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Abstract
The storage of chestnuts is a highly critical phase due to the considerable postharvest losses of the product with relevant
commercial impact. The effect on the chemical quality parameters of chestnuts treated with 300 ppb of gaseous ozone in air
or in atmospheric air at T = 2 °C for 150 days during the storage has been investigated. The ozone treatment increased sucrose and
total sugar contents; while tocopherols were reduced. No significant differences in weight loss and fatty acid content were
recorded between chestnut treated with ozone and untreated fruits (P ≥ 0.05). In addition, chestnut ozone exposure for 150 days
reduced the total microbial populations associated with the pericarps of about 1.6 logs for mesophilic bacteria and 1.0 logs for
fungi. Overall, our results suggested that gaseous ozone treatment is a valid and economic technology to ensure the shelf life
quality of chestnut during the long storage periods.
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Introduction

Chestnut fruits have been linked to the traditional European
cuisine for centuries. Chestnuts are well appreciated for their
taste and chemical characteristics. They are sources of sugars
(sucrose, approximately 16%, and glucose and fructose, both
around 1% on a dry weight basis) and essential fatty acids
(FA), mainly linoleic, oleic, and palmitic acids. They also
contain vitamins and minerals, such as magnesium and man-
ganese. These characteristics contribute to their nutritional
value and health benefits (Mert and Ertürk 2017; Delgado
et al. 2016; Barreira et al. 2012a, b; Fernandes et al. 2011).
For instance, the large amounts of FA in nuts (rich in polyun-
saturated fatty acids) prevent the related tissue oxidation
(Delgado et al. 2016; Kalogeropoulos et al. 2013) while to-
copherols are important lipophilic antioxidants which prevent
rancidity during storage and have beneficial effects on living

organisms, stabilizing the fatty acids contained in nuts
(Barreira et al. 2012a, b; Li et al. 2007). Chestnuts reduce
cholesterol levels and, due to the content of several minerals
and vitamins, fight off free radicals. Besides the nutrition and
benefits of chestnuts, these fruits are an important economic
value, especially in marginal areas, with an annual worldwide
production over two million tons. During storage chestnuts
tend to spoil soon, due to the high content of water and sugars
and the presence of insects and molds, as Gnomoniopsis
castanea and Sclerotinia pseudotuberosa (Lione et al. 2019;
Vettraino et al. 2005). In order to extend their shelf life, it is
essential to implement effective postharvest handling prac-
tices and treatments, such as storage and packaging systems.
Currently, fresh chestnuts are often kept in cold storage (0–
4 °C) before or after the “water curing.” The water curing
consists of treatments in cold water (14–18 °C for 7–9 days)
(Migliorini et al. 2010; Botondi et al. 2009) or hot water (46–
51 °C for 45 min plus cold water, 15 °C for 8 days) (Cetin
et al. 2018) before the cold storage. These methods can extend
the shelf-life of chestnut but are not an effective method to
prevent fruit decay (Vettraino et al. 2019; Lee et al. 2016, Kim
et al., 2012).

To ensure the quality of product, today, it is essential to im-
plement effective suitable technologies in food processing and
food safety (Sun 2014, 2012). Several methods have been devel-
oped to extend the storage period of nuts, including the use of
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atmosphere with high carbon dioxide levels (Cecchini et al.
2011), the fumigation with various chemicals (i.e., carbon sul-
fide, phosphine and manly, methyl bromide), irradiation with
gamma rays or electron beam–drying methods in chestnut slices
and biological products added to the water curing (Delgado et al.
2017; Delgado et al. 2016; Ruocco et al. 2016). Recently, ozone
treatments have been also showed to be effective in affecting
some fruits and vegetables quality traits (Tzortzakis and
Chrysargyris, 2017; Botondi et al., 2015a, 2015b; Horvitz and
Cantalejo, 2015; Alwi and Ali, 2014) and notably during chest-
nut storage, e.g., acidity and polyphenols (Vettraino et al. 2019;
Donis-González et al. 2010). Ozone is produced by passing ox-
ygen (O2) gas through a high-voltage electrical discharge or by
ultraviolet light irradiation (Mahapatra et al. 2005). For
commercial use, ozone is classified as GRAS (generally
recognized as safe) because its degradation produces O2, which
leaves no residue on the treated fruit. For this reason, ozone can
be used in food contact applications (FDA 2001) and is consid-
ered a cost-effective and “eco-friendly treatment.” This study
investigated the effect of the gaseous ozone treatments during
chestnut storage on the analytical evolution of the quality param-
eters, focusing on characteristics not previously considered.

Material and Methods

Samples Procedure and Ozone Treatment

Castanea sativa cv Castagna, harvested in the Cimino-
Sabatini area (northern Latium region of Italy), were selected
free from visual defects and for uniformity of weight and
shape. After dipping the chestnuts in sterile distilled water,
floating fruits were eliminated, and the remaining nuts were
randomly divided into two groups. For each group, 5 Kg of
chestnuts per box were placed in no. 10 plastic perforated
trays (100% recyclable polypropylene) (40 × 60 × 10 cm) in
a cold chamber (T = 2.0 ± 1.0 °C and 90 ± 5% RH). Control
samples (CK) were kept in a normal atmosphere while treated
ozone samples were exposed to continuous flow of 300 ppb of
gaseous ozone in air. An ozone generator (C32-AG, Industrie
De Nora Spa, Milan, Italy) equipped with an oxygen concen-
trator (nominal production capacity of 32 g ozone h−1) was
used to produce gaseous ozone. The ozone concentration in
the cold room was continuously monitored using an UV-11
photometric ozone analyzer (BMT 146 Messtechnik Gmbh,
DE). Sampling and analyses were performed at 30, 90, and
150 days for the five-month storage period.

Microbial Analysis of the Chestnut Pericarp

Five fragments of pericarps (5 × 5mm) randomnly selected from
50 peeled chestnuts have been employed for the test according to
Toti et al. (2018). After homogenization in peptone water

solution, the diluted samples aliquots were plated on a (a) plate
count agar (BBL, Difco, Becton, Dickinson and Company,
Sparks, MD, USA) (PCA) and incubated at 30 °C for 72 h for
detection of mesophilic aerobic bacteria or on a (b) potato dex-
trose agar (BBL, Difco) and incubated at 25 °C for 5 days for
enumeration of yeast and molds.

Physical and Chemical Analysis

The percentage of weight loss (WL) was assessed according to
Vettraino et al. (2019). For the chemical analyses, 1 Kg of the
chestnuts were freeze-dried and lyophilized. Chemical analysis
was performed on healthy chestnuts, visually evaluated for their
phytosanitary status according to Vettraino et al. (2019).

Analysis of Free Sugars

The sugars were extracted from 50.0 mg of lyophilized sample
according to Barros et al. (2007) with minor modifications. Free
sugars were determined by gas chromatography with flame ion-
ization detector (GC-FID) using a Perkin Elmer Autosystem XL
instrument equipped with a capillary column (Restek Rxi®-5Sil
MS 10 m× 0.15 mm i.d., 0.15 μm film thickness). The silylated
sugars were identified by comparing their retention timewith that
of the silylated standard; quantification was based on the internal
standard method using 10 mg of ribitol. The sugar contents are
expressed in g Kg−1 of dry weight.

Analysis of Fatty Acids

Fatty acid extraction was carried out from 2.0 g of lyophilized
sample according to Astorga España et al. (2011) with minor
modifications. Fatty acids were converted to methyl ester deriv-
atives, identified by gas chromatography-mass spectrometry
(GC-MS), and quantified by gas chromatography with flame
ionization detector (GC-FID) using a Shimadzu QP5050 and a
Perkin Elmer Autosystem XL instrument respectively, both
equipped with a capillary column (Restek Rxi®-5Sil MS,
30 m× 0.25 mm i.d., 0.25 μm film thickness). Fatty acid methyl
esters (FAMEs) were obtained by alkaline-catalyzed ultrasound-
assisted transmethylation according to Li et al. (2009). The
FAMEs were identified by interpreting their mass spectra and
by comparing them with those listed in the NIST and Wiley
computer libraries. Quantification of the FAMEs was based on
the FID response expressed as a percentage of total FAMEs.

Analysis of Tocopherols

Tocopherol contents were determined by reversed phase high-
performance liquid chromatography with UV detector (RP-
HPLC-UV). The extraction procedure was performed from
0.5 g of lyophilized sample according to Ziegler et al. (2015)
with minor modifications. The analysis was performed
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according to Górnás et al. (2014) with minor modifications
using a reversed phase column (Hypersil GOLD™ PFP 5 μm,
150 × 4.6 mm, Thermo Scientific). The compounds were
identified by comparing their chromatographic data with those
of authentic standards. Quantification was based on the UV
signal response, measured using an external standard calibra-
tion curve. The tocopherol contents are expressed in mg Kg−1

of dry weight.

Statistical Analysis

All physical and chemical data are the mean of three replicate
samples ± SEM (standard error of the mean). Data were ana-
lyzed using analysis of variance (ANOVA) and Duncan’s test
was carried out to identify significant differences between
samples at P < 0.05. All analyses were carried out using the
SPSS software package, Version 20.0 (SPSS Inc., Chicago,
IL, USA).

Results and Discussion

Microbial Analysis of the Chestnut Pericarp

Regardless the treatments, the storage at 2 °C did not stop
microbial growth of bacteria and fungi (yeasts and molds).
Nevertheless, the use of gaseous ozone reduced the microbial
populations during postharvest storage. The mean count of
mesophilic bacteria and fungi isolated from CK samples

increased from 6.12 and 4.31 (at time zero) to 8.28 CFU g−1

and 5.58 CFU g−1 (after 150 days of storage), respectively.
The ozone treatment showed the lowest mean count of bacte-
ria and fungi, 6.67 and 4.60, respectively at the end of storage
(data not shown). Several other researchers reported a de-
crease of the population of fungi and bacteria in the chestnut
pericarp rather than in the kernel when nuts were treated with
ozone (Donis-González et al. 2017; Carocho et al. 2014;
Antonio et al. 2012; Donis-González et al. 2010; Jermini
et al. 2006). Further research should focus on the identification
of the best treatment condition of temperature, RH, and expo-
sure time to decrease the initial microbial contamination level
of the product surface.

Weight Loss

Fruit quality is mainly affected by weight loss which depends
on the relative humidity of the surrounding ambient air and the
intensity of transpiration and respiration processes of the fruit
during storage (Duarte-Molina et al. 2016). In our experiment,
the weight loss decreased in all treatments of approximately
1.2 ± 0.5%, on a monthly basis (data not shown). No signifi-
cant differences were observed between the control and the
samples treated with ozone (ANOVA, P < 0.05). These data
confirm previous findings (Vettraino et al. 2019; Donis-
González et al. 2010). Conversely, other studies reported in-
creased weight loss in fruits, e.g., grape berries, strawberries,
and chili peppers treated with ozone (Contigiani et al. 2018;
Glowacz and Rees 2016; Cayuela et al. 2009). The different

Table 1 Total free sugars, fructose, glucose, and sucrose content
(g Kg−1 dw) of untreated (CK) and ozone samples during chestnuts cold
storage at 2 °C for 150 days. Data are reported as the mean ± standard

error of the mean (± SEM) of three experiments. Means, in the same
group of analysis, followed by the different letter are statistically different
(P < 0.05)

d 0 d 30 d 90 d 150

CK Ozone CK Ozone CK Ozone

Fructose 2.41 ± 0.57bc 2.19 ± 0.63bc 2.29 ± 0.53bc 3.25 ± 0.74b 1.39 ± 0.44cd 4.95 ± 0.80a 2.07 ± 0.61c

Glucose 1.54 ± 0.47c 1.33 ± 0.36c 1.83 ± 0.55c 3.34 ± 0.58b 1.33 ± 0.38c 4.57 ± 0.49a 1.91 ± 0.35c

Sucrose 230.9 ± 1.3f 212.7 ± 1.5g 285.6 ± 1.8e 416.6 ± 1.7a 334.0 ± 1.5c 308.3 ± 2.1d 349.3 ± 1.8b

Total free sugars 234.8 ± 1.8f 216.2 ± 2.0g 289.7 ± 1.7e 423.2 ± 2.3a 336.7 ± 1.6c 317.8 ± 1.5d 353.3 ± 1.9b

Table 2 Total satured (SFA), monounsatured (MUFA), and
polyunsatured PUFA) fatty acid content (%)) of untreated (CK) and ozone
samples during chestnuts cold storage at 2 °C for 150 days. Data are

reported as the mean ± standard error of the mean (± SEM) of three
experiments. Means, in the same group of analysis, followed by the dif-
ferent letter are statistically different (P < 0.05)

d 0 d 30 d 90 d 150

CK Ozone CK Ozone CK Ozone

Total SFA 22.2 ± 0.32a 20.8 ± 0.27ab 18 ± 0.65ab 17.7 ± 0.32b 18.4 ± 0.23ab 18.2 ± 0.32ab 16.9 ± 0.29b

Total MUFA 32.2 ± 0.64c 39.6 ± 0.73a 38.4 ± 0.63ab 37.2 ± 0.50ab 41.1 ± 0.61a 34.6 ± 0.11bc 38.7 ± 0.26ab

Total PUFA 45.6 ± 1.66ab 39.7 ± 1.07b 43.6 ± 1.12ab 45.2 ± 0.83ab 40.5 ± 0.89ab 47.1 ± 1.13a 44.5 ± 1.14ab
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effect of ozone treatments on weight loss for each commodity
could be due both to the thickness of the product cuticle and
the treatment procedures. The presence of hard pericarps of
chestnuts does not enhance the ozone penetration at the con-
dition used in this research.

Total Free Sugars

The maximum total free sugars content was measured on
chestnuts stored for 90 days under CK conditions. However,
the total sugars content tended to increase over time up to
90 days in CK and up to 150 days in ozone samples. The
conversion from starch to sugars seems to occur most rapidly
in response of cold temperature (CK samples). An increase in
the sucrose content of chestnuts after the first few weeks of
cold storage at 0–3 °C has been already observed by several
authors both in C. sativa (Jermini et al. 2006) and in C.
crenata (Nomura et al. 1995). Ozone treatment differently
affected the content of hexoses considered in this study.
Sucrose was the main sugar with a concentration of 230.9 g
Kg−1 in chestnuts at harvesting (Table 1). It is worthy to note
that the sucrose content of the CK sample was almost doubled
after 90 days of storage at 2 °C (416.6 g Kg1) and then de-
creased significantly until the end of the test reaching values

of 308.3 g Kg−1. Contrastingly, in the ozone samples, the
sucrose content increased gradually reaching the maximum
value of 349.3 g Kg−1 after 150 days of storage. When ana-
lyzed after 30 days, sucrose values were higher in the ozone
than CK samples (285.6 versus 212.7 g Kg−1). At harvest
time, fructose and glucose were present in minimal traces
(2.4 g Kg−1 and 1.5 g Kg−1, respectively). The fructose and
glucose contents of the CK samples gradually increased after
30 days of storage. At the end of the experiment, the values
doubled and almost tripled (4.95 and 4.57 g Kg−1, respective-
ly). These results lie with the data from Jermini et al. (2006)
and Nomura et al. (1995).

Fatty Acids

Data confirmed that between the fractions of FA, chestnuts
had low total saturated fatty acid content (16.9–22.2%) with
respect to the monounsatured (32.2–41.1%) and the
polyunsatured acids (39.7–47.1%) (Table 2). These results
are consistent with those observed by Delgado et al. (2016,
2017), Barreira et al. (2012a, b), and Borges et al. (2007) inC.
sativa. The SFAvalues of CK and ozone treatments decreased
significantly during storage whereas the MUFA values of the
two samples showed an upward trend (ANOVA, P < 0.05).

Table 3 Fatty acid content (% of total FAME) of untreated (CK) and
ozone samples during chestnuts cold storage at 2 °C for 150 days. Data
are reported as the mean ± standard error of the mean (± SEM) of three

experiments. Means, in the same group of analysis, followed by the dif-
ferent letter are statistically different (P < 0.05)

d 0 d 30 d 90 d 150

CK Ozone CK Ozone CK Ozone

C14:0 0.102 ± 0.038a 0.079 ± 0.008ab 0.092 ± 0.006ab 0.1 ± 0.003a 0.068 ± 0.008b 0.0353 ± 0.008c 0.0387 ± 0.006c

C16:0 21 ± 0.10ab 19 ± 0.095ac 16.5 ± 0.064c 16.6 ± 0.014bc 17.2 ± 0.016ac 17.1 ± 0.036ac 15.8 ± 0.043c

C16:1 0.326 ± 0.042ab 0.402 ± 0.043ab 0.32 ± 0.012ab 0.283 ± 0.009c 0.576 ± 0.021a 0.215 ± 0.031c 0.165 ± 0.011d

C18:0 0.766 ± 0.036bc 1.05 ± 0.048a 0.915 ± 0.026ab 0.649 ± 0.013c 0.989 ± 0.009ab 0.927 ± 0.028ab 0.86 ± 0.021ac

C18:1 31.4 ± 0.586c 38.6 ± 1.08a 37.5 ± 0.915ab 36.6 ± 0.33ab 40.1 ± 0.41a 33.9 ± 0.42bc 38 ± 0.27a

C18:2 45.6 ± 1.66ab 39.7 ± 1.7b 43.6 ± 1.12ab 45.2 ± 0.83ab 40.5 ± 1.18ab 47.1 ± 1.03a 44.5 ± 0.98ab

C20:0 0.223 ± 0.041bd 0.346 ± 0.044a 0.279 ± 0.014ab 0.257 ± 0.015bc 0.163 ± 0.019d 0.174 ± 0.021d 0.184 ± 0.014cd

C20:1 0.449 ± 0.013ab 0.621 ± 0.084a 0.559 ± 0.024a 0.284 ± 0.012b 0.473 ± 0.012a 0.529 ± 0.025a 0.53 ± 0.017a

C22:0 0.159 ± 0.010b 0.276 ± 0.051a 0.197 ± 0.019b 0.062 ± 0.016c 0.0425 ± 0.015c 0.0343 ± 0.013c 0.0205 ± 0.017c

Table 4 Tocopherols content (mg Kg−1 of dry weight) of untreated
(CK) and ozone samples during chestnuts cold storage at 2 °C for
150 days. Data are reported as the mean ± standard error of the mean (±

SEM) of three experiments.Means, in the same group of analysis, follow-
ed by the different letter are statistically different (P < 0.05)

d 0 d 30 d 90 d 150

CK CK Ozone CK Ozone CK Ozone

δ-Tocopherols 3.18 ± 0.12a 3.04 ± 0.37ab 2.44 ± 0.39bc 1.24 ± 0.02d 1.0 ± 0.01d 2.20 ± 0.113c 1.17 ± 0.346d

γ-Tocopherols 124.0 ± 4.4a 112.0 ± 3.2b 75.4 ± 3.5d 77.0 ± 0.53d 66.8 ± 0.77d 90.4 ± 1.71c 65.3 ± 1.69d

α-Tocopherols 2.60 ± 0.12a 0.42 ± 0.03b 0.25 ± 0.01bd 0.33 ± 0.02bc 0.16 ± 0.01cd 0.18 ± 0.027cd 0.66 ± 0.07d
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There were no significant variations in the PUFA content
based on storage times or different treatments. The fatty acids
C16:0, C18:1, and C18:2 represented more than 97% of the
total FA, which is in accordance with Borges et al. (2007) and
Barreira et al. (2009). There were significant differences in the
FA contents between treatments during 150 days of storage.
The C16:0 values at the end of the experiment were signifi-
cantly lower in the CK sample, but mainly in samples treated
with ozone (ANOVA; P < 0.05); conversely, ozone samples
were characterized by higher values of C18:1 after 150 days
than the time zero (ANOVA; P < 0.05). The content of C18:2
was not affected by treatment and storage time (ANOVA;
P > 0.05) (Table 3). Despite the mentioned particular effects
of ozone in some individual fatty acids, no linear effects were
generally observed for SFA, MUFA, and PUFA contents.

Vitamin E

The data collected in the study showed γ-tocopherol as the
most important component with values equal to
124.0 mg Kg−1 at the beginning of the experiment. This value
decreased significantly during storage in all samples until
values equal to 90.4 mg Kg−1 in CK and 65.3 mg Kg−1 in
ozone samples after 150 days of storage (Table 4). It is inter-
esting to note that there is a greater decrease in the γ-
tocopherol content in the ozone-treated samples than in CK
samples for any of the measurements taken over time.
Similarly, δ- and α-tocopherol decreased during storage even
if they had lower values at the start of the experiment (d 0).
The results obtained are in accordance with those by Delgado
et al. (2016). These findings may indicate that tocopherol deg-
radation, clearly evident in the ozone samples, could be due to
(i) the oxidation of the tocopherols due to the direct interaction
of chestnut and the gaseous oxidants and (ii) by the antioxi-
dant effectiveness of tocopherols on the lipid fraction (Brooks
and Csallany 1978).

Conclusions

In the last years, much more attention has been paid to the use
of sustainable methods for chestnut storage. This study makes
it possible to affirm that the use of gaseous ozone technology
(300 ppb in air) prolongs storage at 2 °C of chestnuts, without
negative important effects on the qualitative parameters stud-
ied. It is effective in controlling the microbial growth, while no
undesirable effects occur on weight loss evolution. In samples
treated with gaseous ozone, the sucrose content constantly
increased during the storage, contrary to control samples.
Glucose and fructose were only detectable in traces. No sig-
nificant differences between treatments of FA content whereas
a greater decrease of tocopherols during storage was observed.

These findings are a baseline for developing integrated
postharvest strategies for the chestnut chain and contribute
to increase the economic benefits for chestnut producers.
However, further research is required in order to better define
potential ozone technological applications.
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