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Abstract
The major aim of this research was to investigate the effect of ozone treatment on the energy metabolism in raspberry fruit during
storage at room temperature. Raspberries were ozonated with an ozone concentration of 8–10 mg L−1, for 30 min, every 12 h of
storage at room temperature for 72 h. The results indicated that ozone treatment significantly enhanced the activities of mito-
chondrial respiratory enzymes, such as succinate dehydrogenase, cytochrome C oxidase, and H+-ATPase, which contributed to
maintain the high level of ATP and energy charge in fruit during storage. Moreover, the energy metabolism in mitochondria was
closely correlated with the antioxidant potential of raspberry fruit. This study has given an experimental evidence that ozonation
procedure in proposed process conditions significantly affects the mitochondrial respiratory system leading to maintain the high
quality of the fruit over a long period of storage at room temperature.
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Introduction

Ozonation process is an alternative method for extending the
postharvest shelf life of berry fruit. Many recent studies have
suggested that ozone treatment inhibits the growth of micro-
organisms responsible for fruit spoilage as well as reduces the
loss of nutritional and sensory value of berry fruit during stor-
age (Alexandre et al. 2011; Carbone and Mencarelli 2015;
Chen et al. 2019; Contigiani et al. 2018; Horvitz and
Cantalejo 2014; Jaramillo-Sánchez et al. 2019; Piechowiak
et al. 2020a, b; Pinto et al. 2020; Yaseen et al. 2015). Our
previous study investigated the effectiveness of ozone treat-
ment of raspberry fruit with 8–10 mg L−1 gas, for 30 min,
every 12 h during storage at room temperature (72 h).
Ozone treatment significantly decreased the growth of aerobic

bacteria and fungi in raspberry fruit during whole period of
storage (Piechowiak et al. 2019). Furthermore, ozone treat-
ment activated the protective mechanism against oxidative
stress in raspberry fruit. After ozonation, raspberry fruit
featured a higher level of phenolic compounds and total
antioxidant capacity than non-ozonated fruit (Piechowiak and
Balawejder 2019; Piechowiak et al. 2020a, b).

Numerous scientific reports show that the resistance of the
fruit to adverse changes in quality during storage is related to
their energy metabolism (Zhou et al. 2014). ATP produced as
a result of oxidative phosphorylation is necessary for cells to
maintain their proper activity and vitality, the integrity of
membranes, and biosynthesis of substances with antibacterial
and antioxidative properties (Li et al. 2020). Scientific studies
also show that the use of various elicitors, e.g., chlorogenic
acid, oxalic acid, 1-methylcyclopropene, or methyl jasmonate,
increases the metabolic activity of mitochondria, which corre-
sponds to better fruit quality during storage (Jin et al. 2013,
2014; Li et al. 2020; Shu et al. 2020)

The studies to date on the utilization of ozone treatment in
fruit storage principally concerned the effect of ozonation on
the level of microbial contamination, biological activity of the
fruit, and their sensory characteristics. However, there have
been no reports about the mechanism explaining the positive
impact of ozone on the quality of fruits. Due to the fact that the
activity of mitochondria is responsible for physiological
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response in fruit during storage, the effect of ozonation pro-
cess on the mitochondrial energy metabolism in raspberry
fruit during storage was determined in this study. To achieve
this objective, energy charge of fruit and oxidative phosphor-
ylation enzyme activity as well as oxidative stress marker
level were analyzed in ozonated and control raspberries.
Moreover, the relationship between mitochondria activity
and selected quality attributes of ozonated raspberries was
explained using multivariate statistical methods (PCA).

Materials and Methods

Plant Material

The research material was fresh raspberry (Rubus idaeus L.)
fruit purchased immediately after harvest from a local fruit
producer. Raspberries (1 kg) were stored at room temperature
(20–25 °C) for 72 h and ozonated every 12 h using ozone at
the concentration of 8–10 mg L−1 for 30 min using a Korona
L5 ozone generator (KoronaOzon, Poland) and ozone analyz-
er (2B Technologies, USA). A control sample (1 kg) was
represented by non-ozonated fruit. The fruit samples (control
and ozonated fruit) were collected after 0, 24, 48, and 72 h of
storage and kept at − 67 °C for a period of 3 months before
analysis. A full description of the storage procedure and ozon-
ation is presented in our previous publications (Piechowiak
et al. 2019, 2020a, b).

Determination of ATP, ADP, and AMP Content and
Energy Charge

The ATP, ADP, and AMP contents were measured according
to the methodology described by Liu et al. (2006) with some
modifications. Frozen raspberry tissues (− 67 °C) were milled
to powder and homogenized (7.50 g) with 10 mL of 0.6 M
HClO4 for 1 min in an ice bath. The homogenate was centri-
fuged at 7500g (260R-Centrifuge, MPW, Poland) for 15 min
at 4 °C. A total of 6 mL of the supernatant was neutralized
with 1 M KOH to 6.5–6.8 pH and then diluted to 10 mL. The
supernatant was filtered through a nylon filter (0.45 μm) be-
fore HPLC analysis.

The HPLC analysis was performed using Young Lin YL
9100 HPLC chromatograph with a UV-Vis detector YL9120
(YL Instrument Co., Ltd., Korea) according to the procedure
described by Zhou et al. (2014) with some modifications. The
tested compounds were separated on a 4.6 × 250 mm, 2.5 μm
Cosmosil C18 MSII column. The mobile phase consisted of
60 mM K2HPO4 and 40 mM KH2PO4 dissolved in deionized
and adjusted to pH = 7.0 with 0.1 M KOH (mobile phase A)
and 100% methanol (mobile phase B) at a flow rate of 1 mL
min−1. The gradient separation was performed as follows: 0
min, 100% A; 3.5 min, 95% A, 5% B; 7 min, 80% A, 20% B;

8 min, 75% A, 25% B; and 10 min, 100% B. The chromato-
grams were recorded at 254 nm and injection volume was 20
μL. The column temperature was set at 25 °C. The identifica-
tion of ATP, ADP, and AMP was based on the comparison
with the retention time of standards using the external standard
method. The calibration curves of the analyzed substances
were made in triplicate for each individual standard in six
concentrations in the range of 1–10 mg L−1. The determina-
tion coefficient for the calibration curves was higher than R2 ≥
0.9998. The limits of detection (LOD) and limits of quantifi-
cation (LOQ) were determined at a signal-to-noise ratio of 3:1
and 10:1. The obtained LODwas 0.2 mg L−1 and LOQ 0.6 mg
L−1 for ATP and AMP and for ADP 0.1 mg L−1 (LOD) and
0.3 mg L−1 (LOQ). Standards were purchased from Sigma-
Aldrich.

To determine the energy charge in fruit, the following for-
mula was used:

EC ¼ ATPþ 0:5 ADP

ATPþ ADPþ AMP
;

where ATP, ADP, and AMP mean the contents of these com-
pounds in the fruit sample.

Extraction of Raspberry Mitochondria

Mitochondria from raspberries were extracted according to the
method presented by Zhou et al. (2014). Milled raspberry
tissue (50 g) was homogenized (in an ice bath) with 100 mL
of 50 mM Tris-HCl buffer (pH 7.5) containing 0.3 M manni-
tol, 1.0 mM EDTA, 0.1% (w/v) cysteine, 0.1% BSA (w/v),
and 0.5% PVP (w/v). The crude homogenate was filtered
through a double nylon gauze and centrifuged at 4000g for
10min at 4 °C. Next, the obtained supernatant was removed to
a fresh tube and centrifuged at 12,000g for 10min at 4 °C. The
pellet was resuspended in washing buffer (pH 7.5) containing
10 mM Tris, 0.3 M mannitol, 1.0 mM EDTA, and 0.1% bo-
vine serum albumin (w/v) and again centrifuged at 12,000g
for 10 min at 4 °C. The mitochondrial pellet was resuspended
in washing buffer.

Measurement of Enzymatic Activity in Raspberry
Mitochondria

The mitochondrial suspension was centrifuged at
12,000g for 10 min and washed two times with PBS
buffer (pH 7.4). Next, the mitochondrial pellet was re-
suspended in PBS buffer containing 0.1% (m/v) triton
X-100 and 1 mM phenylmethylsulfonyl fluoride and
homogenized with glass beads (30 s, 5×) with cooling
in the ice bath (1 min). The homogenate was centrifuged at
15,000g for 15 min. The supernatant obtained was tested for
enzymatic activity.
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Succinate Dehydrogenase (SDH) Activity To plate well, 50 μL
of 0.2M sodium phosphate buffer (pH 7.8), 15μL of 1%BSA
(w/v), 50 μL of 0.3 M succinic acid (Sigma-Aldrich), and 15
μL of 0.03 M K3[Fe(CN)6] (Sigma-Aldrich) were added.
Enzymatic reaction was initiated by the addition of the en-
zyme extract. One unit of SDH activity was defined as the
amount of enzyme causing a 0.01 decrease in the absorption
at 405 nm within 1 min (Zhou et al. 2014).

Cytochrome C Oxidase (CCO) Activity The reaction mixture
consisted of 25 μL of 1 g L−1 reduced cytochrome C
(Sigma-Aldrich), 125 μL of 75 mM sodium phosphate buffer
(pH 7.5), and 25 μL of enzyme extract. The kinetic of the
absorbance decrease was measured for 5 min at 550 nm using
an EPOCH microplate reader (Biotek). One unit of CCO ac-
tivity was defined as the amount of enzyme causing a 0.01
decrease in absorbance of the solution.

Mitochondrial Membrane H+-ATPase activity The assay medi-
um for H+-ATPase activity measurement consisted of 100 μL
of mitochondrial extract and 400 μL of 30 mMTris-HCl buff-
er (8.0) containing 0.1 mM Na3VO4, 50 mM KCl, 20 mM
MgSO4, and 0.1 mM NaN3. Enzymatic reaction was started
by adding 100 μL of 30 mM ATP-Tris (pH 8.0). At the same
time, a control sample containing no NaN3 (mitochondrial
membrane H+-ATPase inhibitor) was prepared. Reaction mix-
ture was incubated at 37 °C for 15 min and then terminated by
adding 300 μL of 55% TCA. The sample was clarified by
centrifugation at 14,000g for 15 min. The level of inorganic
phosphorus released after hydrolysis of ATP to ADP cata-
lyzed by H+-ATPase was measured using malachite green
method. To plate well, 100 μL of supernatant and 75 μL of
malachite green solution containing 120 μMmalachite green,
6 mM (NH4)2MoO4, 0.06% polyvinyl alcohol, and 3.4% of
sodium citrate were added. After incubation at 37 °C
for 15 min, the absorbance at 630 nm was measured.
The difference between the absorbance for reaction mix-
ture without NaN3 and with NaN3 was an expression of
mitochondrial membrane H+-ATPase activity. One unit
of H+-ATPase activity was defined as the amount of
enzyme causing a 0.01 decrease in absorbance within
1 min (Lin et al. 2017).

Superoxide Dismutase (SOD) Activity To the 50 μL of 50 mM
sodium carbonate buffer (pH 10.2), 15 μL of mitochondrial
suspension and 5 μL of 10 mM epinephrine (Sigma-Aldrich)
were added. The increase of the absorbance was measured for
10 min at a wavelength of 490 nm using a microplate reader.
One unit of SOD activity is the amount of enzyme required to
inhibit the initial rate of epinephrine autoxidation by 50%
within 1 min.

The Bradford methodology was used for the determination
of total protein concentration in the samples (Kruger 1994).

Determination of ROS Level in Mitochondria

Superoxide Anion Radical (O2
•−) Level Assay Briefly, 25 μL of

0.4 mM nitro blue tetrazolium solution (NBT, Sigma-Aldrich)
was mixed with 25 μL of mitochondrial suspension and 150
μL of PBS buffer (50 mM, pH = 7.4). A total of 5 μL of
superoxide dismutase solution (≥ 3000 U) was added to the
control sample. After 30 min of incubation, the absorbance
was measured using a microplate reader at 490 nm. In order to
determine the level of superoxide anion radical in mitochon-
dria, the following formula was used:

O�−
2 ΔA min−1½ � ¼ A30−A0ð Þ− AS30−AS0ð Þ

30 min
;

where A0 - initial absorbance of reaction mixture, A30 - absor-
bance of reaction mixture after 30 min of incubation, AS0 -
initial absorbance of reaction mixture with SOD, and AS30 -
absorbance of reaction mixture with SOD after 30 min of
incubation (Piechowiak and Balawejder 2019).

Hydrogen Peroxide (H2O2) Generation Assay Briefly, 2 mL of
50 mM sodium phosphate buffer (pH = 7.4) was mixed with
100 μL of mitochondrial suspension and 25μL of 4 mM 2′,7′-
dichlorodihydrofluorescein diacetate (ethanol solution).
Catalase (2000–5000 U) solution (10 μL) was added to the
control probe. After 40 min of incubation at 30 °C, the fluo-
rescence of the solution was measured at a wavelength of
excitation and emission of 504 nm and 529 nm. In order to
determine the level of hydrogen peroxide in mitochondria, the
following formula was used:

H2O2; ΔF min−1½ � ¼ F40−F0ð Þ− FC40−FC0ð Þ
40 min

;

where F0 - initial fluorescence of reaction mixture, F40 - fluo-
rescence of reaction mixture after 40 min of incubation, FC0 -
initial absorbance of reaction mixture with catalase, and FC40 -
fluorescence of reaction mixture with catalase after 40 min of
incubation (Piechowiak and Balawejder 2019).

Statistical Analysis

Significance of differences between the mean values was test-
ed using one-way ANOVA and the Tukey test (α = 0.05). The
relationship between the activity of mitochondria and selected
quality attributes of the ozonated and control raspberry fruit
was investigated using the principal component analysis
(PCA). For this purpose, data contained in our previous pub-
lications, i.e., the level of phenolic compounds, glutathione,
and antioxidant activity of ozonated and control fruit after 0,
24, 48, and 72 h of storage, were used for PCA (Piechowiak
et al. 2019, 2020a, b). PCA results were interpreted on the
basis of the scree plots, the correlation coefficients between
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the principal components, and analyzed variables as well as
the correlation matrix. The statistical analysis was performed
with STATISTICA 13.0.

Results and Discussion

Changes in Energy Metabolism of Raspberries During
Storage in Ozone-Enriched Atmosphere

Research showed that ozonation process inhibits the loss of
energy status in raspberries during storage at room tempera-
ture. As shown in Fig. 1, the contents of ATP and ADP and
energy charge (EC) in the ozonated fruit did not change sig-
nificantly after 24 h of storage, while in the control fruit, this
parameters decreased respectively by 56.6, 59.5, and 76.7%
compared to the initial value. In the subsequent periods, the
levels of ATP, ADP, and EC both in the ozonated and control
fruit decreased sharply, but the values of these parameters for
the ozonated samples were significantly higher compared to
those for the control. However, increased consumption of
ATP and ADP during storage led to increase in AMP concen-
tration in the fruit.

ATP level and energy charge of mitochondria are closely
associated with the activity of enzymes participating in oxida-
tive phosphorylation, including succinate dehydrogenase, cy-
tochrome C oxidase, and H+-ATPase (Jin et al. 2014; Jin et al.
2013; Ge et al. 2019; Li et al. 2020; Zhou et al. 2014).

Succinate dehydrogenase (SDH, EC 1.3.5.1) is the major en-
zyme of II complex in electron transfer chain (ETC) and cat-
alyzes the dehydrogenation of succinate leading to fumarate
generation, while cytochrome C oxidase (CCO, EC 1.9.3.1)
catalyzes the reaction between ferricytochrome C and oxygen
to yield ferricytochrome C and water (IV complex in ETC).
H+-ATPase (EC 1.15.1.1) accelerates the hydrolysis of ATP
to ADP and a free phosphate ion with the release of energy as
well as the formation of the transmembrane electrochemical
gradient and the transmembrane proton driving force (Li et al.
2020; Zhou et al. 2014).

Our research showed that the ozonation process improves
the activity of enzymes involved in the oxidative phosphory-
lation in the fruit. SDH activity in ozone-treated fruit reached a
maximum level at 24 h of storage (increase by ~ 42%), and
then continuously declined until 72 h of storage. In the control
fruit, SDH activity showed no significant changes over the
first 48 h, and then decreased sharply to a minimum level at
72 h (Fig. 2a). The activity of cytochrome C oxidase and H+-
ATPase in the control fruit decreased gradually over the first
48 h, and then was relatively stable during the remaining
hours. In turn, the activities of these enzymes in the ozonated
fruit increased significantly after 24 h and then decreased
gradually (Fig. 2b, c). It should therefore be assumed that
the higher activity of all analyzed enzymes in the ozonated
fruit than the control contributed to the inhibition of the loss of
ATP and energy charge in fruit during storage. Probably, im-
proved mitochondrial metabolism in the ozonated fruit could
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Fig. 1 The effect of ozonation
process on the level of ATP (a),
ADP (b), AMP (c), and energy
charge (d) in raspberry fruit
during storage at room
temperature. Mean values (n = 6)
with standard deviations (error
bars) with the same lowercase
letters are not statistically
significant according to the t
Tukey test (α = 0.05)
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be associated with increased activity of oxygen in the storage
atmosphere, because molecular oxygen is the main product of
ozone decomposition in the air. This observation is consistent
with that of Su et al. (2005). They showed that storage of
longan fruit in pure oxygen atmosphere improves the respira-
tion rate leading to maintain high level of ATP and energy
charge of fruit.

Many studies have revealed that the use of some elicitors
for postharvest fruit treatment induces changes in the activity
of enzymes involved in electron transfer chain and the energy
metabolism in treated material (Jin et al. 2013; Zhou et al.
2014). For example, Li et al. (2020) proved that
benzothiadiazole treatment of apple before storage at room
temperature increased the activity of oxidative phosphoryla-
tion enzymes leading to increase in ATP level and conse-
quently to improve the fruit resistance to microbial decay.
The use of methyl jasmonate elicitation for postharvest treat-
ment of the loquat fruit reduced significantly anthracnose rot
caused by Colletotrichum acutatum owing to enhancing ATP
synthesis (Jin et al. 2013). Benzothiadiazole treatment de-
creased the lesion diameter of apples exposed to Penicillium
expansum and it was strongly associated with high energy
status in fruit (Li et al. 2020). The positive correlation between
the activity of mitochondrial enzymes and the level of ATP,
ADP, and energy charge was also noticed in peaches treated
with oxalic acid as well as in apples elicited with chlorogenic
acid and trisodium phosphate (Ge et al. 2019; Li et al. 2020;
Zhou et al. 2014). On the other hand, Lin et al. (2017) inves-
tigated the effect of hydrogen peroxide treatment on the level
of energy status in longan fruit. Their research indicated that
the activities of H+-ATPase, Ca2+-ATPase, andMg2+-ATPase
in membranes of plasma, mitochondria, and vacuole, as well
as the contents of ATP and ADP, were significantly decreased
after H2O2 treatment, which contributed to the aggravation of
the fruit to the browning incidence in the pericarp. Probably,
H2O2 treatment increased the level of ROS in plant cells,
which lead to oxidative stress and consequently oxidative
modification of enzyme protein participating in respiratory
chain.

Changes in the Level of Oxidative Stress Markers in
Fruit Mitochondria

The reactive oxygen species (ROS) are the by-products of
aerobic respiration. Superoxide anion radical is formed
through electron reduction of oxygen and the ETC complexes
I, II, and III have been recognized as major production sites. In
turn, hydrogen peroxide is generated mainly during dispropor-
tionation reactions of superoxide anion radical catalyzed by
superoxide dismutase. ROS are involved in multiple physio-
logical responses of plants, both to biotic and abiotic stress
(Huang et al. 2016). Huang et al. (2016) indicated that, while
ROS production in mitochondria occurs during normal action

of the respiratory chain, its rate increases when the respiratory
intensity decreases, e.g., due to limited ADP availability or
respiratory chain inhibition leading to highly reduced state
of ETC components (Huang et al. 2016; Moller et al. 2007).
This relationship was also observed in the presented research.
As illustrated in Fig. 3, the level of superoxide anion radical
(O2

•−) and hydrogen peroxide (H2O2) in fruit increased signif-
icantly with the extension of storage time. However, the
ozonated fruit exhibited a higher level of O2

•− and H2O2 in
mitochondria than the control sample during the whole period
of storage.
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Fig. 2 The effect of ozonation process on the activity of succinate
dehydrogenase (a), cytochrome C oxidase (b), and H+-ATPase (c) in
mitochondria from raspberry fruit. Mean values (n = 6) with standard
deviations (error bars) with the same lowercase letters are not
statistically significant according to the t Tukey test (α = 0.05)
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Superoxide dismutase (SOD, EC 1.15.1.1.) plays an impor-
tant role in mitochondria protecting against the toxic effect of
superoxide anion radical. Mitochondrial SOD with the partic-
ipation of manganese ions catalyzes the scavenging of super-
oxide anion radical leading to hydrogen peroxide generation
(Huang et al. 2016). Our research showed the activity of SOD
in mitochondria from the ozonated fruit exhibited an increas-
ing tendency during 48 h of storage. However, after this time,
SOD activity markedly decreased, probably due to enzyme
protein modification caused by ROS accumulation in
mitochondria.

The Relationship Between the Activity of Energy
Metabolism and Antioxidant Potential of Fruit Stored
in Ozone-Enriched Atmosphere

The occurrence of oxidative stress in the stored fruit is a major
reason for the loss of their quality. Reactive oxygen species
cause oxidative damage of cell components, i.e., proteins,
lipids, and DNA, leading to the loss of antioxidants, disruption
of enzymatic apparatus, and changes in permeability of cell
membrane and results in their death. In the context of fruit
storage, oxidative stress causes the reduction of biological
activity of fruit, the loss of turgor pressure, changes in turgid-
ity, and a higher susceptibility to fruit softening and microbial
contamination (Zhou et al. 2014; Cai and Yan 2013). Low
molecular weight antioxidants account for a second line of
defense (after antioxidant enzymes) in cell protection against
oxidative stress. Moreover, they are responsible for shaping
the biological and sensory properties of raspberry fruit (Moller
et al. 2007). Our previous research showed that ozonated rasp-
berries showed a higher content of glutathione and polyphe-
nols, including anthocyanins, than control, leading tomaintain
high total antioxidant activity of fruit during the whole period
of storage (Piechowiak et al. 2020a, b). Due to the fact that the
biosynthesis and transformations of some antioxidants in
plants are powered by energy released from ATP decomposi-
tion, in the next part of the study, our focus was to investigate
whether there is a relationships between the mitochondria me-
tabolism and the antioxidant potential of the fruit. For this
purpose, we conducted principal component analysis (PCA).
For PCA, we used the results obtained in this research and
published in our previous studies (Piechowiak and Balawejder
2019; Piechowiak et al. 2019, 2020a, b).

PCA was applied to reduce the amount of variability in the
data while losing only a small amount of information and to
present date in two dimensions, concerning the analyzed var-
iables, i.e., ATP level, energy charge, and mitochondrial en-
zyme activity, as well as phenolic compound level (anthocy-
anins, ellagitannins, flavanols, proanthocyanidins, total phe-
nolic content), total antioxidant activity, and glutathione
(GSH) level in ozonated and control fruit. Based on scree plot
(graph not shown) as well as the Kaiser criterion (only the

main components are important, in which eigenvalue exceeds
or is close to 1), analyzed variables were reduced to two prin-
cipal components (PCs). This components explain 88.97% of
variance in the case of the ozonated fruit and 92.05% in the
control sample (this means that they carry the most informa-
tion about the studied variables). The first component (PC1)
explains 62.49% and 64.96% of variance, while the second
(PC2) 26.48% and 27.36%, in ozonated and control samples,
respectively (Fig. 4). The differences in PCA visualization
resulted from different correlations and relationships between
the analyzed variables in the ozonated and non-ozonated fruit
(Fig. 4). PCA for the ozonated fruit showed that ATP level,
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H+-ATPase, and total antioxidant activity (AA) were strongly
correlated that was not observed in the non-ozonated sample.
Moreover, a stronger correlation between ETC enzymes
(SDH, CCO), energy charge, total polyphenol level (TPC),
and contents of proanthocyanidins and flavanols as well as
glutathione (GSH) level than in the control sample was ob-
served (the vectors are located in close proximity). It should be
assumed that the activity of ETC enzymes which improved by

ozonation leads to maintaining a high level of ATP in fruit,
which is the source of energy for conducting biochemical
reactions in cells, including the biosynthesis of antioxidants.
Moreover, an increased level of ROS in mitochondria may
activate the expression of genes encoding the enzymes in-
volved in antioxidant system (including phenylpropanoid
pathway enzymes). As a consequence, the ozonated rasp-
berries showed higher biological (antioxidant) activity and
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better resistance to postharvest abiotic stress than the non-
ozonated fruit.

Conclusions

This research showed that ozonation process improves the
mitochondrial energy metabolism in raspberry fruit during
storage at room temperature. Ozonation increased the activity
of enzymes involved in oxidative phosphorylation leading to
reduce the loss of ATP and energy charge of fruit. Moreover,
the higher activity of mitochondria was closely correlatedwith
the antioxidant potential of the ozonated fruit. Therefore, it
should be assumed that ozone, by improving the mitochondri-
al energy metabolism, activates the mechanisms involved in
cell protection against abiotic stress. As a consequence,
ozonated fruit shows a good quality over a long period during
storage at room temperature. However, it should be empha-
sized that, in the presented research, the fruit was stored at
room temperature, which significantly accelerates all metabol-
ic processes in the fruit. Therefore, the effect of ozone treat-
ment on the energy metabolism in raspberry fruit, stored in
cold conditions, may be different.
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