as glycerol (25%) culture at −20 ◦C at the Department of Microbiology, University of
Zagreb Faculty of Agriculture, until the analyses.

All bacterial strains were cultivated on the commercially available brain heart infusion
agar (BHI agar; Biolife, Monza, Italy) and fungal strain on potato dextrose agar (PDA;
20.0 g glucose, Kemika, Croatia; 15.0 g agar, Biolife, Monza, Italy; 1000 mL potato infusion
from 200 g of unpeeled potato).

2.3.2. In Vitro Treatment of Selected Phytopathogens with Aqueous Ozone

To obtain the monoculture of each phytopathogen, all bacterial strains were streaked
on the BHI agar (Biolife, Monza, Italy), and incubated overnight at 30 ◦C, whereas the
fungal strain was cultivated on the PDA agar and incubated at 25 ◦C for 7 days. After the
incubation, different microbial loads were prepared for each strain by adding several single
colonies to the 10 mL of sterile saline solution (0.85%) until cell turbidity corresponding
to the McFarland standard 0.5 (1.5 × 108 CFU/mL) was achieved. Microbial suspensions
were further diluted in the sterile saline solution until target microbial loads were obtained.

Before the treatment with aqueous ozone, each target microbial load and control
biomass (106, 104, and 102 CFU/mL) were serially diluted in a sterile saline solution
(0.85%). Exactly one ml of each microbial suspension was transferred aseptically into a
sterile empty Petri dish and treated with aqueous ozone (4 and 2 mg/L) in the form of
droplets (applied by a sprayer) or mist (applied by a pressure mist sprayer, 3 bar) within
one minute, since the preliminary experiment showed that the exposure time (1 or 20 min)
to the ozone did not significantly influence the ozone biocidal effect. After the treatment
with aqueous ozone, each target microbial load and control biomass were serially diluted
in a sterile saline solution (0.85%) and overlayed with 20 mL of BHI (Biolife, Italy) or PDA
agar. All experiments were performed three times. For each ozone concentration and
application, controls were prepared in the same way as the treatment, except, instead of
aqueous ozone, sterile tap water was used. The plates were incubated at 30 ◦C for 24 h
(E. amylovora, P. syringae, and A. tumefaciens) or 25 ◦C for 7 days (B. cinerea). At the end of
the incubation, the viable cell count was determined by counting CFUs, and the microbial
reduction was calculated according to Equation (1). The viable cells and microbial reduction
are expressed as mean value with standard deviation.

2.4. Statistical Analysis

All data were expressed as mean value ± standard deviation of the mean (SD). Prior
to the statistical analyses, the viable cell counts were log10 transformed. For the data
that did not show normal (Shapiro–Wilks test, p < 0.001) and homogeneous (Levane test,
p < 0.001) distribution, the significant differences between groups were determined by the
non-parametric Kruskal–Wallis test followed by the Tukey HSD post hoc test, whereas for
the data with normal and homogenous distribution, Analysis of Variance (ANOVA) and
Bonferroni test were performed. The differences with p < 0.05 were considered significant.
All statistical analyses were performed in R environment version 3.0.2 (R Core Team,
Vienna, Austria) [35].

3. Results
3.1. The Stability of Aqueous Ozone and Reduction of Viable E. coli

To determine the ozone degradation tendency in water, the ozone concentration was
measured over 60 min (Figure 1).
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Figure 1. The degradation of ozone in tap water at 22 ◦C. Significant change (p < 0.05) in ozone
concentration is indicated by lowercase letters (a–e).

Even though the aqueous ozone (initial concentration at 0 min: 4.1 ± 0.1 mg/L) started
to break down significantly after 5 min (3.7 ± 0.1 mg/L; Kruskal–Wallis test, p = 0.038;
Tukey HSD test, p = 0.001) at 22 ◦C, the ozone concentration was always higher than
2 mg/L in the first 20 min. Another significant drop in ozone concentration occurred after
30 (1.7 ± 0.1 mg/L; Kruskal–Wallis test, p = 0.038; Tukey HSD test, p < 0.001), and 45 min
(1.1 ± 0.1 mg/L; Kruskal–Wallis test, p = 0.038; Tukey HSD test, p < 0.001). After 30 min,
the ozone concentrations dropped below 2 mg/L and remained stable.

Moreover, the preliminary experiment has shown that aqueous ozone significantly
decreased microbial survival of E. coli when compared to the control (Kruskal–Wallis test,
p < 0.001), regardless of the concentration or the time of exposure (Figure 2).
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Figure 2. Effect of different aqueous ozone concentrations (4 and 2 mg/L) and exposure times (1 and
20 min) on the survival of E. coli when the microbial load is fixed (106 CFU/mL). Significant change
(p < 0.05) is indicated by lowercase letters (a,b).
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Even though the microbial removal of E. coli was enhanced with the increasing aqueous
ozone concentration and time of exposure (4 mg/L, 20 min—99.92 ± 0.01%; 4 mg/L,
1 min—99.84 ± 0.03%; 2 mg/L, 20 min—99.61 ± 0.05%; 2 mg/L, 1 min—99.05 ± 0.05%),
the differences were not significant (Supplementary Figure S1).

Therefore, to determine the biocidal effect of ozonated water on phytopathogenic
microorganisms, aqueous ozone concentrations of 4 and 2 mg/L and ozone exposure time
of one minute were chosen for the main experiment since a stable ozone concentration of
4 mg/L can be maintained within one minute.

3.2. The Biocidal Effect of Aqueous Ozone on the Selected Phytopathogens

The effect of aqueous ozone on different microbial loads (102, 104, and 106 CFU/mL)
of E. amylovora, P. syringae, A. tumefaciens, and B. cinerea was evaluated by estimating their
survival and removal after the application of different concentrations of ozonated water
(4 and 2 mg/L) in form of droplets or mist.

In general, the initial microbial load was identified as the most important factor that
significantly influenced the survival of all tested phytopathogens, followed by the mode
of application (Supplementary Tables S1–S4). Furthermore, with exception of P. syringae
(Supplementary Table S2), a significant interaction between microbial load and application
mode was detected where the biocidal effect of the application depends on the initial
microbial load.

Even though aqueous ozone concentration did not significantly influence the removal
of tested phytopathogens, a similar trend in the efficacy of different ozone concentrations
was detected. The higher concentration of aqueous ozone (4 mg/L) applied in the form of
droplets showed the strongest inhibitory effect, whereas the lower concentrations (2 mg/L)
in the form of mist had the weakest effect regardless of the microbial load or the species.
The aforementioned inhibitory effect is shown as a more or less pronounced decrease in
CFUs depending on the combination of concentration and application (data not shown).

The efficacy of different applications and different ozone concentrations in bacterial
removal is shown in Figure 3 and fungal in Figure 4.

Agriculture 2022, 12, x FOR PEER REVIEW 6 of 15 
 

 

Even though the microbial removal of E. coli was enhanced with the increasing aque-

ous ozone concentration and time of exposure (4 mg/L, 20 min—99.92 ± 0.01%; 4 mg/L, 1 

min—99.84 ± 0.03%; 2 mg/L, 20 min—99.61 ± 0.05%; 2 mg/L, 1 min—99.05 ± 0.05%), the 

differences were not significant (Supplementary Figure S1). 

Therefore, to determine the biocidal effect of ozonated water on phytopathogenic 

microorganisms, aqueous ozone concentrations of 4 and 2 mg/L and ozone exposure time 

of one minute were chosen for the main experiment since a stable ozone concentration of 

4 mg/L can be maintained within one minute. 

3.2. The Biocidal Effect of Aqueous Ozone on the Selected Phytopathogens 

The effect of aqueous ozone on different microbial loads (102, 104, and 106 CFU/mL) 

of E. amylovora, P. syringae, A. tumefaciens, and B. cinerea was evaluated by estimating their 

survival and removal after the application of different concentrations of ozonated water 

(4 and 2 mg/L) in form of droplets or mist. 

In general, the initial microbial load was identified as the most important factor that 

significantly influenced the survival of all tested phytopathogens, followed by the mode 

of application (Supplementary Tables S1–S4). Furthermore, with exception of P. syringae 

(Supplementary Table S2), a significant interaction between microbial load and applica-

tion mode was detected where the biocidal effect of the application depends on the initial 

microbial load. 

Even though aqueous ozone concentration did not significantly influence the re-

moval of tested phytopathogens, a similar trend in the efficacy of different ozone concen-

trations was detected. The higher concentration of aqueous ozone (4 mg/L) applied in the 

form of droplets showed the strongest inhibitory effect, whereas the lower concentrations 

(2 mg/L) in the form of mist had the weakest effect regardless of the microbial load or the 

species. The aforementioned inhibitory effect is shown as a more or less pronounced de-

crease in CFUs depending on the combination of concentration and application (data not 

shown). 

The efficacy of different applications and different ozone concentrations in bacterial 

removal is shown in Figure 3 and fungal in Figure 4. 

 

Figure 3. Cont.



Agriculture 2022, 12, 1875 7 of 15
Agriculture 2022, 12, x FOR PEER REVIEW 7 of 15 
 

 

 

 

Figure 3. The effect of different aqueous ozone concentrations (4 and 2 mg/L) and application (drop-

let vs. mist) on the survival of bacterial phytopathogens with variable microbial load (106, 104, and 

102 CFU/mL): (a) the absolute count of viable E. amylovora; (b) the absolute count of viable P. syringae; 

(c) the absolute count of viable A. tumefaciens. Significant change (p < 0.05) is indicated by lowercase 

letters. 

Aqueous ozone showed a similar effect on all tested bacterial species (E. amylovora, 

P. syringae, and A. tumefaciens). It showed no inhibitory effect against the high initial bac-

terial load (106 CFU/mL), regardless of application or concentration. At medium initial 

microbial load (104 CFU/mL), similar microbial removal ranging between 98 and almost 

100% was achieved for all tested bacterial phytopathogens (E. amylovora—4 mg/L, droplet: 

99.75 ± 0.04%; 4 mg/L, mist: 99.40 ± 0.03%; 2 mg/L, droplet: 99.42 ± 0.00%; P. syringae—4 

mg/L, droplet: 99.74 ± 0.02%; 4 mg/L, mist: 98.53 ± 0,11%; 2 mg/L, droplet: 99.57 ± 0.04%; 

and A. tumefaciens—4 mg/L, droplet: 99.77 ± 0.01%; 4 mg/L, mist: 99.59 ± 0.04%; 2 mg/L, 

droplet: 99.57 ± 0.01%; Supplementary Figures S2–S4). Moreover, the ozone concentration 

of 2 mg/l in the form of mist did not exert any bactericidal effect on E. amylovora, P. syrin-

gae, and A. tumefaciens at high (106 CFU/mL) or medium (104 CFU/mL) cell concentrations. 

At a low initial microbial load (102 CFU/mL), complete removal was achieved with aque-

ous ozone concentrations of 4 mg/l in the form of droplets and mist, and 2 mg/l in the form 

Figure 3. The effect of different aqueous ozone concentrations (4 and 2 mg/L) and application
(droplet vs. mist) on the survival of bacterial phytopathogens with variable microbial load (106, 104,
and 102 CFU/mL): (a) the absolute count of viable E. amylovora; (b) the absolute count of viable
P. syringae; (c) the absolute count of viable A. tumefaciens. Significant change (p < 0.05) is indicated by
lowercase letters.

Aqueous ozone showed a similar effect on all tested bacterial species (E. amylovora,
P. syringae, and A. tumefaciens). It showed no inhibitory effect against the high initial
bacterial load (106 CFU/mL), regardless of application or concentration. At medium ini-
tial microbial load (104 CFU/mL), similar microbial removal ranging between 98 and
almost 100% was achieved for all tested bacterial phytopathogens (E. amylovora—4 mg/L,
droplet: 99.75 ± 0.04%; 4 mg/L, mist: 99.40 ± 0.03%; 2 mg/L, droplet: 99.42 ± 0.00%;
P. syringae—4 mg/L, droplet: 99.74 ± 0.02%; 4 mg/L, mist: 98.53 ± 0,11%; 2 mg/L,
droplet: 99.57 ± 0.04%; and A. tumefaciens—4 mg/L, droplet: 99.77 ± 0.01%; 4 mg/L, mist:
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99.59 ± 0.04%; 2 mg/L, droplet: 99.57 ± 0.01%; Supplementary Figures S2–S4). Moreover,
the ozone concentration of 2 mg/L in the form of mist did not exert any bactericidal
effect on E. amylovora, P. syringae, and A. tumefaciens at high (106 CFU/mL) or medium
(104 CFU/mL) cell concentrations. At a low initial microbial load (102 CFU/mL), complete
removal was achieved with aqueous ozone concentrations of 4 mg/L in the form of droplets
and mist, and 2 mg/L in the form of droplets. Even though 2 mg/L in the form of mist was
not as efficient as other combinations, it caused the reduction of viable cells equal to 1.5 log
for E. amylovora, 0.9 log for P. syringae, and 0.8 log A. tumefaciens (Figure 3).
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Figure 4. The effect of different aqueous ozone concentrations (4 and 2 mg/L) and application
(droplet vs. mist) on the survival of fungal phytopathogen with variable microbial load (106, 104, and
102 CFU/mL): the absolute count of viable B. cinerea. Significant change (p < 0.05) is indicated by
lowercase letters.

The aqueous ozone, on the other hand, strongly inhibits the growth of fungus B. cinerea
at both concentrations, regardless of the type of application or the initial microbial load.
Already at the initial fungal load of 106 CFU/mL, all combinations of aqueous ozone
concentration and application significantly reduced the number of viable cells of B. cinerea
by more than 98.0%, whereas at lower microbial loads (104 and 102 CFU/mL), the fungal
removal was 100.0% (Figure 4, Supplementary Figure S5).

In summary, the initial microbial load and ozone application are significant factors
that affected the effectiveness of aqueous ozone in reducing viable cell counts. Finally,
the application of aqueous ozone in the form of droplets was slightly more effective in
controlling bacterial growth, while this was the case with mist in fungal growth control,
regardless of the concentrations used.

4. Discussion

Controlling the growth or elimination of major plant pathogens during all phases
of plant food production including crop growth, storage, processing, and distribution, is
a critical step in reducing food losses, thus enabling sustainable food production. Since
ozone treatment is recognized as an environmentally friendly technology that does not
leave harmful residuals in food products [36], and due to its antimicrobial effectiveness on
a wide variety of microorganisms [14–16], ozone represents a valuable alternative to other
antimicrobial agents for decontaminating different categories of plant food products [37,38].
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The reports on the stability of aqueous ozone vary and are often contradictory. How-
ever, this is not surprising since the stability of aqueous ozone is affected by a plethora of
factors such as the purity of water, initial ozone concentration, temperature, pH, presence
of organic compounds and metal ions, and UV exposure. For example, Feng et al. [39]
have reported that the aqueous ozone starts to break down dramatically in the first 20 min
at room temperature, which is contrary to our study where the first significant drop in
aqueous ozone concentrations was detected within the first 5 min. In the studies of Marino
et al. [38] and Santos et al. [40], on the other hand, the aqueous ozone in tap water started
to degrade in the first 5 min, which is in line with our study. Despite the greater stability
of ozone in ultrapure water [40], the use of tap water would considerably reduce costs
and facilitate the development and application of aqueous ozone technology. Even though
some studies have shown that the presence of organic compounds in tap water can cause a
severe reduction in ozone concentrations [41,42], other studies have shown that organic
acids can postpone ozone degradation, e.g., the addition of only 5 mmol/L of citric acid
can prolong the ozone half-life from 0.2 to 28 min [43].

Altogether, this underlines that even minuscule variations in experimental conditions
may greatly influence the ozone’s tendency towards degradation, and thus highlight the
need to test ozone stability before the application.

Since the antimicrobial effect of both aqueous and gaseous ozone on E. coli is well
documented [36,44–46], E. coli was used as a model organism in identifying the optimal
conditions for evaluating the antimicrobial efficacy of ozonated tap water in our study.
The removal of close to 100% of viable E. coli cells was achieved at all tested concentra-
tions of ozone during the first minute of exposure. This is in line with the studies of
Białoszewsk et al. [47,48] where it was observed that ozonated water (1.3–1.5 ppm) rapidly
kills all tested strains of E. coli within one minute. Contrary to our study, the study of
Ersoy et al. [49] has shown that the inactivation of E. coli cells is achieved slowly where an
almost total inactivation of E. coli cells is achieved after 20 min of contact time with aqueous
ozone. However, in that study, a lower concentration of ozone in sterile distilled water was
used (1 mg/L) when compared to our study (2 and 4 mg/L of aqueous ozone in tap water).

Even though the antimicrobial effectiveness of ozone on the various Gram-positive
and Gram-negative microorganisms is well established, the studies on the bacterial phy-
topathogens used in this study are still scarce, and not a lot of data are available on the
effect of ozone concentration on different microbial biomass, and the type of application.

To our knowledge, only a couple of studies of ozone bacteriostatic/biocidal effect
on the members of Pseudomonas, Agrobacterium, and Erwinia genera [34,40,50–52] were
conducted. Sarron et al. [50] have reported the loss of cultivability of P. syringae, as shown
by a plate count method, achieved by an ozone concentration of 0.45 mg/L after 14 min, and
the loss of viability, as shown by flow cytometry after 16 min. The stark difference in time
needed to effectively inactivate the P. syringae when compared to our study can be explained
by an almost 100 times lower ozone concentration. In contrast, Santos et al. [40] have
reported that a total inactivation of P. aeruginosa can be achieved by ozone concentrations
of 0.4, 0.6, and 0.8 ppm after 1 min. The lower aqueous ozone concentrations needed for
the total inactivation of P. syringae when compared to our study can be attributed to the
different species used, as several researchers have demonstrated that different microbial
groups show varying susceptibility to ozone [53–55].

Unlike the studies on the ozone effect on Pseudomonas spp., studies on A. tumefaciens
are extremely scarce, and to our knowledge, only one study was published so far. Contrary
to our study, Younis et al. [51] have shown that high concentrations of ozonated water
(15–135 ppm) exert only a bacteriostatic effect on A. tumefaciens, whereas total inactivation
was achieved by exposure to gaseous ozone (50–450 ppm). Such differences have most
likely risen from the different methodologies used, e.g., Kirby–Bauer method, used by
Younis et al. [51] vs. the plate count method used in our study.

Furthermore, to our knowledge, only a couple of studies have been published so
far on the ozone effect on E. carotovora [34,52], while none are published on E. amylovora.
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Shelake et al. [34] have demonstrated that very low concentrations of gaseous ozone
(0.21, 0.42, and 0.63 mg/L) can reduce the microbial load of E. carotovora from 0.72 to
2.99 log CFU/g. In addition, they have shown that repeated exposure to the ozone increases
the ozone efficacy. Contrary to the aforementioned study, Fan et al. [52] have demonstrated
a higher efficacy of gaseous ozone when used in combination with NAI (negative air ions;
100 nL/L ozone + 106 mL−1 NAI) in comparison to the sole ozone treatment (100 nL/L
ozone), where a 96% and 31% reduction of E. carotovora were achieved, respectively.

Altogether, the detected differences in ozone effectiveness in the inactivation of bacte-
rial phytopathogens may be explained by several extrinsic parameters, including gaseous
vs. aqueous ozone, pH, temperature, and humidity [50,56,57], and intrinsic character-
istics of microbial populations, such as the cell age, physiological state of the culture,
and the species used [54,58]. For example, Sarron et al. [50] have demonstrated that
Pseudomonas spp. show higher resistance to the ozone when submitted to low temperatures
before the ozone exposure, whereas Wani et al. [54] have observed that the older colonies
of Pseudomonas spp. are more resistant to gaseous ozone than younger ones.

Moreover, a similar effect of ozone treatments on different initial bacterial loads was
noticed in all phytopathogenic bacteria, i.e., the efficiency of removal of E. amylovora,
P. syringae, and A. tumefaciens cells was strongly dependent on the bacterial load. At the
inoculum concentration of 106 CFU/mL, the growth of bacteria was not reduced when com-
pared to the control. However, at lower biomass densities of 104 and 102 CFU/mL, almost
total bacterial removal (98.53–100.00%) was achieved. These results indicate considerable
effectiveness of aqueous ozone when a bacterial load is below 106 CFU/mL and greater
resistance of bacterial phytopathogens to the aqueous ozone treatment when present in
higher biomass.

The strong dependence of the bacteriostatic/biocidal effect of aqueous ozone on the
bacterial load was also reported in other studies [40,48]. For example, Santos et al. [40]
have shown that ozonated tap water (0.4, 0.6, and 0.8 ppm) was not effective when bacterial
biomass was above 108 CFU/mL. However, growth reduction of almost 100% of both Gram-
positive (S. aureus, E. faecalis) and Gram-negative (E. coli, P. aeruginosa) bacteria was achieved
at the lower bacterial number (103–105 CFU/mL). In contrast, Białoszewski et al. [48]
reported that ozone concentrations of 1.2–3.6 ppm reduced the growth of microorganisms
with a density of 1.5–5.0 × 108 CFU/mL up to ninefold.

Moreover, our study has shown that the type of application of aqueous ozone has
significantly influenced its efficacy, thus underlying the importance of choosing the ap-
propriate parameters for the application. However, we are not familiar with any of the
studies having investigated the different types of ozonated water application (droplets vs.
mist), although that parameter has been tested for other compounds, such as conventional
pesticides [59]. Surprisingly, our study has shown that aqueous ozone applied with a
low-pressure sprayer in the form of droplets is more efficient in inhibiting bacterial growth
than in the form of a mist, which is contrary to the studies that have shown that sprayers at
low pressure usually provide high-volume application but with a coarse spray quality and
uneven distribution of the droplets [60]. In contrast, mist sprayers provide better coverage
and are thus considered more efficient. However, Rincon et al. [61] have shown that mist
sprays at high pressures do not increase adherence and distribution uniformity of the mist
compared with the low-pressure sprays. In addition, Massoti et al. [62] have shown that
increased air humidity can negatively affect the efficiency of different disinfectants applied
in the form of mist. Together, this could account for the higher efficacy of aqueous ozone
applied in the form of droplets, as found in our study.

In contrast to the research that focuses on the susceptibility of Erwinia and Pseudomonas
species to ozone, the studies of ozone antimicrobial activity on B. cinerea are much more
prevalent, but the majority of those studies concentrate on the application of gaseous
ozone [14,63–67], and only a few on aqueous ozone treatment [33,68,69] in preventing
postharvest storage spoilage. The aforementioned studies confirmed the effectiveness of
gaseous ozone in controlling spore viability and mycelial growth of B. cinerea [14,66], as
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well as in reducing the incidence and severity of different fruit diseases during postharvest
storage [63,65]. However, improper use of gaseous ozone can cause deleterious effects
on plant products, such as physical and physiological damage, and losses in sensory
quality [32,70,71]. On the other hand, aqueous ozone is prone to degradation during
which oxygen is produced without any harmful residues [72], thus making it a good
antimicrobial agent.

In our study, B. cinerea was identified as the most susceptible phytopathogen to ozone
treatment. A remarkable fungistatic/fungicidal effect, i.e., removal of more than 98% of
the initial fungal load of 106 CFU/mL and total removal (100%) at lower loads (104 and
102 CFU/mL), was achieved with all combinations of ozone concentrations and types of
application. Due to the different methodologies used, we cannot directly compare our
results to the other studies on the antifungal efficiency of aqueous ozone on B. cinerea.
However, other studies have also confirmed the antifungal effect of aqueous ozone, albeit
with a seemingly lesser effect. For example, Pagès et al. [69] have shown that exposure to
aqueous ozone (1 g/L) for 0.5 min inactivates B. cinerea and reduces spore germination
to 12.8%. Contrary, in the study of Zhou et al. [68] similar effects (reduction of spore
germination to 18.7% and inhibition of mycelium growth) were achieved at much lower
aqueous ozone concentrations (0.3 mg/L) but longer exposure (5 min). Contigiani et al. [33]
have demonstrated that ozone washing (3.5 mg/L) for 5 min delays the onset of B. cinerea
infection and reduces its incidence without affecting the sensory properties of strawberries.

Unlike bacterial phytopathogens, the fungistatic/fungicidal effect of ozone on B. cinerea
was not dependent on the fungal biomass, ozone concentration, or the type of application.
The rapid removal of B. cinerea, regardless of the biomass or the application, when com-
pared to the bacterial phytopathogens, may be explained by the different mechanisms of
ozone action, i.e., through the oxidation of the membrane’s phospholipids. Moreover, the
disulfide bonds in the fungal cell wall allow ozone to enter its cytoplasm and negatively
alter vital cell functions [73].

In general, unlike other studies, we have not detected the dependence between the
aqueous ozone concentration (4 and 2 mg/L) and biocidal effect on any of the plant
pathogens used in this study (E. amylovora, P. syringae, A. tumefaciens, and B. botrytis) which
might be tentatively attributed to the intrinsic factors of microbial species used, i.e., the use
of young microbial cultures that make them more susceptible to the ozone treatment [54].

Finally, in water, ozone is susceptible to oxidation/reduction reactions during which
the monoatomic oxygen hydroxyl and hydroxyl radicals with strong oxidation potential
are formed. Therefore, aqueous ozone can break down strong molecular polar bonds in
organic compounds, such as pesticides, and enables efficient removal of various organic
micropollutants and pesticide residues [30,37,74], which is an additional advantage of
ozonated water in treating plant material besides its antimicrobial properties. However,
even though aqueous ozone is considered less harmful than gaseous form, due to its
unspecific mode of action, it may exhibit deleterious effects, such as phytotoxicity, and
adverse effects on beneficial soil microbiota. For example, Graham et al. [75] have shown
that high residual aqueous ozone (62.5 µmol/L or greater) negatively affects the growth
of perennial nursery crops. Contrary to that study, Romeo-Oliván et al. [76] reported that
irrigation with ozonated water had no negative effects on the growth of young plants in
grapevine nurseries. Although Díaz-López et al. [77] have shown that intermittent and
continuous irrigation with ozonated water decreases the biomass of Gram-negative bacteria
and fungi, respectively, it does not affect the diversity, structure, and composition of the soil
microbial communities. Therefore, aqueous ozone treatment should be adjusted not only
according to the phytopathogenic microorganisms but also with respect to the particular
plant host and soil–plant system, preferably in a long-term experiment.

5. Conclusions

The results of our study clearly show that ozone in aqueous form is a potent antimi-
crobial agent. Even though ozonated water has inactivated both bacterial and fungal phy-
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topathogens, ozone exhibited the strongest biocidal effect on fungi B. cinerea. Furthermore,
ozone efficacy strongly depends on the initial microbial loads and the type of application
(droplets vs. mist), regardless of the ozone concentration. We have demonstrated that the
strongest biocidal effect on the bacterial phytopathogens (E. amylovora, P. syringae, and
A. tumefaciens) is achieved by applying ozone in the form of droplets, whereas fungal
inactivation is easily achieved by both types of ozone applications (droplets and mist).

In addition, the use of tap water not only reduces the costs of producing the ozonated
water, but it simplifies the field manipulation and application. Moreover, the fast decay of
aqueous ozone to non-toxic components greatly reduces the health risks for the operators.

Altogether, our study has demonstrated that ozonated water is a powerful tool for
controlling the growth of plant pathogens such as E. amylovora, P. syringae, A. tumefaciens,
and B. cinerea. However, in order to truly evaluate the potential of ozonated water as a
replacement for conventional biocidal agents that are considered highly toxic, detrimental
to human health, and cause severe environmental pollution, its antimicrobial effect on
additional plant pathogens, including viruses, should be analyzed. Furthermore, it is
extremely important to treat the crops and plant materials before the bacterial load achieves
non-treatable values (higher than 104 CFU/g) to ensure the full power of ozonated water
in preventing the contamination and/or the negative impact of phytopathogens on plant
tissue. As we did not notice dependence between the aqueous ozone concentration (4 and
2 mg/L) and biocidal effect, and since the ozone stability at 2 mg/L concentration can be
ensured only within the first 20 min of application, based on our results, it is recommended
to apply ozone (in form of droplets) in the first 20 min of production.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture12111875/s1. Figure S1. The effect of different aqueous
ozone concentrations (4 and 2 mg/L) and exposure time (1 and 20 min) on the removal of E. coli
when the microbial load is fixed (106 CFU/mL). Figure S2. The effect of different aqueous ozone
concentrations (4 and 2 mg/L) on the removal of E. amylovora. Significant change (p < 0.05) is
indicated by lowercase letters. Figure S3. The effect of different aqueous ozone concentrations (4 and
2 mg/L) on the removal of P. syringae. Significant change (p < 0.05) is indicated by lowercase letters.
Figure S4. The effect of different aqueous ozone concentrations (4 and 2 mg/L) on the removal of
A. tumefaciens. Significant change (p < 0.05) is indicated by lowercase letters. Figure S5. The effect
of different aqueous ozone concentrations (4 and 2 mg/L) on the removal of B. cinerea. Significant
change (p < 0.05) is indicated by lowercase letters. Table S1. The effect of bacterial biomass and ozone
concentration and application on the bactericidal effect of aqueous ozone on E. amylovora as shown by
Analysis of Variance (ANOVA). Table S2. The effect of bacterial biomass and ozone concentration and
application on the bactericidal effect of aqueous ozone on P. syringae as shown by Analysis of Variance
(ANOVA). Table S3. The effect of bacterial biomass and ozone concentration and application on the
bactericidal effect of aqueous ozone on A. tumefaciens as shown by Analysis of Variance (ANOVA).
Table S4. The effect of fungal biomass and ozone concentration and application on the fungicidal
effect of aqueous ozone on B. cinerea as shown by Analysis of Variance (ANOVA).
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