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Abstract: Andean blackberries are highly perishable due to their susceptibility to water loss, softening,
mechanical injuries, and postharvest diseases. In this study, the antimicrobial efficacy of gaseous
ozone against spoilage (mesophiles, psychrotrophs, and yeasts and molds) and pathogenic (E. coli,
S. enterica, and B. cinerea) microorganisms was evaluated during 10 days of storage at 6 + 1 °C.
Respiration rate and mass loss were also determined. Ozone was applied prior to storage at 0.4, 0.5,
0.6, and 0.7 ppm, for 3 min. The best results were observed with the higher ozone dose, with initial
maximum reductions of ~0.5, 1.09, and 0.46 log units for E. coli, S. enterica, and B. cinerea, respectively.
For the native microflora, maximum reductions of 1.85, 1.89, and 2.24 log units were achieved on day 1
for the mesophiles, psychrotrophs, and yeasts and molds, respectively, and this effect was maintained
throughout storage. In addition, the lower respiration rate and mass loss of the blackberries ozonated
at 0.7 ppm indicate that this treatment did not induce physiological damage to the fruit. Gaseous
O3 could be effective in maintaining the postharvest quality of blackberries throughout refrigerated
storage but higher doses could be advisable to enhance its antimicrobial activity.

Keywords: blackberry; gray mold; pathogens; storage quality; ozone treatment

1. Introduction

Andean blackberries (Rubus glaucus Benth) are mostly cultivated in temperate and
cold climates in South America and are usually consumed processed as pulp, jams, juices,
and desserts [1]. Nonetheless, the interest in blackberries as fresh fruit has increased in the
last years driven by the consumer’s interest in berries as sources of bioactive compounds
and health benefits [2].

As non-climacteric fruit, blackberries must be harvested at full maturity when they
have the best organoleptic and nutritional quality. At this stage, they are also more
susceptible to mechanical injuries and microbial attacks, which impair their commercial
quality and shorten the postharvest shelf-life [3,4]. One of the main postharvest diseases
affecting blackberries is gray mold, caused by Botrytis cinerea Pers.: Fr. The contamination
with this mold may occur in the field or during the harvest, postharvest, and storage
period, even under refrigeration conditions, leading to important economic losses of this
crop [5]. In addition, the contamination of berries with pathogens can result in foodborne
illness outbreaks and thus, microorganisms such as Escherichia coli or Salmonella are of great
concern for fruit growers and processors.

The most extended methods used to control postharvest decay and guarantee fresh
produce safety are the application of synthetic fungicides, washing with chlorine-based
sanitizers, and storage at low temperature. Yet, the risk of appearance of pesticide-resistant
strains of pathogens and of environmental pollution caused by the residues, together
with consumers” demands to minimize chemical use, led to increased restrictions by
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marketing chains and regulatory agencies on agrochemical use, especially for postharvest
applications [6,7].

Likewise, washing before retail is not recommended for delicate fruit such as berries,
as their skin may be damaged easily [8]. Furthermore, it is now known that under com-
mercial conditions, postharvest washing can present limited efficacy in fresh produce
decontamination, or it can even lead to cross-contamination events between batches [9].
Finally, rapid cooling after harvest and constant cold storage are key factors in delaying
microbial growth and extending the postharvest shelf-life of berries [10]. However, cold
storage may be insufficient to prevent growth of mold, particularly on berries coming
from fields with a high pathogen inoculum [3]. Therefore, the development of alternative
sanitizing methods to prolong the storage life of blackberries after harvest is needed.

Conventional thermal treatments are effective in killing foodborne microorganisms,
but they can negatively affect the quality of fresh produce. Thus, different individual or
combined, physical (hot water, irradiation, UV-light, ozone, cold plasma), chemical (salts,
organic acids, natural compounds), and biological treatments have been studied for decay
control in fresh fruit and vegetables.

One of these alternatives could be the use of gaseous O3, which has a high oxidant
capacity and can be used for the inactivation of a wide range of microorganisms and for
the degradation of chemical contaminants and off-odors in storage rooms [11]. There are
several advantages related to the use of O3 as a sanitizer: it is produced on site and does
not require storage, and its precursors are abundant and economically advantageous. In
addition, it decomposes almost immediately to oxygen, presenting no safety concerns
regarding the consumption of chemical residues [12]. In 2001, the US Food and Drug
Administration (FDA) declared ozone to be a generally recognized as safe (GRAS) substance
for the commercial use as a disinfectant and sanitizer in food handling [13]. Due to these
circumstances, its application in food processing is considered an environmental-friendly
technology and it is allowed by organic certification [14].

Due to the lack of a protective skin and berries” surface roughness and sensitivity,
gaseous treatments are preferred for these fruit [15]. Moreover, it is a common practice to
pick berries straight into the punnets and prepare them in the field for retail. Thus, only
gaseous ozone is applicable to them before the punnets are sealed and dispatched [16]. The
antimicrobial activity of gaseous ozone against spoilage bacteria and fungi, and pathogens
such as E. coli and Salmonella spp., has been studied in different berries including, among
others, strawberries, table grapes, blueberries, blackberries, and raspberries.

Gaseous ozone contributed to reduce sour rot [17], the germination of Botrytis cinerea
conidia, and the incidence and severity of gray mold during cold storage of table grapes [18].
Similarly, ozone proved efficacy in lowering decay in strawberries [19,20], raspberries [21,22],
mulberries [23], blueberries [20,24], and blackberries [25]. On the contrary, after an initial
microbial reduction, the exposure to gaseous ozone resulted ineffective in preventing decay
after cold storage of strawberries [26], mulberries [27], and blueberries [28,29].

Even though the highest ozone doses often resulted in the highest antimicrobial
activity, low concentrations of ozone are preferred in order to minimize exposure of
workers to potentially hazardous concentrations of the gas and to reduce the risk of
physiological damage to the treated produce [30]. In effect, as different fruit vary in their
sensitivity to ozone, an optimal treatment should be established for each particular product.
Previous research indicated that storage under continuous ozone prevented fungal decay
and extended the shelf-life of blackberries [25]. However, to the best of our knowledge,
to date, there are no previous reports dealing with the control of native microflora and
inoculated pathogens on Andean blackberries by means of pre-storage treatments with
gaseous ozone at low concentrations.

Therefore, the objective of this study was to investigate the effect of low gaseous ozone
doses (0.4-0.7 ppm for 3 min) on the growth of native microflora (total aerobic mesophilic
bacteria, psychrophiles, and yeast-mold) and inoculated pathogens (E. coli, S. enterica, and



Foods 2021, 10, 2039

30f13

B. cinerea) on Andean blackberries during refrigerated storage. The respiration rate and
mass loss of the fruit were also determined as indicators of possible physiological damage.

2. Materials and Methods
2.1. Plant Material

The plant material used for this study was Andean blackberries (Rubus glaucus Benth),
hand-harvested in Tungurahua Province, Ecuador at maturity stage 4 (dark red), according
to external color of the fruit and following the color chart of the Ecuadorian Quality Stan-
dard for fresh blackberries [31]. Immediately after harvest, 30 kg of fruit were transported
to the Technical University of Ambato for analyses. Fruit that were uniform in size and
color, sound, and free from blemishes and injuries were selected for the study.

2.2. Microbial Strains

The strains of Escherichia coli (ATCC 25922) and Salmonella enterica (ATCC 9842) were
obtained from the American Type Culture Collection (Gaithersburg, MD, USA) and Botrytis
cinerea was kindly provided by BioSeb Organics Ltd. (Ambato, Ecuador).

2.3. Preparation of Inoculum

A loopful of each stock bacterial culture was individually transferred into 30 mL of
brain heart infusion (BHI) broth (Difco, Detroit, MI, USA) and incubated at 37 + 2 °C for
24 h prior to experimentation. Cells were used when a concentration of 107 CFU mL !
was reached. Microbial concentration was determined according to the McFarland scale at
600 nm (OD600) [32]. An isolate of B. cinerea was cultured in a Petri dish on potato dextrose
agar (PDA, Difco, Detroit, MI, USA). Streptomycin (1.0 mg mL~!) was added to the media
to inhibit bacterial growth and the plate was incubated at 25 + 1 °C for 7 days. The fungi
spores were scraped with a sterile loop and diluted with sterile distilled water. Conidia
were counted using a hemocytometer and the suspension was adjusted to 10’ CFU mL~!.

2.4. Inoculation of Andean Blackberries

The blackberries were distributed in transparent polyethylene terephthalate (PET)
plastic containers with perforated lids. The fruit was placed in a single layer, with each box
containing 100 + 5 g of fruit. The blackberries of each box were inoculated to reach 10* coni-
dia g~ of Botrytis cinerea and 10* CFU g~! of E. coli and S. enterica by placing the inoculum
on the surface of the fruit with a calibrated micropipette. Three containers/pathogen were
prepared for each treatment and evaluation date.

In order to avoid the growth of native fungi and guarantee the growth only of the
inoculated microorganism, before the inoculation with B. cinerea, the fruit were disinfected
with an ethanol solution (70%, v/v) for 10 s, washed with sterile distilled water, and dried
at room temperature. Inoculated blackberries were air dried for 1 h at room temperature
(20 £ 2 °C) in a biosafety cabinet to allow the attachment of the microorganisms to the
fruit surfaces. Thereafter, the fruit was stored under refrigeration (6 £ 1 °C) for 24 h until
ozone treatment.

2.5. Ozone Treatment

Ozone was generated in situ utilizing a surface discharge ozone generator (COM-SD-
30, Anseros GmbH, Tiibingen, Germany) and synthetic air as the feeding gas (Figure 1).
A fan installed inside the treatment chamber (Precision, Pompano Beach, FL, USA) facil-
itated an even distribution of the gas. Ozone production was of 30 mg h~! and ozone
concentration was continuously monitored and controlled by circulating air from the
chamber through an ultraviolet absorption ozone analyzer (Anseros MP; Anseros GmbH,
Tiibingen, Germany), calibrated in the range of 0-2000 ppm connected to a computer.
The software integrated the concentration and time data and when the appropriate dose
(concentration x time) was reached, the ozone generator was stopped.
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Figure 1. Diagram of gaseous ozone treatment system.

Two independent ozonation processes were performed, one for the inoculated fruit
and the second for the non-inoculated blackberries. In both cases, the fruit was divided in
five groups: untreated berries represented the control sample, whereas the remaining four
groups were subjected to gaseous ozone at 0.4, 0.5, 0.6, and 0.7 ppm, for 3 min.

2.5.1. Inoculated Blackberries

The inoculated fruit was ozonized one day after the inoculation. For this purpose, the
containers with the fruit were placed in the treatment chamber, with previous retirement
of the lids. For each pathogen, three samples/evaluation date were treated with each of
the ozone doses studied.

2.5.2. Non-Inoculated Blackberries

The effect of ozonation on the native microflora of the blackberries was evaluated on
non-inoculated samples. Around 2 kg of blackberries were placed on stainless steel mesh
trays and taken inside the chamber for the treatment with each O3 dose.

2.6. Packing and Storage

After the O3 treatments, the fruit for the native microflora (aerobic mesophiles, psy-
chrotrophs, and molds and yeasts) studies were packaged in the same transparent polyethy-
lene terephthalate (PET) plastic containers (100 = 5 g) as those used for the inoculated fruit.
All the samples were stored at 6 + 1 °C.

2.7. Respiration Rate

The respiration rate of the blackberries was measured using the closed system method [33].
Samples of 100 £ 10 g of blackberries were placed into glass jars with a hermetic closure and
stored open at 6 = 1 °C. On each evaluation date, the jars were closed and the internal O,
and CO, were determined after 8 h with the use of an O, /CO; gas analyzer (MAPY 4.0 LE
SP, WITT-Gasetechnik, Germany). The results were expressed as mg of CO, produced per
kilogram per hour (mg kg~! h~1).
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2.8. Mass Loss

For mass loss, three trays were randomly selected and individually weighed at the
beginning of the experiment, and every two days during the storage period. Results were
expressed as percentage of mass loss relative to the initial mass.

2.9. Microbiological Analyses

Microbiological analyses were performed on days 1, 4, 7, and 10 of storage, consid-
ering day 1 as the day of ozonation. In addition, the containers were visually controlled
daily in order to detect symptoms of microbial development. At each evaluation date,
3 samples/treatment were analyzed.

2.9.1. Inoculated Microorganisms

For the analyses, 5 g of fruit inoculated with each of the pathogens under study was
aseptically transferred to an individual filter stomacher bag and homogenized in 45 mL
sterile buffered peptone water (Difco, USA) for 120 s at 200 rpm, using a Stomacher 400
circulator (Seward, AK, USA). Serial decimal dilutions of each homogenized sample were
made in peptone water. From each dilution, 0.1 mL aliquots were aseptically surface-
plated on the following media: Sabouraud dextrose agar plus chloramphenicol, Eosin
Methylene Blue (EMB) Agar Levine, and Salmonella Shigella (SS) Agar, for B. cinerea, E.
coli, and S. enterica, respectively. All the culture media were from Acumedia (Lansing, MI,
USA). Culture conditions were as follows: 37 + 2 °C for 48 h for E. coli and S. enterica and
25+ 1 °C for 5 days in the case of B. cinerea.

2.9.2. Native Microflora: Total Aerobic Mesophiles, Psychrotrophs, and Yeasts and Molds

Serial dilutions for these microbial groups were prepared as described above. From
each dilution, 1 mL aliquots were aseptically pour-plated for mesophiles and psychrothrophs
and 0.1 mL was surface-plated for molds and yeasts analyses. The following media and
culture conditions were used: (1) plate count agar (PCA, Difco, Detroit, MI, USA) incubated
at 35 £ 2 °C for 48 h and at 7 °C for 7 days, for total mesophilic and psychrotrophic mi-
croorganisms, respectively, and (2) Sabouraud dextrose agar plus chloramphenicol media
(Acumedia, Lansing, MI, USA) incubated at 25 °C + 2 for 5 days for yeasts and molds.
All the samples were analyzed in duplicate, and microbial counts were expressed as logg
(cfu g_l) of fruit.

2.10. Statistical Analyses

The analyses were conducted in triplicate, considering each container as the experi-
mental unit. Data were subjected to a one-way analysis of variance (o« = 0.05) using the IBM
SPSS Statistics Version 27 software (IBM Corporation, Armonk, NY, USA). When significant
differences were observed, mean treatments were compared using Tukey’s test.

3. Results and Discussion
3.1. Respiration Rate

Respiration rate (RR) is an indicator of the metabolic activity of fruit and vegetables
and thus, an indicator of postharvest shelf-life. The RR of the control and the Oz-treated
blackberries is shown in Figure 2.
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Figure 2. Respiration rate (mg CO, kg~! h™1) of control (no ozone treatment) and ozonated (0.4, 0.5,
0.6, and 0.7 ppm gaseous ozone/3 min) blackberries during 10 days of cold storage (6 £ 1 °C). Values
are the mean of 3 independent samples and error bars represent the confidence interval (95%) for
the mean.

Initially, the respiration rate of the blackberries ranged between 11.30 & 0.26 (0.4 ppm
Os-treated blackberries) and 11.98 =+ 0.51 (control) mg CO, kg~ ! h~!, with no significant
differences among treatments (p > 0.05). Similar results were observed in cantaloupes [34],
mulberries [23], and strawberries [35] treated with low doses of ozone. On the contrary,
Forney et al. [36] reported an increase in the CO, production of broccoli treated with high
doses of this gas (7 ppm), which was attributed to physiological damage caused to the
florets. During the storage period, the RR of all the fruit increased continuously. However,
the highest CO, production occurred in the control and those blackberries treated with
0.4 ppm Ogz. In effect, after 10 days, the RR of these fruit was significantly higher than
in the blackberries ozonized with the highest doses. Chen et al. [34] and Han et al. [23]
found similar inhibitory effects of ozone on respiration rate during storage of melons
and mulberries, respectively. The elevated CO, production observed in the present study,
which represented an increase of around 55% and 75%, in the control and the 0.4 ppm
Os-treated fruit, respectively, could be related to the highest microbial growth observed in
these treatments by the end of the storage period.

3.2. Mass Loss

During the postharvest period, mass loss is caused mainly by the respiration and
transpiration of the fruit [37]. In the case of blackberries, their high respiration rates
together with the lack of a protective peel make these fruit very susceptible to moisture
loss. In effect, regardless of the treatment, mass loss increased constantly during storage,
with maximum values of around 8% after 10 days of refrigerated storage (Figure 3). This
value is above the maximum mass loss acceptable for commercialization of blackberries,
reported as 6% [38]. Nevertheless, in all the evaluation dates, the exposure of blackberries
to the highest O3 dose resulted in lower mass loss, indicating that no physiological damage
occurred due to ozonation. The lower mass loss in the fruit treated with the highest O3
concentrations could be associated with the lower respiration rates and microbial counts
observed in these blackberries. Similar results were reported for strawberries [39] and
winter jujubes [40] washed with aqueous ozone and in table grapes [41], red peppers [42],
and blueberries [28] exposed to gaseous ozone. According to Contigiani et al. [6], a thicker
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and reinforced cuticle in the Os-treated fruit, which contributes to keeping cell integrity
and offers a protective effect against moisture loss, can explain the positive effect of ozone
in hindering mass loss.

10
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Figure 3. Effect of 3 min exposure to ozone (0, 0.4, 0.5, 0.6, and 0.7 ppm) on mass loss of Andean
blackberries during 10 days of cold storage. Values are the mean of 3 independent samples and
error bars represent the confidence interval (95%) for the mean. For each evaluation date, different
capital letters indicate significant differences among O3 doses (p < 0.05). For each O3 dose, different
lower-case letters indicate significant differences among evaluation dates (p < 0.05).

3.3. Microbiological Analyses
3.3.1. E. coli and S. enterica

The counts for E. coli and S. enterica in the blackberries as affected by the exposure to
gaseous O3 and storage time at 6 °C are presented in Table 1.

Table 1. E. coli and S. enterica counts (log cfu g_l) of control (no O3 treatment) and ozonated (0.4, 0.5, 0.6, and 0.7 ppm
gaseous ozone/3 min) blackberries during 10 days of cold storage (6 = 1 °C).

O3 Concentration (ppm)

Microorganism Day
0.0 0.4 0.5 0.6 0.7
1 4714+002Dd  44540.02Cd 436+ 005BCd 427+ 0.06 ABc  4.23 4+ 0.13 Ac
, 4 439 +£0.05Cc 430+ 0.02Bc 4204+ 0.08BAc 4.19 +0.04 BAc  4.29 + 0.04 Bc
E. coli 7 400+ 0.02Bb  399-+001Bb 3.95+0.03BBb 3.92-+006BBb 3.65+0.09 Ab
10 349+ 0.06Ba  339+008Ba 3514+008BBa 3.05+009BAa 296+ 0.11 Aa
1 447 +0.03Ed  42940.09Dd 396+008BCd 3.75+0.10BBd 3.38 & 0.02 Ad
, 4 4004+008Cc  390+003Bc 3.87+0.03BBc 297 +0.10BAc 298 +0.01 Ac
S. enterica 7 325+005Eb 299+019Db 2154 0.05BCb 1.0440.07BBb  0.80 & 0.06 Ab
10 1584 0.14Da  095+0.16Ca 0.50 +0.00BBa 0.00 4+ 0.00 BAa  0.00 & 0.00 Aa

Values are the mean =+ standard deviation (n = 3). For each microorganism and evaluation date, different capital letters indicate significant
differences among O3 doses (p < 0.05). For each microorganism and O3 dose, different lower-case letters indicate significant differences
among evaluation dates (p < 0.05).

Immediately after exposure to ozone, the counts of E. coli and S. enterica were signifi-
cantly reduced in all the ozone-treated blackberries, with the greatest reductions observed
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with the highest O3 dose: 0.48 and 1.09 log units for E. coli and Salmonella, respectively.
Ozone’s antimicrobial activity is based on its oxidant potential, which provokes injuries to
the cell walls and a progressive oxidation of the microorganisms’ cellular components [43].
However, it has limited penetration and thus, can be ineffective against latent infections, mi-
crobial growth occurring in wounds, and bacteria attached to uneven surfaces of fresh pro-
duce, all of which restrict the contact of ozone with the target microorganisms [44]. In this
sense, the low microbial reductions observed in this study could be explained by the rough-
ness and irregularities of the blackberries” surface where the inoculated bacteria can remain
protected from ozone action and the relatively low O3 doses used. Similar findings were
reported for ground pepper [45], raspberries and strawberries [46], and mushrooms [47]
treated with gaseous ozone and demonstrate that surface area is critical regarding the
efficiency of Oj treatments. Under these circumstances, higher O3 concentrations and /or
longer exposures to the gas were necessary to achieve the pathogens’ inactivation.

During the storage period, the counts for both pathogens progressively decreased
in all the treatments. The final counts of E. coli ranged from 2.96 & 0.11 (0.7 ppm O3) to
3.49 £ 0.06 log units in the control samples, whilst Salmonella was not detected on day
10 in the blackberries exposed to 0.6 and 0.7 ppm Os. Das et al. [48] reported similar
findings in Ojs-treated cherry tomatoes inoculated with Salmonella after 6 days of cold
storage. Both blackberries and tomatoes are acidic fruit and Salmonella is very susceptible
to acid environments. On the contrary, some strains of E. coli remained viable even at
pH 2.5 [49]. In this study, and in addition to ozone activity, the low pH (3-3.9) of the
blackberries could contribute to limit the growth of this pathogen [50].

3.3.2. Botrytis cinerea

The counts of Botrytis on non-ozonated blackberry samples or O3z-treated fruit (0.4, 0.5,
0.6, and 0.7 ppm gaseous O3 /3 min) are shown in Figure 4. On day 1, Botrytis counts for
the control reached 3.84 & 0.05 log units and the maximum reduction (0.46 log units) was
observed in the blackberries treated with the highest Oz dose. In effect, only this treatment
significantly reduced Botrytis counts initially and following the storage period (Figure 4).
On the contrary, the treatment with 0.4 ppm O3 was not effective against this pathogen,
with higher counts than the control. During the cold storage period, the growth of Botrytis
progressively increased, and mycelium could be visually detected in the samples from all
the treatments.

The results found in the literature regarding Oj efficacy to control B. cinerea are
somehow contradictory. Vlassi et al. [51] found that, regardless of inoculation technique
(injection or immersion), treating table grapes with gaseous ozone (15 ppm/60 min) on
a daily basis was an effective means of controlling Botrytis cinerea during 40 days of cold
storage. On the contrary, Sharpe et al. [29] reported that low doses of ozone (450 ppb
applied for 48 h before storage) reduced decay incidence in apples and grapes but were
ineffective in blueberries, probably due to the inability of ozone to penetrate the fruit tissue
to kill latent infections occurring early in the growing season. In the same way, gray mold
was controlled by ozone in table grapes but not in citrus or stone fruit [52]. These authors
attributed the differences to the fact that in the former, the inoculum was on the surface
of the fruit, whilst in the latter, the pathogen was inoculated into wounds, hindering the
access of the ozone to the inoculum. Finally, in naturally infected fruit, the treatment
with 0.15 (grapes) and 0.7 (strawberries) ppm gaseous ozone, applied continuously in the
storage room completely inhibited Botrytis development [30]. These apparent discrepancies
among studies can be explained by differences in the type of commodity, cultivars, the
inoculum level, and the presence of wounds, as well as experimental conditions, such as
gas concentration and time of exposure; factors that can influence the antimicrobial efficacy
of ozone treatments [15].
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Figure 4. Effect of 3 min exposure to ozone (0, 0.4, 0.5, 0.6, and 0.7 ppm) on Botrytis cinerea counts
(log (cfu g~1)) on inoculated blackberries during 10 days of cold storage. Values are the mean of
3 independent samples and error bars represent the confidence interval (95%) for the mean. For each
evaluation date, different capital letters indicate significant differences among O3 doses (p < 0.05).
For each O3 dose, different lower-case letters indicate significant differences among evaluation dates
(p <0.05).

3.3.3. Native Microflora: Total Aerobic Mesophiles, Psychrotrophs, and Molds and Yeasts

The microbial counts for the native microflora of the control and the Ogz-treated
blackberries are shown in Table 2. On the initial day, the control samples presented
2.93 + 0.03 (aerobic mesophiles), 4.44 £ 0.15 (psychrotrophs), and 5.25 £ 0.09 (molds and
yeasts) log unit counts.

Table 2. Aerobic mesophiles, psychrotrophs, and molds and yeasts counts (log cfu gfl) of control (no O3 treatment) and
ozonated (0.4, 0.5, 0.6, and 0.7 ppm gaseous ozone/3 min) blackberries during 10 days of cold storage (6 = 1 °C).

O3 Concentration (ppm)

Microbial Group Day
0.0 0.4 0.5 0.6 0.7
1 2.93 £0.03 Ea 2.66 £+ 0.10 Da 2.25 £ 0.06 Ca 1.30 + 0.19 Ba 1.08 £ 0.12 Aa
Aerobic mesophiles 4 3.23+0.10Cb 2.75+0.16 Ba 2.54 +0.21 Bb 218 +0.03Ab  2.08 +0.08 Ab
7 4.00 £ 0.06 Dc 3.17+£0.02Cb 2.58 £ 0.11 Bb 226 +0.12 Ab 2.29 £ 0.06 Ac
10 4.00 £ 0.10 Ec 3.88 £ 0.02 Dc 3.66 £ 0.04 Cc 3.15 £ 0.07 Bc 2.73 £0.02 Ad
1 444 +0.15Ca 3.95+0.12Ba 2.70 £ 0.01 Aa 258 +£0.02Aa  2.55+0.04 Aa
Psychrotrophs 4 4.54 + 0.06 Da 4.07 £0.04Cb 3.72 +£0.02 Bb 415+012Cb  3.46 £0.25 Ab
7 5.10 £ 0.03 Db 4.84 £+ 0.00 Cc 4.29 £+ 0.01 Bc 4.32 £ 0.23 Bb 4.01 £0.01 Ac
10 6.18 £ 0.05 Ec 532+0.07Dd  4.89 £ 0.05Cd 4.78 + 0.03 Bc 411 £ 0.03 Ac
1 5.25 + 0.09 Ea 4.88 + 0.05 Da 421 +£0.03 Ca 3.22 +0.08 Ba 3.01 £0.17 Aa
Molds and yeasts 4 6.18 £ 0.12 Eb 5.30 £ 0.02 Db 5.04 £0.02 Cb 4.61 £+ 0.03 Bb 4.36 + 0.03 Ab
7 6.81 = 0.10 Ec 6.16 & 0.01 Dc 5.60 + 0.04 Cc 5.43 + 0.02 Bc 5.31 £0.01 Ac
10 707 +£0.04Dd 622+£000Cd 620+ 0.03Cd 6.13+0.02Bd 579 £0.02 Ad

Values are the mean =+ standard deviation (1 = 3). For each microorganism and evaluation date, different capital letters indicate significant
differences among O3 doses (p < 0.05). For each microorganism and O3 dose, different lower-case letters indicate significant differences

among evaluation dates (p < 0.05).
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In all the Os-treated fruit, the counts for the three microbial groups studied were
significantly lower (p < 0.05) when compared with the control. Furthermore, the extent of
the reductions increased with increasing O3 dose, ranging from 0.27 to 1.85, 0.49 to 1.89, and
0.37 to 2.24 log units for the mesophiles, psychrotrophs, and molds and yeasts, respectively.
During the cold storage period, the microbial populations gradually increased regardless
of the treatment. Yet, in all the ozone-treated blackberries, the reductions achieved were
maintained throughout the storage period. Among the O3 treatments, the best results
were observed when the blackberries were exposed to 0.7 ppm O3 with counts on day 10
for total aerobic mesophiles and psychrotrophs even lower than the initial counts of the
control samples.

Gaseous ozone can be applied either as a pre-storage treatment or continuously or
intermittently during the storage period. Similar to our results, the application of gaseous
ozone at doses of 130 g m 3 /30 min and 0.5 to 2 mg L~! /60 min reduced the total mesophile
counts in juniper berries [53] and greenhouse tomatoes [54], with the inhibitory effects
being maintained during storage. In the same way, Alves et al. [55] found that 18 and
14 mg L~! gaseous ozone applied to strawberries for 30 min were effective in controlling
aerobic mesophiles and molds and yeasts, respectively, during 4 days of storage. In studies
involving the application of ozone during storage, the exposure of sweet cherries to 2 ppm
gaseous ozone for 30 min every 6 days delayed decay development and lowered decay
incidence on the fruit for up to 18 days [56]. As well, treating raspberries with 8-10 ppm
O3 in cycles of 30 min once every 12 h reduced the aerobic mesophilic bacteria and fungi
counts on this fruit during 3 days of storage at room temperature [22]. On the contrary,
both intermittent (0.1 ppm applied every 30 min) and continuous (0.35 ppm, 3 days) O3
applications were only partially effective in preventing fungal growth on table grapes and
strawberries, respectively [26,57].

These variable and somehow contradictory results could be explained by differences
in the type of product, differences in the ozone application methods and in the doses used
(time and concentration), the microbial type and microbial load, as well as variations in
environmental conditions (temperature, relative humidity), all of which can affect the
efficacy of ozone as a sanitizer [58].

4. Conclusions

The application of low doses of gaseous ozone prior to storage was studied as an
environmental-friendly alternative to guarantee Andean blackberries’ quality and safety.
The best results were obtained after the exposure of the fruit to 0.7 ppm gaseous O3
for 3 min. This treatment slowed down the respiration and mass loss rates, indicating
that no physiological damage occurred in the treated fruit. Moreover, it was proven
effective in reducing both the native microflora and the inoculated pathogens on the fruit
throughout the storage period. Therefore, gaseous ozone could be considered a promising
processing technology for prolonging the postharvest life of fresh Andean blackberries
during refrigerated storage. However, as the log reduction in microbial populations
observed in this study may not be enough to ensure the safety of the product, further
studies would be necessary to determine the optimal treatment conditions for this fruit. As
well, the effects of the treatment on the bioactive compounds and the physicochemical and
sensory quality of the blackberries would be assessed.
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