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Editorial

Advances Postharvest Preservation Technology

Maria Cefola and Bernardo Pace *

Institute of Sciences of Food Production, National Research Council of Italy (CNR), c/o CS-DAT,
Via Michele Protano, 71121 Foggia, Italy; maria.cefola@sipa.cnr.it
* Correspondence: bernardo.pace@ispa.cnr.it; Tel.: +39-0881-630201

Fruits and vegetables are important sources of nutrients such as vitamins, minerals,
and bioactive compounds, which provide many health benefits. However, due to subop-
timal postharvest management, large quantities of fresh or fresh-cut fruit and vegetables
lose their quality and nutritional value before they reach the consumer.

In this Special Issue, Advances in Post-harvest Preservation Technology, belonging to the
Section “Food Packaging and Preservation”, 14 research and 2 review articles are included.
Five research topics are addressed: (i) storage and treatment; (ii) packaging and edible
coating; (iii) techniques or markers for determining fruit quality; (iv) prediction models;
and (v) postharvest technologies and preservation strategies.

Pertaining to the first topic, the article published by Fatchurrahman et al. [1] reports the
quality change of fresh goji berry fruit (Lycium barbarum L.) stored at different temperatures
(0, 5, and 7 ◦C) for up to 12 d, highlighting significant differences concerning the fruit’s
phytochemical attributes (vitamin C, soluble solid content, titratable acidity, total polyphenol,
2,2-diphenylpicrylhydrazy (DPPH), and anthocyanin content). This study revealed that goji
fruit is optimally stored at a temperature of 5 ◦C for 9 d. At this temperature, physiological
disorders (such as pitting and shriveling) were reduced, while the overall sensorial and
nutritional quality attributes, including vitamin C levels, total soluble solid content, and
antioxidant activity, were preserved. However, additional technologies such as modified
atmosphere packaging may be required to better control decay and extend shelf life. Ma
et al. [2] analyzed different forms of walnuts (Juglans regia L. cv. Xiangling, with a green
husk, shell, and fresh kernels) stored between 0 and −20 ◦C for 10 months. The results
showed that the walnuts with a green husk presented higher-quality kernels compared
to the other forms of walnuts analyzed when stored at 0 ◦C for 3 months. Whereas at a
freezing temperature (−20 ◦C) and during long storage, the walnuts with shells showed
advantages with respect to maintaining fatty acid content, total phenols, and total ascorbic
acid concentrations compared with other forms of walnuts. To preserve the quality of fresh-cut
cauliflower (Brassica oleracea L. botrytis cv. Xuebai), vegetables were immersed in a solution
containing calcium chloride (CaCl2) at a 2% concentration and at different temperatures
(0, 20, or 40 ◦C) for 10 min [3]. While stored at 4 ◦C for 15 d, changes in sensory quality,
firmness, color, ascorbic acid concentration, and the total glucosinolates, polygalacturonase,
and lipoxygenase concentrations of cauliflower florets were evaluated. The results showed
that a treatment with CaCl2 and high temperature (40 ◦C) maintained a higher firmness
value, preventing the browning and yellowing of fresh-cut cauliflower florets. This treatment
was optimal for preventing reductions in ascorbic acid content and total glucosinolates and
inhibiting the activity of polygalacturonase and the softening of cauliflower florets compared
to the other treatments, particularly with respect to the control sample.

Two papers reported the results of treatments with melatonin (N-acetyl-5-
methoxytryptamine) applied to preserve and extend the shelf life of mangos and zucchinis.
In the first study, a trial measuring the response of on two mango (Mangifera indica L.)
cultivars to exogenous melatonin (1000 mol L−1) was conducted by Njie et al. [4]. During
storage for about one month at 13 ◦C, physiological parameters, metabolic processes, and
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relative gene expression levels were measured. For both the cultivars analyzed (Guiqi and
Tainong 1), the authors reported that the melatonin treatment did not affect the content
of total soluble solids, titratable acidity, or the TSS:TA ratio; instead, it delayed weight
loss, increased the period of firmness, lowered respiration rates, and reduced the incidence
of decay. Furthermore, the melatonin treatment inhibited the decrease in ascorbic acid,
flavonoid, and total phenol content as well as the enzyme activity of polyphenol oxidase.
Additionally, for both mango cultivars, a delay in the period during which the malondialde-
hyde content increased during storage was observed. For both cultivars, in the fruit treated
with melatonin, increases in the activity of antioxidant enzymes (superoxide dismutase and
ascorbate peroxidase as wells as phenylalanine ammonia-lyase) and their genes’ relative
expression were noticed compared to the untreated fruit.

Medina-Santamarina et al. [5] reported the efficacy of exogenous melatonin supplemen-
tation (1 mM) alone or in combination with 1-methylcyclopropene (1-MCP) 2400 ppbL−1

for reducing chilling damage in zucchinis (Cucurbita pepo spp. pepo cv. Cronos). Zuc-
chinis were stored at 4 ◦C for 15 d and an additional 2 d at 20 ◦C. For the zucchinis
treated with melatonin + 1 MCP, weight loss and signs of chilling damage were reduced
compared to the other treatments and the control, maintaining a higher degree of fruit
firmness throughout cold storage. Moreover, for each sampling day, the combined treat-
ment (1-MCP + melatonin) effected the lowest values of malondialdehyde and electrolyte
leakage. The combined treatment only reduced the respiration rate for 9 d, while ethylene
production was reduced only by the treatment with 1-MCP alone.

While stored at 4 ◦C, the total soluble solids and total chlorophyll content in the com-
bined treatment were comparable with 1-MCP application. The authors highlighted that
the proposed combined treatment could be a promising tool for increasing the storability
of zucchinis at suboptimal temperatures.

In another study, to retard peach senescence (Prunus persica L. cv. Xiahui 8), treatment
with 1-MCP, alone or in combination with nitric oxide, was proposed [6]. At the end of
the storage period (8 d at 25 ◦C), the proposed combined treatment (1-MCP + nitric oxide)
yielded the best effects on fruit quality, maintaining good physical characteristics and
decelerating the rate at which the fruit firmed, its respiration rate, and ethylene production.
During storage, antioxidant enzymes (ROS inhibiting), which affect the ripening and
senescence of fruit, were examined. Furthermore, for each compared treatment, twenty
phenols were identified and quantified.

The research conducted by Mudalal et al. [7] revealed the preservation effects of
different ingredients (fresh onion (Allium cepa L.), corn oil, salt, sumac (Rhus coriaria L.), and
lactic acid) on the quality traits of fresh Za’atar (Origanum syriacum) sealed in vacuum bags
and stored at 2–4 ◦C for 42 d. Microbial counts, color, and other sensory attributes were
analyzed every 7 d. The study showed that the addition of lactic acid induced a strong
preservative effect against aerobic and anaerobic bacteria. Moreover, the addition of sumac
improved the preservation of vacuum-packaged oregano stored in refrigerated conditions.

Regarding the second topic, (ii) packaging and edible coating, Vieira et al. [8] reported
the results of research on fresh red raspberries (Rubus idaeus L. cv. ‘Kweli’). To extend
the shelf life of this perishable fruit, pads produced with chitosan, green tea, or rosemary
ethanolic extracts were incorporated as natural antifungal agents. Sealed fruit trays were
packaged under an air atmosphere using polyacid lactic film and stored at 4 ◦C for 14 d. At
the end of the storage period, reductions in the growth and decay of spoiled fruit of 5%
and 13% were observed for chitonsan + rosemery and chitonsan + green tea, respectively.
Conversely, for the fruit packets without pads, these percentages were equal to 40 and
80% after 7 and 14 d, respectively. The use of polyacid lactic film reduces weight loss, thus
preserving the firmness of raspberries, particularly when using pads with green tea or
rosemary ethanolic extracts. Total phenols and ascorbic acid content were better preserved
in the packages with film pads containing one of each extract. The results highlighted how
the application of chitosan pads + rosemary ethanolic extracts could be applied to other
soft fruit to increase their marketability.
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As an edible coating, chitosan was also used to preserve the quality attributes of fresh
date (Phoenix dactylifera L. cv Barhi) fruit in combination with extracts of olive cake and
orange peel in two different concentrations (1 or 2%) during storage at 4 ◦C for 28 d [9].
When the chitosan was combined with either of the two extracts, a pronounced effect was
observed. In particular, the treatment with olive cake (at 2%) increased the total phenolic
content by five-fold and preserved DPPH inhibition to a three-fold greater degree compared
to the control at the end of the storage period. For all the tested coatings, an increase in
total soluble solids was observed, and the effects on moisture prevention, loss of firmness,
and fungal growth did not affect sensory characteristics.

Imeneo et al. [10] studied the effect of an edible pectin-based coating integrated with a
lemon extract by-product on the quality attributes of minimally processed carrots (Daucus carota
cv. Nantes) stored at 4 ◦C for 14 d. The application of lemon extract preserved the fresh-cut
carrots’ physiological parameters, thereby delaying their senescence. The carrots showed lim-
ited changes in color and white-blush and a good degree of firmness throughout storage due
to the presence of calcium chloride in the coating’s formulation. The lemon extract by-product
improved the microbiological stability of the minimally processed carrots, showing the lowest
value of total bacterial activity after 7 d, while a mild increase was observed following the
end of the storage period. Total carotenoids, phenolic content, and antioxidant activity values
exhibited a similar trend during storage for all treatments, while higher levels were measured
in the fresh-cut carrots treated with lemon extract.

Regarding topic (iii) concerning the techniques or markers for determining fruit quality,
two papers focused their activity on Candonga strawberries (Fragaria x ananassa Duch. cv
Sabrosa). The first one, proposed by Cozzolino et al. [11], focused on studying the profiles of
volatile and phenolic compounds via HPLC as markers of the strawberries’ ripening stage.
Strawberries picked at three different harvest times and two ripening stages, namely, when
half-red and red, were evaluated. An analysis of polyphenolic compounds revealed that
the concentration of anthocyanins increased during the harvest times, whereas the content
of flavonoids declined. Overall, fifty-seven volatile compounds were identified, including
esters, aldehydes, alcohols, acids, terpenes, furanones, lactones, and others. A multivariate
analysis was carried out, for which all the chemical data were considered. The results
highlighted that the fruit at the red ripening stage during the first and second harvesting
periods were similar, while the red fruit of the third harvesting stage significantly differed.
This difference likely indicated overripening or an early stage of fruit senescence. Finally,
the authors identified butyl butyrate, ethyl hexanoate, hexyl acetate, nonanal, terpenes,
and lactones represented the volatile organic compounds that had a positive impact on
consumers’ preferences.

The objective of the research conducted by Palumbo et al. [12] was to discriminate two
ripening stages (red and half-red) of strawberries, which were harvested at different times
during the harvest season, by comparing different techniques, namely, image analysis,
the use of an electronic nose, and attenuated total reflection-Fourier transform infrared
(ATR-FTIR) spectroscopy. In the principal results concerning a correlation analysis between
the data obtained via the e-nose and an analysis of volatile organic compounds, it was
revealed that the HS-SPME/MS e-nose experimental data contained a sufficient amount
information with which to allow for the discrimination of strawberry samples based on their
stage of ripening. Moreover, titratable acidity was correlated with ATR-FTIR and image
analysis data. Since titratable acidity usually decreases in strawberries during ripening, its
assessment by ATR-FTIR or image analysis might provide a suitable indicator for a fast
and non-destructive evaluation of the ripening stages of this fruit.

Hamie et al. [13] studied the possibility of using a non-destructive tool to determine
the maturity stage of table grapes (Vitis vinifera L. cv. Sugranineteen) during the ripening
season. Multiplex® 3 (FORCE–A, Orsay, France) equipped with a portable optical sensor
was used for analysis. The study focused on the measurement of skin anthocyanin using
two fluorescence indexes, namely, ANTH_RG (chlorophyll fluorescence excited with red
and green lights) and FERARI (fluorescence excitation ratio anthocyanin relative index),
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and other indices concerning the total flavonoid, nitrogen, and chlorophyll content. All
measurements were correlated with the principal quality parameters (color, pH, total solu-
ble solids, titratable acidity, total phenols, antioxidant activity, anthocyanin, and flavonoids)
obtained by applying common analysis techniques. The results highlighted an impor-
tant relationship between the total anthocyanins (measured via spectrophotometry) and
ANTH_RG and FERARI indices with R2 values equal to 0.96 and 0.87, respectively. The
main result obtained by the researchers was a regression equation developed using the
ANTH_RG index (measured by Multiplex® 3) and skin anthocyanin content (obtained
via common analysis techniques), which allows one to estimate the previously mentioned
parameters directly in-vineyard in rapid mode and without damaging the plant material.

Owoyemi et al. conducted phenotyping analysis of the effects of various preharvest
and postharvest quality levels of navel oranges (Citrus sinensis L. cv Rustenburg) in order
to develop shelf-life prediction models with which to enable the use of a First Expired–First
Out (FEFO) logistics strategy [14]. During the analysis, fruit originating from six different
orchards was stored for 20 weeks at different temperatures and relative humidities (at 5 ◦C
with 70, 90, or 95% relative humidity or at 2 or 8 ◦C with 90% relative humidity). Fourteen
fruit quality parameters were analyzed every week for each cold storage condition and
after one-week of shelf storage at ambient temperature (20 ◦C). Four different linear and
non-linear regression models were tested to determine their ability to predict fruit accep-
tance scores, namely, multiple linear regression, support vector regression, random forest,
and extreme gradient boosting. Based on the obtained data, among the different regression
models, extreme gradient boosting combined with a duplication approach provided the
most effective approach to predicting fruit quality, yielding an RMSE of 0.217 and an R2 of
0.891. Thus, in the future, the development of accurate shelf-life prediction models should
contribute to optimizing the FEFO logistic management system and thus promote more
efficient inventory management and loss reduction. Postharvest storage and preservation
strategies for extending the storage life of the king oyster mushroom (Pleurotus eryngii D.C.)
were described in the review article written by Gou et al. [15]. Many storage preservation
techniques, including physical and chemical methods, were described. A suitable storage
atmosphere, appropriate packaging, and optimal storage conditions (in terms of tempera-
ture and relative humidity) as well as irradiation or drying were some of the preservation
methods described in the paper. Other strategies described for preserving the shelf-life of
Pleurotus eryngii were the use of the lactic acid fermentation process and nanoparticles with
which to encapsulate bioactive substances. According to Gou et al. [15], future research on
Pleurotus eryngii should focus on combining new and traditional technologies to improve
postharvest quality. Among such techniques, it was stressed that radiation treatment with
1-MCP alongside a nano-packaging treatment, safe and efficient sterilization, microwaving,
and the use of low-pressure electrostatic fields and low-temperature plasma sterilization
equipment could be successfully applied during the storage and distribution of king oyster
mushrooms. In the study conducted by Palumbo et al. [16], the latest postharvest technolo-
gies capable of extending the shelf-life of fruit and vegetables were described. Physical
treatments such as microwave heating and the application of high hydrostatic pressure,
pulsed electric fields, and cold plasma were reported to reduce microbial load and preserve
the freshness and quality characteristics of fruits and vegetables. Moreover, a section about
dipping and vacuum impregnation treatment as well as edible active packaging based on
natural compounds (including alginate, chitosan, lemon by-product or essential oil, orange
peel, and olive cake) was presented. One paragraph described the opportunities offered by
selected microbes as control agents since biocontrol is considered one of the more sustain-
able postharvest approaches for increasing the shelf-life of whole and fresh-cut fruits and
vegetables. Examples of innovative, non-destructive techniques for the quality monitoring
of fruits and vegetables were described. Among these, it was revealed that image analysis
based on traditional imaging in the visible range of the electromagnetic spectrum using
a computer vision system is widely used for the in-line grading of many types of fruits
and vegetables. Furthermore, it was related that the electronic nose has become one of the
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most favorable sensing technologies for evaluating the presence and content of specific
volatile metabolites corresponding to the presence or loss of the freshness of fresh vegetable
products. Finally, near-infrared spectroscopy was described as a technique that can be used
to analyze the chemical composition of fresh produce and quality changes during storage.
The authors report that this novel technology, which can be applied directly on fields or
in industrial lines, is a valid approach for ensuring the traceability and authentication of
agricultural produce.

In conclusion, the papers proposed in this Special Issue, which were written within
different European and national projects or promoted by private enterprises, report innova-
tive results that extend our knowledge of the postharvest preservation technology applied
to fruit and vegetables that are either fresh or minimally processed. The Guest Editors
thank all authors that have contributed to enriching the Special Issue and hope that the
results presented might constitute a stimulus for further studies.
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Special Issue. All authors have read and agreed to the published version of the manuscript.
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Abstract: Goji berries are widely known for their outstanding nutritional and medicinal properties;
they are usually found in the market as dried fruit or as juice because the fruit has a short shelf-life,
and little information is available about its postharvest behavior at low temperatures. This study
aimed to determine the storage performance of goji berry fruit by evaluating physicochemical, and
sensorial attributes during storage at three different temperatures (0, 5, and 7 ◦C) for 12 days in a range
that has not been extensively studied before. In addition, fruit respiration and ethylene production
rates were also measured at the three temperatures. Fruit stored at 0 ◦C showed the lowest respiration
rate and ethylene production (5.8 mg CO2 kg−1h−1 and 0.7 μg C2H4 kg−1h−1, respectively); however,
at this temperature, the incidence and severity of pitting and electrolytic leakage were the highest. In
contrast, 5 ◦C was found to be the best storage temperature for goji berry fruit; the fruit appeared fresh
and healthy, had the highest scores during sensory analysis with an acceptable general impression,
and had the lowest amount of damage attributable to chilling injury, with 17.1% fruit presenting with
shriveling, 12.5% pitting, 6.7% mold, and 35% electrolytic leakage on day 9 of storage. Storage of goji
berries at 7 ◦C resulted in the lowest marketability and the highest incidence of decay. Significant
differences were also found in the phytochemical attributes, vitamin C content, soluble solid content
(SSC), titratable acidity (TA), SSC/TA ratio, total polyphenol content, 2,2-diphenylpicrylhydrazy
(DPPH), and anthocyanin content. This study revealed that a storage temperature of 5 ◦C for 9 days
is recommended to maintain the quality of fresh goji berry. Thus, broadening the existing knowledge
of the postharvest behavior of fresh goji berries; our results can help improve the commercial life of
goji berries and ensure high-quality attributes throughout distribution.

Keywords: goji berries; shelf-life; postharvest quality; sensorial attributes; freshness; chilling injury

1. Introduction

Wolfberries or goji berry fruit (Lycium barbarum L.), belonging to the family Solanaceae,
are widely recognized for their exceptional health benefits [1]. This shrub is native to Asia,
primarily the central north region of Ningxia Hui (China), and was introduced to Europe
in the 18th century due to its excellent nutritive and medicinal value [2]. Goji berries are
particularly rich in nutraceutical compounds (carotenoids, flavonoids, phenolics, vitamins,
and minerals) that exhibit antiaging, antitumor, and antioxidant activities in the human
body. Generally, goji berries are cooked and processed as teas, soups, or served with meat
and vegetables. They are also utilized for juice, tincture, and wine production [3–5]. The
fruit is also consumed in its dried form or processed in powdered form for medicinal
purposes [6]. Given their high perishability, high water content, and susceptibility to
damage and rot [7], fresh goji berries are generally only available in areas where they
are cultivated. This is also due to the lack of information on the goji berry’s postharvest
behavior and storage recommendations [8]. Dipping in lecithin solution [9] and edible
coating applications based on lotus leaf extract [7] have been studied to prolong the shelf-
life of goji. A study reported that a mild heat treatment (40 ◦C for 30 min) combined with a
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chitosan coating could delay decay occurrence in goji berries for up to 28 days at 2 ◦C [10].
A test on CO2-enriched atmospheres concluded that 15–20% of carbon dioxide could help
maintain the quality of stored goji berries for up to 14 days [11]. The use of modified
atmosphere packaging (MAP), studied by [12], reaching an equilibrium of approximately
10% CO2 can help preserve berry weight losses and organoleptic quality while avoiding
mold occurrence up to day 13 of storage at 7 ◦C. The postharvest ripening of goji berries has
been controlled using salicylic acid treatment, as this acid is used for inhibiting goji berry
postharvest decay [13]. Regardless of postharvest technology, temperature and relative
humidity are the first storage conditions to be accurately controlled to preserve quality and
allow maximum shelf-life [14,15]. Studies on storage temperature of goji berries have only
considered low ranges (mostly at around 0 and 2 ◦C), and high ranges (around 10 or 20 ◦C).
The effect of storage temperatures of −2, 0, 10, and 20 ◦C on postharvest quality of fresh
goji berries was reported by [1] who concluded that 0 ◦C is the optimum temperature to
maintain the berry’s phytochemical and sensory qualities. However, the large temperature
gap among the tested temperatures is to be considered as there is no information on the
temperature range between 0 and 10 ◦C, especially considering that 5 ◦C is the temperature
frequently used in the cold chain of fresh products for transport and sale. As goji berries
belong to the Solanaceae family, they might plausibly be chilling-sensitive, such as tomatoes,
bell peppers, and eggplants [16–18]; however, the quality of fruit stored at 0 ◦C may show
a slower degradation compared to when stored at 10 or 20 ◦C [1]. Therefore, the objective
of the present study was to compare the effects of different chilling storage temperatures
between 0 and 7 ◦C to identify the best condition for maintaining goji berry quality and
shelf-life, with particular attention to the possible occurrence of chilling injury symptoms.

2. Materials and Methods

2.1. Sample Preparation

Briefly, 3.5 kg of goji berry fruit from ‘Sweet Berry’ cultivar grown in an open field in
Castellaneta, a province of Taranto, Italy was conventionally handpicked with a peduncle
at the ripeness level five as defined by a previous report [19] to be the recommended stage
of harvest since the fruit are completely red, with close to the highest soluble solids content,
and full size, thus benefitting from the highest yield with the least loss caused by the high
perishability of the fruit even at harvest. At this stage fruit were harvested with maturity
indicators in terms of color (hue◦), weight, TA, SSC, and firmness were approximately
34.2 ± 0.85◦, 0.83 ± 0.09 g, 0.69 ± 0.03%, 23.9 ± 0.2%, and 0.39 ± 0.04 N, respectively.
Damaged fruits were removed, leaving 3.3 kg of healthy fruit with homologous dimensions.
Approximately 120 g of fruit was used for the initial evaluation; then, the fruits were split
into 27 groups (approximately 120 g each) with three replicates for storage at 0, 5, and 7 ◦C
under 95% relative humidity (RH). Quality attributes of goji berry fruit were determined
on the day of harvest and after 5, 9, and 12 days of storage.

2.2. Physical Quality Attributes

The color of the goji berry fruit was measured by extracting images acquired with
a spectral scanner (DV s.r.l., Italy). The CIE L*a*b* color space were used for the color

parameters. Hue◦ = arctg
b∗
a∗ and chromaticity =

√
a∗2 + b∗2 were calculated from the a∗

and b∗ values [20]. Firmness was assessed on 20 fruits for each replicate by applying a
compression test to rupture the fruit between two parallel plates using a texture analyzer
(TA-XT2®, Stable Microsystems, Godalming, UK) and a speed of crosshead at 75 mm min−1.
The rupture load of the deformation curve was recorded in Newton (N).

2.3. Sensorial Analysis

The sensory evaluation of goji fruit was performed by four trained panel members
using a method introduced by [21] for apples, which was then applied to goji berries
by [1]. The sensorial properties included firmness, texture, juiciness, sugar–acid ratio,
aroma, tastefulness, and general impression. The external properties were shape, size,
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and color. For each attribute, goji berries were evaluated using a 1–5 anchored scale with
5 = excellent (fresh-like), 4 = very good, 3 = good (limit of marketability), 2 = acceptable
(limit of edibility), and 1 = unsatisfying (not edible). The assessment was performed on
harvest day using around 200 fruit assessed by each panelist, and 300 fruit each were used
from each temperature storage on the evaluation day (after 5, 7, 9, and 12 days of storage).
In addition, the incidence of mold and visual damage expressed as a percentage of the total
number of fruits for each replicate was recorded.

2.4. Electrolytic Leakage

Relative electrolyte leakage (REL) was evaluated based on a previously published
method with some modifications [22]. Instead of water, a mannitol isotonic solution was
used to avoid osmotic shock [23]; 0.4 mol L−1 mannitol was determined to be the optimal
concentration after following the procedure suggested by [24]. Approximately 10 fruit slices
were taken from each replicate (approximately 3 g in weight) and placed in a centrifuge tube
with 25 mL of 0.4 mol L−1 mannitol (Sigma–Aldrich, Steinheim, Germany). The electrical
conductivity of the bathing mannitol solution was measured with a conductivity meter
(CM35, Crison, Carpi, Italy) after 1 min (C1) and 60 min (C60) of incubation with orbital
shaking (DAS12500, Intercontinental Equipment, Rome, Italy) at a speed of 60 cycles min−1.
The samples were then frozen at −20 °C for 24 h, and the conductivity (CT) was measured
after defrosting for 3 h at 25 °C. The REL was calculated using the following equation:

REL (%) =

[
(C60 − C1)

CT

]
× 100

2.5. Physiological and Metabolic Attributes

The respiration rate (mg CO2/kg/h) of goji berries was measured under static con-
ditions as previously described by [25] with some modifications. Briefly, three replicates
of 90 g fruit each were put in 150 mL sealed glass containers with a plastic septum for
sampling. The containers were initially left open in a temperature- and humidity-controlled
room to acclimate the samples (0, 5, and 7 ◦C). After closing, around 1 mL of gas samples
were collected from each container, after the necessary time had passed to accumulate CO2
in the headspace reaching a concentration of 0.1–0.2%, and injected into a gas chromato-
graph (Shimadzu, model 17 A, Kyoto, Japan) equipped with a thermal conductivity detector
(200 ◦C). Separation of CO2 was performed using a Carboxen 1006 plot (30 m × 0.53 mm,
Supelco, Bellefonte, PA, USA) with a flow of the column at 7 mL min−1 and an oven tem-
perature of 180 ◦C. The calculation of the respiration rate was based on the differences in
CO2 concentration, the weight of the sample, the container’s free volume, and the elapsed
time [26].

Ethylene production (μL C2H4/kg/h) was measured using the closed system intro-
duced by [25]. The accumulation of C2H4 in the headspace of the sealed containers was
measured using gas samples (2.5 mL) that were injected into a gas chromatograph (model
7890 A, Agilent, Santa Clara, CA, USA) installed with a flame ionization detector (FID,
Agilent, Santa Clara, CA, USA). The temperature of the detector was set at 300 ◦C with the
hydrogen and air flow at 45 mL min−1 and 400 mL min−1, respectively. A metal-packed
column 13073-U (Supelco, Bellefonte, PA, USA) was used for the separation of ethylene.
Helium as the carrier gas (pressure, 15 psi) was used. The temperature of the oven was set
to 120 ◦C. The concentration of ethylene was then referred to the weight of sample, to the
container’s free volume, and to the elapsed time.

2.6. Maturity Index

A method introduced by [27] was used for measuring SSC, TA, and pH. Ten goji
berries per replicate were homogenized in Ultra Turrax (T18 basic, IKA, Staufen, Germany)
and then filtered with two layers of cheesecloth (SWAB 4040, JC NONSTE, Shanghai,
China). The obtained juice was used for direct SSC (%) reading using a digital refractometer
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(PR32-Palette, Atago N1, Tokyo, Japan). TA and pH were measured in 1 g of juice samples
using an automatic titrator (T50 M Terminal, Mettler Toledo, Greifensee, Switzerland). The
samples were titrated against a 0.1 mol L−1 NaOH solution up to a final pH of 8.1; the
results are reported as a percentage of citric acid per 100 g sample.

2.7. Chemical Composition
2.7.1. Determination of Ascorbic Acid, Dehydroascorbic Acid, and Vitamin C Content

Dehydroascorbic acid (DHAA), ascorbic acid (AA), and total vitamin C contents
were assessed by homogenizing 5 g of fruit tissue in Ultra Turrax for 1 min with 5 mL
of methanol/water (5:95 v/v), citric acid (21 g L−1), ethylenediaminetetraacetic acid so-
lution (EDTA) (0.5 g L−1), and sodium fluoride (NaF) (0.168 g L−1). The homogenate
was filtered through cheesecloth, and the pH was adjusted to 2.2–2.4 with the addition of
6 mol L−1 hydrochloric acid HCl. Centrifugation at 12,000 rpm for 5 min of homogenate
was applied. The supernatant was recovered and filtered through a C18 Sep-Pak cartridge
(Waters, Milford, MA, USA) and a 0.2 μm cellulose acetate filter. AA and DHAA were
evaluated as described by Zapata and Dufour (1992) with little modifications [28]. HPLC
analysis was conducted after the derivatization of DHAA into fluorophore 3-(1,2-dihydroxy
ethyl) furol [3,4-b] quinoxaline-1-one (DFQ) with 1,2-phenylenediamine dihydrochloride
(OPDA). All the of 20 μL samples were analyzed using an HPLC system (Agilent Tech-
nologies 1200 Series; Agilent, Waldbronn, Germany) installed with a binary pump and
a DAD detector. DFQ and AA separation were acquired on a Zorbax Eclipse XDB- C18
column (150 mm × 4.6 mm; 5 μm particle size; Agilent Technologies, Santa Clara, CA,
USA). Methanol (MeOH)/water (H2O) (5:95 v/v) was used as mobile phase, containing
50 mmol L−1 potassium dihydrogen phosphate and 5 mmol L−1 cetrimide at pH 4.5. The
rate of the flow was set at 1 mL min−1. The detector was set on wavelengths 348 nm for
DHAA and 251 nm for AA. The contents of AA and DHAA are expressed as grams of AA
or DHAA/kg f.w.

2.7.2. Determination of Anthocyanin Content

The anthocyanin content was determined using the method introduced by [29]. Two
disks (top cut) were taken from fresh goji berries (approximately 1 mm thick). The area
of the disks was calculated using the area of the ellipse formula A = a ∗ b ∗ π. Goji fruit
disks were then mixed with 3 mL of acidified methanolic solution (10 mL HCl/L) until
submerged and treated for 3 h at 25 ◦C under dark conditions. The anthocyanin level was
measured according to the formula introduced by [30]:

Anthocyanin = Absorption532 nm − 0.25 (Absorption653 nm)

Afterward, the molar concentrations of anthocyanins/cm2 were obtained by dividing
the optical density values by the molecular extinction coefficient of cyanidin (2.45 × 104)
L/mol*cm and then again dividing by the area of the leaf disks [31]. The results are
expressed as milligrams of cyanidin per cm2.

2.7.3. Total Polyphenol Content and Antioxidant Activity

The total polyphenol content was evaluated using 5 g of goji berries homogenized
in Ultra Turrax for 1 min in a 30 mL medium containing a 20% water: 80% methanol
solution and 2 mmol L−1 sodium fluoride. The centrifugation at 9000 rpm for 10 min at
4 ◦C of homogenate was applied. The method followed a protocol previously used by [32]
with slight modifications. Briefly, 100 μL of the extract was mixed with 1.58 mL water,
100 μL of Folin–Ciocalteu reagent, and 300 μL of sodium carbonate solution (200 g L−1).
The absorbance was read at 725 nm against a blank using a spectrophotometer (UV-1700,
Shimadzu Jiangsu, Suzhou, China) after allowing the solution to stand for 2 h. The
total polyphenol content was calculated based on the calibration curve of gallic acid and
expressed as milligrams of gallic acid per 100 g of fresh weight (mg GA 100 g−1 f.w.). The
antioxidant assay was performed according to the procedure described by [33] with minor
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modifications. Fifty microliters of the same extract, opportunely diluted, were pipetted into
0.950 mL of DPPH solution to initiate the reaction. The absorbance was read at 515 nm after
24 h of incubation. Trolox was used as a standard, and the antioxidant activity is presented
as grams of Trolox equivalents per kg of fresh weight (g TE kg−1 f.w.).

2.8. Statistical Analysis

The effects of storage duration and storage temperature were analyzed using a two-
way ANOVA, and the significance of differences among means was determined using
a Tukey’s test at p < 0.05. All calculations were conducted using the statistical software
IBM-SPSS 2019 (1 New Orchard Road, Armonk, NY, USA).

3. Results and Discussion

3.1. Physical and Sensory Aspects

The effects of temperature, storage duration, and their interactions of goji berry quality
attributes are shown in Table 1.

Table 1. Effect of storage temperature, storage duration, and interaction on quality attributes of goji
berries stored for 12 days at 0, 5, and 7 ◦C. Mean values of 12 samples are reported (three replicates ×
four storage durations).

Quality Attributes Storage Temperature Storage Duration
Storage Temperature × Storage

Duration

Weight loss (%) **** **** ****
Hue (◦) ** ** ns
Chroma * *** *
Firmness (N) *** ns ns
Mold damage (%) **** **** ****
Shriveling damage (%) **** **** ****
Pitting (%) **** *** ***
Relative Electrolyte Leakage (%) **** * *
Soluble Solid Content (%) **** **** ****
Soluble Solid Content Total Acidity * * ns
Total Acidity (%) * ns *
Ascorbic Acid (g/kg) **** **** ns
Dehydroascorbic Acid (g/kg) **** ns ns
Vitamin C (g/kg) * **** ns
Anthocyanin (mg cyanidin cm−2) **** **** *
Total polyphenol (g gallic acid/kg) **** **** ****
Antioxidant (g Trolox/kg) **** **** ****
Firmness (score) *** **** ns
Texture (chewing; score) **** **** ns
Juiciness (score) **** **** ns
Sugar–acid ratio (score) **** **** ns
Aroma (score) **** **** ns
Tastefulness (score) **** **** ns
General impression (score) **** **** ns
Shape (score) **** **** ns
Size (score) **** **** ns
Color (score) **** **** *

Note: (****) p ≤ 0.0001; (***) p ≤ 0.001; (**) p ≤ 0.01; (*) p ≤ 0.05; ns, not significant.

The goji berry fruit underwent several types of changes during storage, depending on
the temperature, including shriveling, pitting with the appearance of black spots, when
severe, and the development of decay. Both storage duration and storage temperature
significantly affected shriveling, pitting, and mold occurrence (Table 1). It is reported that
mold occurrences in fresh goji berries were most likely caused by Alternaria sp. and many
other pathogens, including Penicillium sp., Alternaria sp., Aspergillus niger, Trichoderma, and
Aspergillus [34]. As depicted in Figure 1, all types of alterations were already visible after
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7 days of storage, and the most severe mold infection was seen at 7 ◦C, reaching more than
19.6% versus approximately 2 and 4% at lower temperatures of 0 and 5 ◦C, respectively. As
for shriveling, a higher incidence was observed in berries stored at 5 and 7 ◦C, reaching
approximately 5.7% and 10%, respectively. Although in general fruit stored at 0 and 5 ◦C
showed better physical quality in terms of damage, the fruit possessed a higher amount of
pitting at 21.2% and 8.2, respectively, compared to temperature storage at 7 ◦C which was
only around 4.6%. The incidence of damaged fruit gradually increased over time, being a
maximum of 30% mold on day 12 of storage at 7 ◦C, against approximately 5% at 0 and
5 ◦C.

Figure 1. Distribution of fruit alteration types during the storage of goji berries.

The information from Figure 1 and the results on sensory attributes reported in Table 2,
revealed that goji berries could be stored maintaining a good quality for about 9 days at
5 ◦C, although 6.7% of the berries had a very early decay appearance indicated by an early
spot of mold on the surface of the fruit’s skin. Furthermore, since the highest incidence
of pitting was found in goji berries stored at 0 ◦C where only 49% of the fruit remained
sound after 9 days of storage compared to fruit stored at 5 ◦C with 64% of sound berries,
whereas fruit stored at 7 ◦C, although showing the lowest incidence of pitting, only showed
47.1% of sound fruit. These results indicate that the storage temperature of 5 ◦C should be
preferred over 0 ◦C. One further consideration is that while berries stored at 0 and 7 ◦C
were characterized by high amounts of alterations which are considered to be unacceptable
for marketing (i.e., pitting and mold) in the case of fruit stored at 5 ◦C the most represented
type of alteration was shriveling damage, which could probably be attributed to water loss
during storage, and which (unless it is very severe) might not affect the fruit marketability.
This is supported by results for sensory evaluation after 9 days of storage (Table 2). As seen
in Table 2, the fruit stored at 0 and 5 ◦C had a reasonable marketable acceptance with a
score higher than three (good) for general impression. Among the three storage conditions,
after 9 days of storage fruit stored at 5 ◦C had the highest scores for general impression,
tastefulness, aroma, and juiciness reaching 3.3, 3.2, 3.2, and 3.3, respectively. In contrast to
fruit stored at 7 ◦C, which had scores between 2 and 2.5. Although the sensorial attributes
of fruits at 0 ◦C were acceptable, fruits stored at 5 ◦C showed the highest scores (Table 2).
In this experiment, we considered 9 days as the probable shelf life of goji fruit since in
the sampling at day 12 the fruit showed scores lower than two for practically all quality
attributes, which is very much below the limit of marketability and, in many cases, below
the limit of edibility (data not shown). Furthermore, our result is not in accordance with
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a study by [1] which indicates that the best storage temperature for fresh goji berries is
0 ◦C when compared to −2, 10, and 20 ◦C, although in their study storage temperatures
between 0 and 7 ◦C were not explored.

Table 2. Sensory evaluation of goji berries stored at three different temperatures for 9 days. A 1–5
anchored scale was used with 5 = excellent (fresh-like), 4 = very good, 3 = good (limit of marketability),
2 = acceptable (limit of edibility), and 1 = unsatisfying (not edible). In each line, values marked with
the same letter are not significantly different according to a Tukey’s test (p < 0.05).

Sensory Attributes 0 ◦C 5 ◦C 7 ◦C

Firmness 3.2a 3.3a 2.3b
Texture 3.0a 3.2a 2.3b

Juiciness 3.0b 3.3a 2.2c
Sugar–Acid Ratio 3.2a 3.2a 2.3b

Aroma 2.8b 3.2a 2.3c
Tastefulness 2.7b 3.2a 2.5c

General Impression 3.0b 3.3a 2.3c
Shape 3.2a 3.2a 2.3b
Size 3.2a 3.2a 2.3b

Color 3.0a 3.0a 2.0b

Color is an important parameter to assess the quality of produce; a bright red–orange
color in fresh goji berries is provided by carotenoids [35]. A study reported that fresh
mature goji berries contain as much as 321.1 μg.g−1 β-carotene [9]. Additionally, among
β-carotene types, the content of zeaxanthin esters in goji fruit can exceed 77.5% of βCE/g
f.w., and especially zeaxanthin palmitate is found to be abundant, reaching 31–56% of
mg βCE/g f.w. [36]. The effect of temperature on accelerating ripening, senescence, color
changes, and other attributes is very well known [37]. However, in this experiment, hardly
any color change was observed on the berries throughout the storage duration for most
of the color primary and secondary attributes (i.e., L*, a*, b*, chroma, and ΔE) (data not
shown) although some slight differences in hue angle values were observed at day 12 when
fruit held at 7 ◦C showed a lower hue angle than those stored at 0 ◦C. Moreover, [1] did not
report any difference in color during the storage of goji berries for 12 days where storage
temperature varied between −2 and 20 ◦C.

In a previously published work [19], goji berries were classified into six developmental
stages according to their features in terms of size, color, composition, respiration, and
ethylene production rates. While full color was reached already at stage four, fruit size
at that stage was still less than 60% of its final size, and many other maturity indicators
further evolved during development. Fruits in this experiment were harvested at stage
five when they had practically completed their growth and almost reached the maximum
SSC. Beyond that stage, the fruit had a limited increase in SSC and no further changes in
size and color, although, at stage six the berries resulted very soft and slightly overripe
with very poor attributes to go through harvest and postharvest handling procedures. The
results of this experiment confirm that ripening completion and beginning of senescence
did not affect color changes in the berries nor, as it will be shown below, changes in SSC
and TA.

Fruit firmness showed a limited decrease during storage, although there were some
statistically significant differences among treatments (Figure 2). Most softening happened
in the second part of storage as values maintained almost constant during the first week of
storage. After that fruit stored at 0 ◦C showed the highest softening rate always presenting
significantly lower values than samples at 5 ◦C. Fruits stored at 7 ◦C showed a somewhat
intermediate behavior but with values that were always closer to samples at 5 ◦C. While
behavior at 5 ◦C was confirmed by sensorial analysis, as fruit stored at that temperature
obtained the highest score for texture, those stored at 7 ◦C were perceived as the softest
by the evaluators, at least after 9 days of storage. Fruit softening is caused by cell wall
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and middle lamella hydrolysis, where more than 50 genes related to the cell wall structure
show variation in expression, involving complex quantitative trait loci [38]. Expression
is often regulated by the ripening process and senescence although in many cases fruit
texture, as instrumentally determined, is also strongly influenced by tissue turgidity [39]. In
a previously published work [19], goji berries showed an important loss of firmness during
their development from stage one (green) to stage three (partially red); after that stage fruit
firmness remained more or less constant until the overripe stage (six) although the fruit size
increased until stage five. This indicates that the loss of firmness during storage observed in
this experiment may not be attributed to ripening and senescence. Further, the weight loss
of the fruit stored at 0 ◦C was the lowest (as later described in Figure 3) followed by that of
the fruit stored at 5 ◦C and 7 ◦C and this also excludes the idea that the faster softening
that occurred in fruit stored at 0 ◦C might be attributed to a more severe loss of turgor. A
change in the structure of middle lamellae due to the reduction of electron density has been
observed in mature-green tomato fruit that had been chilled at 5 ◦C for 15 days [40]. The
report explained that the regions of reduced electron density could be attributed to water
absorption by the cell wall and mediated by pectinmethylesterase alteration of middle-
lamellar pectin. Translocation of water from the cytosol is directly associated with an
increase in hydration sites in the cell wall and chill-induced membrane dysfunction [41].
The resulting turgor loss, combined with increased water absorption or swelling of cell
walls, may be responsible for chilling-associated softening. These results were also in
accordance with mechanisms of woolliness development in chilled nectarines [42].

 

a
a
b

a
b
b

a
ab
b

Figure 2. Firmness changes in goji berries during storage at 0, 5, and 7 ◦C. Values marked with
the same letter on the same sampling day are not significantly different, according to a Tukey’s test
(p < 0.05).
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Figure 3. Weight loss changes in goji berries during storage at 0, 5, and 7 ◦C. Values marked with
the same letter on the same sampling day are not significantly different, according to a Tukey’s test
(p < 0.05).

As the storage duration increased the fruit’s weight loss, as shown in Figure 3. A
significant weight reduction was expected due to the berry’s highly perishable nature;
however, the rate of weight loss was greatly influenced by storage temperature, probably
because thermal conditions strongly influence the water pressure deficit between the fruit
tissue and the surrounding air. Fruit stored at 0 ◦C showed the lowest weight loss (7%
on day 12) which was very significantly lower than the weight loss observed for samples
stored at 5 ◦C (11%) and 7 ◦C (13%). This result confirmed that at a higher temperature
storage of 5 and 7 ◦C we observed higher incidents of shriveling damage due to water
loss (Figure 1). Accordingly, [1] reported that goji berries showed a higher weight loss
(18%) when stored at 10 ◦C than when stored at 0 ◦C (13%) and concluded that a storage
temperature of 0 ◦C was best for retaining fruit freshness for up to 12 days of shelf-life.

Fruit respiration rates increase with storage temperature [25]. Accordingly, in this
experiment berries stored at 7 ◦C showed the highest respiration rate (28.2 mg CO2/kg/h),
while the rates at 5 ◦C and 0 ◦C were 13.3 and 5.8 mg CO2/kg/h, respectively (Table 3).
In addition to the effect of temperature on fruit metabolism, the higher respiration values
in fruit stored at 7 ◦C may result from increased cell damage or microbial growth [43].
The rate of ethylene production of goji berry fruit was at a moderate level when stored
at 7 ◦C (3.8 μg C2H4/kg*h) and low levels at 0 and 5 ◦C (0.7 and 0.9 μg C2H4/kg*h,
respectively). Zhou et al. (2020) reported a respiration rate and ethylene production of
80 mg CO2/kg/h and 30 μg C2H4/kg/h, respectively, for goji berries stored at 4 ◦C [44];
we observed a lower metabolic activity in comparison to these findings. This difference
may be attributed to the different cultivars and growing conditions of goji berries used by
Zhou et al. (‘Zhongkelvchuan’). Our result is in line with that presented in another study
where the respiration rate of goji berries grown in Italy was 27.1 mg CO2/kg/h at 7 ◦C [12].

15



Foods 2022, 11, 3700

Table 3. Respiration rate and ethylene production in goji berries at different temperatures using five
replicates of each temperature measurement.

Temperature
Respiration Rate

mg CO2/kg/h
Standard Error (SE)

7 ◦C 28.2 3.4
5 ◦C 13.3 0.8
0 ◦C 5.8 0.8

Temperature
Ethylene Production

μg C2H4/kg*h
Standard Error (SE)

7 ◦C 3.8 0.1
5 ◦C 0.9 0.2
0 ◦C 0.7 0

Figure 4 depicts the electrolytic leakage of the goji berries during storage as being
strongly affected by temperature. Electrolytes are contained within membrane-bound
compartments in living cells. The proteins and lipids of these membranes are degraded
and oxidized under stress (including chilling injury when commodities are sensitive to
low temperatures) and during senescence, leading to structural changes that cause loss
of integrity and increased membrane permeability [45]. In this case, we may observe a
strong effect of storage temperature which influence the changes in REL due to regular
senescence. We would have expected that the higher the temperature, the higher the
progress in senescence and then the higher the rate of membrane loss of functionality. In
this experiment although REL increased for all three treatments after 5 days of storage, the
increase was only 2-fold in samples at 7 ◦C, while samples stored at 5 and 0 ◦C showed 3-
and 4-fold increases, respectively. In addition, while samples stored at 5 and 7 ◦C showed a
further increase in the following 2 days of storage, the value reached in samples stored at
0 ◦C did not increase with storage time.

Figure 4. Relative electrolytic leakage of goji berries during storage. Values marked with the same
letter on the same sampling day are not significantly different, according to a Tukey’s test (p < 0.05).

These findings may suggest that while low-temperature damage to membranes was so
severe after only 5 days of storage at 0 ◦C, it may have been caused by biochemical changes
in the bilayers which occurred after the primary chilling temperature storage and that may
contribute to the development of chilling symptoms reflected by the activated phospholipid
catabolism and a consequent accumulation of free fatty acids in the membrane bilayers,
contributing to membrane deterioration, and a loss of compartmentation as previously
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reported in tomatoes [45]. It did not grow any worse as a consequence of tissue senescence,
whereas in the other two treatments the damage became more severe after at least 7 days
of storage (never reaching the levels showed by berries stored at 0 ◦C) which indicates it
is less likely to be attributed to chilling and more likely to be a result of tissue senescence.
Furthermore, it should be taken into consideration that goji berries (as it happens to many
other fruits of the Solanaceae family) might be sensitive to temperatures below 10 ◦C,
although the severity of chilling injury symptoms increases with decreasing temperatures.
In addition, goji berries are harvested when fully ripe and, at this stage, might better
withstand higher ranges of chilling temperatures (e.g., from 5 to 10 ◦C, such as red tomatoes)
as the severity of chilling injury is two times greater in mature green fruits than pink and
red fruits at 5 ◦C [46]. while even a few days of storage at lower ranges might be very
critical in terms of quality maintenance.

3.2. Chemical and Nutritional Aspects

Soluble solids slightly decreased during storage (Figure 5A) with the decrease rate at
7 ◦C significantly higher than that at 0 ◦C, reaching 22.3% after 12 days, while samples at
lower temperatures maintained closer values to the initial values. These results are in line
with the findings obtained by [10], who found a decrease in total soluble content from 21
(initial) to 17.32% during storage in the control samples of Chinese wolfberry fruit stored at
2 ± 0.5 ◦C. The berries used in this experiment had already completed growth, reached full
color, and had almost reached maximum values of SSC while on the plant (stage five); a
postharvest decrease of SSC in fruit at this stage could be expected due to high respiration
and senescence which can be better observed in fruit at 7 ◦C. On the other hand, harvest
at an earlier stage was hardly an option since fruit at stage four have not reached full size
yet, thus representing a potentially severe decrease in fruit yield [19]. Nonetheless, the
maximum SSC reported for the maturity stage in this study was 23.5%, which remained
constant over the 12-day storage period and low storage temperatures delayed senescence,
keeping SSC almost unchanged for samples at 5 and 0 ◦C.

The TA of goji berry fruit changed during storage; namely from 0.7% on harvest day it
decreased to about 0.56% at 0 ◦C and 0.62% at 5 and 7 ◦C at the end of storage (Figure 5B).
Such changes, particularly evident at 0 ◦C, could be caused by the loss of organic acids
and minerals because of chilling stress, as also seen in tomatoes [47]. In addition, the
higher percentage of water loss observed in samples at 5 and 7 ◦C could be the reason
for the higher values of TA compared to samples stored at 0 ◦C, as also observed for SSC
in raspberry fruit [48]. These results were reflected in the SSC/TA ratio trend, which at
12 days was highest for fruits stored at 0 ◦C (41.6) compared with that of fruits stored at 5
and 7 ◦C (38.2 and 36.2, respectively), as shown in Table 4.

Goji berries are rich in vitamin C, which is beneficial for human health [49]. Figure 6
depicts the vitamin C level as the sum of the contents in AA and DHAA (which are shown in
Table 4). Vitamin C decreased during storage for 12 days under all temperature conditions;
in particular, it varied from 0.408 to 0.142 g/kg f.w. for fruit stored at 7 ◦C, which was
significantly lower than that for the sample stored at 5 ◦C (0.175 g/kg f.w.), while samples
stored at 0 ◦C showed an intermediate content (0.163 g/kg f.w.). Goji berries stored at 7 ◦C
showed the lowest vitamin C levels, most probably because of the high levels of oxidation
occurring at higher temperatures, as indicated by the higher value of the DHAA content
throughout storage. Ascorbic acid is subject to oxidative and enzymatic degradation
to dehydroascorbic acid. Ascorbic oxidase is the endogenous enzyme involved in this
process [50]. Higher temperature storage might be responsible for the higher oxidation
resulting in the higher level of dehydroascorbic acid, which is explained in the results of a
study on goji berries which followed the results on kiwi fruits comparing three levels of
storage temperature (0, 5, and 10 ◦C) for 6 days, concluding that the level of DHAA became
higher as the temperature storage increased [51].
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Figure 5. Change in soluble solid content (SSC) (A) and titratable acidity (TA) (B) during storage.
Values marked with the same letter on the same sampling day are not significantly different, according
to a Tukey’s test (p < 0.05).

The higher vitamin C reduction observed at 9 days of storage at 0 ◦C compared to that
at 5 ◦C may be explained by an intense oxidase activity influenced by the drop of pH (data
not shown) as described previously, where the lower pH affects the degradation of vitamin
C [52] which may be due to chilling injury, and which is also reported in tomatoes [53].

Our results are consistent with those presented by [54]; they reported that goji berries
contain approximately 40 mg/100 g f.w. of vitamin C on the day of harvest, which is
comparable with the content of citrus fruits. Therefore, they should be stored in proper
conditions since the content is halved after 7 days of storage.

A significant effect of storage temperature was observed in the total polyphenol
content of goji berries. Fruit stored at 0, 5, and 7 ◦C respectively presented values of 2.55,
2.25, and 2.13 g/kg after 12 days (Table 4). The lower levels of total polyphenol at 5 and 7 ◦C
may be attributed to the higher oxidation rates caused by higher temperatures [55]. The
range and abundance of phenolic compounds in fruit may vary depending on geographical
location, genetic variation, agricultural practices, year of harvest, growth period, or storage
conditions [56]. In [54], the authors reported that the content of polyphenolic compounds
in Lycium spp. was 9.41 g/kg f.w., whereas the authors in [57] reported this value to be
1.42 g/kg.
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Table 4. Chemical and nutritional quality of goji berries stored for up to 12 days at 0, 5, and 7 ◦C. SSC
= Soluble solids content; TA = Titratable acidity; AA = Ascorbic acid; DHAA = Dehydroascorbic acid;
TP = Total polyphenols; AoxA = Antioxidant activity; AC = Anthocyanin content.

SSC/TA AA (g kg−1) DHAA (g kg−1)
TP (g gallic
Acid kg−1)

AoxA (g Trolox
kg−1)

AC (mg cyanidin-3-
glucoside

cm−2)

Day 0 34.61 ± 1.449 0.254 ± 0.023 0.155 ± 0.015 2.995 ± 0.051 2.157 ± 0.087 1.185 ± 0.03

Day 5
0 ◦C 39.27 ± 0.45a 0.221 ± 0.01a 0.075 ± 0.006a 2.592 ± 0.014b 1.834 ± 0.039b 1.263 ± 0.389a
5 ◦C 40.59 ± 1.11a 0.18 ± 0.01b 0.111 ± 0.043a 2.693 ± 0.071a 1.897 ± 0.025b 0.978 ± 0.412a
7 ◦C 40.59 ± 3.67a 0.115 ± 0.01c 0.147 ± 0.029a 2.716 ± 0.009a 2.269 ± 0.08a 1.286 ± 0.441a

Day 7
0 ◦C 39.73 ± 1.59a 0.193 ± 0.02a 0.067 ± 0.036b 2.352 ± 0.033b 2.106 ± 0.021b 0.853 ± 0.124a
5 ◦C 39.76 ± 1.98a 0.14 ± 0.02b 0.105 ± 0.012ab 2.750 ± 0.033a 2.322 ± 0.035a 0.813 ± 0.342a
7 ◦C 39.77 ± 2.39a 0.076 ± 0.02c 0.134 ± 0.004a 2.395 ± 0.062b 2.336 ± 0.059a 1.098 ± 0.317a

Day 9
0 ◦C 43.15 ± 1.68a 0.122 ± 0.032a 0.049 ± 0.008a 2.711 ± 0.063a 2.106 ± 0.07a 0.983 ± 0.203a
5 ◦C 38.49 ± 1.76b 0.091 ± 0.023ab 0.112 ± 0.007b 2.374 ± 0.071b 2.322 ± 0.028a 0.857 ± 0.326a
7 ◦C 38.33 ± 1.59b 0.052 ± 0.019b 0.133 ± 0.004c 2.258 ± 0.029b 2.336 ± 0.092a 1.159 ± 0.093a

Day 12
0 ◦C 41.63 ± 0.76a 0.091 ± 0.01a 0.073 ± 0.013b 2.545 ± 0.083a 2.746 ± 0.054b 1.078 ± 0.523a
5 ◦C 38.20 ± 0.87b 0.049 ± 0.01b 0.125 ± 0.017a 2.224 ± 0.067b 2.971 ± 0.064ab 1.361 ± 1.028a
7 ◦C 36.17 ± 1.46b 0.02 ± 0.01c 0.122 ± 0.007a 2.126 ± 0.054b 3.216 ± 0.082a 0.917 ± 0.168a

In the columns, on the same sampling day, values marked with the same letter are not significantly different
according to a Tukey’s test (p < 0.05).

Figure 6. Changes in vitamin C levels during storage. Values marked with the same letter on the
same sampling day are not significantly different according to a Tukey’s test (p < 0.05).

The DPPH antioxidant activity was significantly lower in fruits stored at 0 ◦C (2.74 g
Trolox/kg) than in those stored at 5 ◦C (2.97 g Trolox/kg) and 7 ◦C (3.216 g Trolox/kg)
on day 12 (Table 4). This may be due to the contribution of the secondary metabolites
zeaxanthin and β-carotene—abundant in goji berry fruit which is best conserved at tem-
peratures 7–10 ◦C [2]. This result is consistent with results presented by [1], where goji
berries stored at 10 ◦C for 12 days showed a higher DPPH antioxidant activity level (2.8 g
Trolox/kg) compared with levels in fruits stored at 0 ◦C (2.3 g Trolox/kg). Furthermore, a
significant difference in DPPH activity was observed based on the day of storage, as the
level of antioxidant activity increased from the initial day.

Finally, in this study, we did not observe any significant differences in terms of
total anthocyanins (expressed as cyanidin) content in goji fruits in relation to storage
temperatures which is in accordance with a previous report [1]. Although, it is reported that
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low temperature induced anthocyanin accumulation on tomato leaves [58] and eggplant
during storage at 2 ◦C [18].

4. Conclusions

Storage temperature is a key factor for the proper storage and handling of fruits,
especially for those which are very perishable after harvest such as goji berries. This
study complements existing information on the effect of low-storage temperature on goji
fruit quality and storability. Our study indicated that 5 ◦C should be recommended as
the appropriate storage temperature over 0 and 7 ◦C since it induced the lowest level of
physiological disorders including pitting, and shriveling while preserving overall sensorial
and nutritional quality attributes including vitamin C levels, soluble solids content, and
antioxidant activity for 9 days. Although the level of mold was a little higher at 5 ◦C
compared to 0 ◦C, diffuse chilling symptoms were observed at 0 ◦C in the form of pitting.
These findings indicated that goji fruit may be stored for about 9 days at 5 ◦C, but additional
technologies such as modified atmosphere packaging may be needed to better control decay
and to allow safe distribution and consumption.
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Abstract: Fresh walnut is obtaining high attention due to its pleasant taste and health benefits. This
study aimed to evaluate the influence of storage temperatures (0 ◦C and −20 ◦C) on the kernel
quality, total phenols, and antioxidant enzyme activities of walnuts in three forms (fresh kernels,
walnuts with green husk, and walnuts with shell). For a short storage within 3 months at 0 ◦C, the
results revealed that walnuts with green husk provided a better walnut kernel quality resulting
from its lower acid value and peroxide value, together with a higher total phenol content and total
antioxidant activity, compared with other forms of walnuts. In comparison, frozen storage at −20 ◦C
for a long duration (up to 10 months), found that walnuts with shell showed advantages in improving
the kernel quality (fatty acid content, total phenols, and total antioxidant activity) and antioxidant
enzyme (peroxidase, catalase, and superoxide dismutase) activities in the kernels, leading to an
acceptable range of acid value and peroxide value, compared with other forms of walnuts. Thus,
frozen storage at −20 ◦C showed a potential application in maintaining the walnut kernel quality,
especially the walnuts with shell.

Keywords: fresh walnut; total phenols; frozen storage; fatty acid; antioxidant enzyme

1. Introduction

Walnut (Juglans regia L.) has obtained high attention by producers due to its economic
values. In 2017, the Food and Agriculture Organization of the United Nations (FAO)
reported that walnut production reached 1,819,400 tons and was valued at 7665 million
US dollars in China, accounting for 50% of the total global walnut production (FAOSTAT).
Furthermore, walnuts are one of the most popular tree nuts attributing to their nutritional
values. The United States Department of Agriculture (USDA) Nutrient Database shows that
100 g of dried walnuts contains 16.67 g of protein, 13.33 g of carbohydrates, 6.7 g of dietary
fiber, 440 mg of Potassium, and 97 mg of Calcium [1]. Also, walnuts are rich in health-
promoting bioactive compounds, including ω-3 fatty acids, plant sterols, polyphenols,
and bioactive peptides [2–4]. Many studies have reported that these bioactive compounds
can aid against aging, cancers, metabolic syndrome, diabetes, and cardiovascular-related
diseases [5–7].

Nowadays, consuming walnuts in fresh form is becoming more common due to
their superior flavor, higher Vitamin E, polyphenol and antioxidant content compared
to walnuts in dried form [8–10]. However, fresh walnuts have a very short shelf life due
to their high moisture content and perishable characteristics. Previous studies reported
that modified atmosphere packaging combined with cold storage can extend the shelf life
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of fresh walnuts for 2 months [9]. 60Coγ-irradiation can improve the shelf life of fresh
walnuts up to 3 months [8]. However, the applications of these techniques are limited due
to the lack of cold storage room and related equipment in most areas of China. Therefore,
more practical methods following less procedures are in need to improve the shelf life of
fresh walnuts.

Freezing technology for food preservation has been used by humans for thousands of
years. The application of freezing technology has provided many commercial products
including broccoli, potatoes, corn, green beans, strawberries, cherries, raspberries, and
litchi [11–13]. Studies compared these frozen products with fresh ones and found that
no significant differences were observed in the color attributes, taste, and nutrient con-
tent [14,15]. Further, the freezing processing is easy to undertake in most families with
refrigerators/freezers in the modern world.

However, very limited studies were reported regarding the influences of the freezing
technology on the quality of fresh walnuts, especially in different forms of fresh walnuts:
fresh kernel, fresh walnuts with shell, fresh walnuts with green husk. Therefore, the
objective of the present study is to investigate the physiochemical responses of the kernel
quality, antioxidant activity, and protective enzymes, including superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT) to low temperatures under three different
forms (fresh kernel, fresh walnuts with shell, fresh walnuts with green husk) during
freezing. Hopefully, this study can provide technical support for the preservation of
fresh walnuts.

2. Materials and Methods

2.1. Plant Material and Treatments

Fresh walnuts (Juglans regia L. cv. Xiangling) with green husk were harvested from a
local farm (Zhouzhi, GPRS: Lo-108.22207; La-34.16337) in Xi’an, Shaanxi Province, China.
After harvest, the walnuts were transferred to the lab and pre-cooled at 0 ◦C for 24 h. Fresh
walnuts were prepared in three forms: walnuts with green husk (Figure 1a), walnuts with
shell (Figure 1b), and fresh kernels with seed coat (Figure 1c), and were stored at 0 ◦C and
−20 ◦C. Each treatment was set in triplicate containing 400 walnuts. During the period of
storage, nine sample points were set at the months of 0, 1, 2, 3, 4, 5, 6, 8, and 10. Fifteen
walnuts were taken at each point, and their kernels were used for related measurements.

 

Figure 1. Different forms of fresh walnuts after harvesting: (a) walnut with green husk; (b) fresh
walnut with shell; (c) fresh kernels with seed coat; (d) fresh kernels without seed coat.
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2.2. Relative Electrical Conductivity (REC)

Walnut kernel powder (3 g) was mixed with 30 mL of double distilled water and was
incubated at 25 ◦C for 1 hr. The electrical conductivity (P1) was determined by using a
conductometer (DDS-307A, Inesa-Instrument Co., Ltd., Shanghai, China) [16]. Then, the
mixed walnut solution was boiled in a water bath for 15 min. After cooling, the value of
the electrical conductivity (P2) was recorded. The electrical conductivity of the walnut
samples was calculated using the following equation:

REC(%) =
(P1 − P0)

(P2 − P0)
× 100% (1)

2.3. Total Phenol Analysis

According to the method described by Wang et al. (2019), one gram of the walnut
sample was mixed with 10 mL of 70% ethanol (v/v), and the mixture was extracted at
room temperature for 30 min. After centrifuging at 8000× g for 10 min, the supernatant
was stored at 4 ◦C for the analyses of total phenols and antioxidant activity. The total
phenol content of the walnut kernel was determined using the Folin-Ciocalteau assay [17].
Specifically, 0.2 mL of extracts were mixed with 6 mL of double-distilled water, 0.5 mL of
Folin-Ciocalteau reagent, and 1.5 mL of a 20% sodium carbonate solution. The mixture was
transferred at 75 ◦C for 10 min, and then the absorbance changes were recorded at 765 nm
using a spectrophotometer (UV-3100, Mapada Co. Ltd., Shanghai, China). Gallic acid was
used to obtain the standard curve.

2.4. Antioxidant Activity
2.4.1. Ferric Reducing Antioxidant Power (FRAP) Assay

According to the method mentioned by Benzie and Strain (1996), an FRAP working
solution was obtained by mixing together an acetic acid buffer (40 mM), a ferric chloride
solution (20 mM), and 2,4,6-Tripyridyl-S-triazine (TPTZ) by the rate of 1:1:10 (v/v/v) [18].
The walnut kernel extract (0.2 mL) was incubated with 3 mL of FRAP at 37 ◦C for 30
min. Then, the absorbance of the mixture was recorded at 593 nm. The standard curve
was obtained using a 1.0 mol/L FeSO4 solution, and the results were expressed as mmol
FeSO4/g FW of walnut kernels.

2.4.2. DPPH Radical Scavenging Activity

DPPH radical scavenging activity was another method used to evaluate the antioxi-
dant activity of the walnut kernels. The walnut kernel extract was incubated with a DPPH
solution by the rate of 1:1 at room temperature for 30 min. The color changes were recorded
at 517 nm. According to the method described by Wang et al. (2019), the antioxidant
activity was calculated by using the following equation:

DPPH(%) =
(Abs0 − Abs1)

Abs0
× 100 (2)

where Abs0 is the absorbance value of the blank sample, and Abs1 is the absorbance of
samples [17].

2.5. Activities of Antioxidant Enzymes: CAT, SOD, and POD

One gram of the walnut kernel sample was grounded with 8 mL of a pre-cooled
phosphate buffer (0.1 M, pH 6.8) to extract the relevant antioxidant enzymes [10]. After
30 min incubation at 4 ◦C, the mixture was centrifuged at 10,000× g for 10 min. The
supernatant was collected and stored at 4 ◦C until further analysis.

The CAT activity of the walnut kernels was measured by mixing 400 μL of an enzyme
extract, 6 mL of the phosphate buffer (0.1 M, pH 6.8), and 0.2 mL of H2O2 (2%). One unit
of CAT activity was defined as an increase of 0.01 absorbance unit per min at 240 nm [19].
The activity of SOD was obtained using 3 mL of a working solution containing 100 μL
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of enzyme extract and nitroblue tetrazolium. One unit of SOD activity is defined as the
amount of enzyme that causes 50% inhibition of nitroblue tetrazolium [19]. The absorbance
changes of a mixed solution containing 1 mL of enzyme extract, 1 mL of phosphate buffer
(0.1 M, pH 6.8), 3 mL of guaiacol (25 mM), and 0.2 mL of H2O2 (2%) was recorded at
410 nm for 5 min to analyze the POD activities of the walnut kernels. One unit of POD
activity was defined as an increase of 0.01 absorbance units per min [9].

2.6. Changes of O2
−, H2O2, and MDA Contents in Walnut Kernels

The walnut kernels (5 g) were grounded with 15 mL of a pre-cooled phosphate buffer
(0.01 M, pH 7.0) and homogenized at 4 ◦C for 45 min [20]. After centrifuging at 10,000× g
for 10 min, the supernatant was collected for the analyses of O2

− and H2O2 production.
The generation of O2

− was measured by adding 0.5 mL of the supernatant, 0.5 mL of the
pre-cooled phosphate buffer (0.01 M, pH 7.0), and 0.2 mL of hydroxylamine hydrochloride
(0.01 M). After incubation at 25 ◦C for 1 h, 1 mL of p-aminobenzenesulfonic acid (17 mM)
and 1 mL of α-naphthyl amine (0.05 M) was added. The color absorbance was measured at
530 nm. Standard curving was obtained using sodium nitrite to calculate the generation of
O2

− and the results were expressed as mmol/g FW [20].
For the determination of the H2O2 content, 0.4 mL of the supernatant was mixed

with 0.4 mL of the phosphate buffer (0.01 M, pH 7.0), and 0.8 mL of a working solution
(potassium dichromate: glacial acetic acid: water = 1:5:15, w/v/v) [9]. After incubating at
room temperature for 15 min, the color changes were recorded at 570 nm, and the content
of H2O2 was expressed as mmol/g. Frozen walnut samples were extracted with 10% of
a trichloroacetic acid buffer and incubated at room temperature for 30 min [21]. After
centrifuging at 8000× g for 20 min, 0.5 mL of the supernatant was mixed with 0.5 mL of
thiobarbituric acid (0.5%) and incubated at 100 ◦C for 15 min, and then the mixture was
determined at 450 nm, 532 nm, and 600 nm, respectively. The concentration of MDA was
expressed as μmol/g.

2.7. Acid Value (AV) and Peroxide Value (PV)

In the study, 8 g of fresh walnut kernels were dried at 85 ◦C. Petroleum ether (boiling
range, 30–60 ◦C) was used as a solvent to extract the oil sample at 40 ◦C for 12 h through
a Soxhlet extractor. The oil sample was stored at 4 ◦C for the analyses of the acid value,
peroxide value and fatty acids composition. The standard of GB/T5009.229-2016a and
GB/T 5009.229-2016b was used to evaluate the acid value and peroxide value of the walnut
kernels, respectively [22,23]. Each analysis was performed in triplicate.

2.8. Fatty Acids Composition

A gas chromatography (6890N, Agilent Technologies, Wokingham, UK) equipped
with a DB5 column (0.32 mm × 30 cm) and a flame ionization detector (FID) were used to
determine the fatty acid composition in the walnut kernels, according to the method as
described by Esteki et al. (2017), with some modifications. The flow rate of the nitrogen gas
and H2 gas was set at 40 mL/min [24]. The injection volume of the oil sample was 0.3 μL,
with a split ratio at 30:1. The initial oven temperature was set at 150 ◦C and held for 3 min.
The oven temperature was set to increase to 220 ◦C at the rate of 5 ◦C/min and held for
10 min. The injector and detector temperatures were set at 260 ◦C [24]. Polyunsaturated
fatty acid (PUFA) and unsaturated fatty acid (UFA) contents were calculated according to
the contents of individual fatty acids. The ChemStation software was used to analyze data
obtained from the study.

2.9. Statistical Analysis

All the treatments and analyses were performed in triplicate. Results obtained from
the experiment were compared by a one-way analysis of variance (ANOVA) using SPSS
22.0 software (SPSS Inc., Chicago, Illinois, USA). All the data was represented by mean
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values ± standard deviation (SD), and the significant differences of mean values between
samples were evaluated using Duncan’s multiple range test (p ≤ 0.05).

3. Results and Discussion

3.1. Relative Electrical Conductivity (REC)

As shown in Figure 2, an increasing trend in the REC of walnut kernels was observed
under different storage conditions. Specifically, no significant difference in the REC was
detected in kernels obtained from walnuts with shell and walnuts with green husk on the
2-month storage at 0 ◦C, while the fresh kernels showed a higher REC. In comparison,
a two-fold increase in the REC of kernels present in the walnuts with green husk and
walnuts with shell was observed by the end of a 3-month storage of (Figure 2a). The REC
was considered as an indicator to evaluate the kernel quality of nuts through testing the
concentration of leachates in the kernel soaking solution, reflecting the damage degree
and integrity of the cell membrane [25]. The walnuts with shell and green husk showed a
lower conductivity compared with fresh kernels, which indicates shell and green husk can
prevent kernels from cell membrane damage contributing to a high physiological potential,
during the first 2-month storage at 0 ◦C. Thereafter, the significant increase in the REC
might be due to the very limited shelf life when stored at 0 ◦C [10].

 
(a) 

(b) 

Figure 2. Relative electrical conductivity of walnut kernels under different storage conditions: (a)
0 ◦C and (b) −20 ◦C. Note: m means month in the figure. Data of fresh kernel stored at 0 ◦C are not
available due to the limited shelf life.
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In comparison, a six-fold increase in the REC of kernels was observed by the end of
the 1-month storage at −20 ◦C, when compared with the initial level (Figure 2b). Then,
for the next 10-month storage, the REC of kernels was maintained at a similar level. It
indicates that frozen storage remarkably accelerates the damage to the cell membranes of
walnut kernels in all three forms, which is primarily attributed to the growth of ice crystals
in the cells, resulting in the breakage of kernel cells [26].

3.2. Total Phenols Content

As shown in Table 1, the total phenol content of the walnut kernels increased during
the 3-month storage at 0 ◦C. The highest phenol content was observed in the walnut kernels
with green husk (72.82 mg/100 g FW), followed by the walnuts with shell (65.44 mg/100 g
FW) on the third month, while the values of fresh kernels were not available due to the
limited shelf life at 0 ◦C. In comparison, the total phenol content of the walnut kernels
stored at −20 ◦C showed a fluctuating trend. The total phenol content of the fresh kernels
increased up to 85.36 mg/100 g from the initial level (44.23 mg/100 g FW) in the second
month, and then decreased to 30.55 mg/100 g FW at the end of storage (Table 1). For
the walnuts with shell, the total phenols showed a significant enhancement from 44.23 to
77.43 mg/100 g FW after a 1-month storage, and then it was maintained at a stable range of
51.37–75.89 mg/100 g FW during the subsequent duration. While the total phenol content
was maintained at a stable level (44.23–53.84 mg/100 g FW) in the walnuts with green
husk during the first 6-month storage at −20 ◦C, it then showed a two-fold increase to
115.98 mg/100 g FW by the end of the 10-month storage.

A higher level of total phenols was observed in the walnuts with shell and green husk
compared with the fresh kernels during the storage. After the 10-month storage at −20 ◦C,
the total phenols present in the walnuts with green husk was increased by 2–4 times higher
when compared with the initial level. Similarly, in hazelnuts, a study found that a low
temperature (−25 ◦C) can maintain the phenol concentration of kernels during a 12-month
storage [27]. This increase in the total phenol content might be strongly associated with the
presence of shell and green husk, which can prevent the phenols from oxidation. Studies
have reported that a transformation of compounds between the green husk and kernels
of walnuts continues after being picked from the trees, which in turn could contribute to
the synthesis of phenols in the kernels during storage [9,10]. The dramatic increase in the
total phenols of walnuts with green husk in the late storage stage (8–10 months) might be
attributed to the closed environmental stresses obtained from the green husk under the
frozen conditions.

3.3. Total Antioxidant Activity (TAC)

In the present study, two methods, including FRAP and DPPH assays, were used to
quantify the antioxidant activity of the walnut kernels. As shown in Table 1, the results
found that the TAC of kernels was improved when stored at 0 ◦C using FRAP assay. The
highest antioxidant activity was observed in the walnuts with green husk (4.90 mmol/g),
followed by the walnuts with shell (4.71 mmol/g), while the data of fresh kernels was not
available because of their short shelf life. It indicates that walnuts, especially the form with
green husk, showed advantages in maintaining or improving the TAC of kernels during a
short period of storage at 0 ◦C. However, no significant difference in the TAC of walnut
kernels in three forms was observed when stored at −20 ◦C. During the 10-month storage,
the highest average value of TAC was observed in the walnuts with shell (3.57 mmol/g),
followed by fresh kernel (3.39 mmol/g), and walnuts with green husk (2.79 mmol/g). The
higher presence of TAC in the walnuts with shell was strongly associated with its higher
total phenol content (Table 1). In addition, the results revealed that frozen storage could be
beneficial to maintaining the TAC of walnut kernels.
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In regards to the DPPH radical scavenging activity, similar results were observed
during the storage at 0 ◦C (Table 1). The DPPH radical scavenging activity in the fresh
kernels and walnuts with shell significantly increased to 21% from the initial level of
16%, while a decrease in the walnuts with husk (14%) was detected by the end of the
2-month storage at 0 ◦C. During the 10-month frozen storage at −20 ◦C, the DPPH radical
scavenging activity of walnuts with shell gradually increased from 16% to 26%. However,
a dramatic decrease (10–11%) in the DPPH radical scavenging activity was investigated
in the fresh kernel and walnuts with green husk at the end of the 2-month storage. This
fluctuating in the DPPH radical scavenging activity might be attributed to the total phenol
content and TAC. Similarly, many studies have reported that a positive correlation between
DPPH and total phenols was observed in mangoes, apples, and tomato fruit [28–30].

3.4. SOD, CAT, and POD Activity

SOD, CAT, and POD are three key enzymes which play important roles in catalyzing
superoxide radicals, hydrogen peroxides and hydroperoxides into harmless molecules
(H2O2/alcohol and O2) [31]. In the present study, these three enzymes showed a fluctuating
trend when stored at different conditions (Figure 3). During the first month storage at 0 ◦C,
the SOD activity of the kernels was enhanced and decreased to the initial level in the next
month storage, and then a jump enhancement was observed at the end of the 3-month
storage (Figure 3a). When frozen storage at −20 ◦C was applied, walnuts with green husk
showed a stable level of SOD with a small peak at the end of the 4-month storage, whereas
the peak value of SOD in the walnuts with shell and green husk increased by 2–3 folds
compared with the initial level (Figure 3b). After a 6-month storage, the SOD activity of
the kernels was maintained at a stable level. A higher level of SOD was observed in the
frozen stored walnut samples, which may be due to more SOD being generated in the
kernel against low-temperature stress [32,33].

In comparison, an increasing trend in the CAT activity was detected in the kernels
when stored at 0 ◦C during the first 2-month storage, and then a dramatic decrease was
observed in the walnuts with shell (Figure 3a). During the storage at −20 ◦C, the CAT
activity of the kernels obtained from the walnuts with shell and green husk significantly
increased by 35% from the initial level at the end of the 2-month storage, and then main-
tained at a stable range (140–160 U min/g FW). In comparison, the CAT activity of the
walnuts with green husk started to decrease to a stable range (80–100 U min/g FW) after a
2-month frozen storage at −20 ◦C. It suggests that green husk played a role in inhibiting the
activity of CAT when stored at −20 ◦C for 10-months, which might be related to the closed
environmental condition generated by the green husk. In regards to the POD activity,
the results presented a significant decrease (85%) compared with the initial level during
the storage at 0 ◦C and −20 ◦C (Figure 3a,b). It indicates that low-temperature storage
contributed to inhibiting the activity of the POD present in the kernel during the storage.

3.5. MDA, H2O2, and O2
− Production

MDA was considered as an important marker to evaluate the membrane lipid peroxi-
dation during the storage of fruits and nuts [20,34]. As shown in Figure 4, the production
of MDA in walnut kernels stored at 0 ◦C decreased with the rise of storage time, while an
increasing trend was observed when stored at −20 ◦C, especially after the 2-month storage.
The highest average value of MDA production was detected in the fresh walnut kernels
(6.47 μmol/g FW), followed by the walnuts with shell (6.16 μmol/g FW) and walnuts
with green husk (5.78 μmol/g FW) (Figure 4b). The results indicate that green husk could
contribute to a lower MDA content in the walnut kernels when stored at −20 ◦C compared
with the other forms of walnuts.
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Figure 3. SOD, CAT, and POD activity of walnut kernel under different storage conditions: (a) 0 ◦C and (b) −20 ◦C. Note:
m means month in the figure.
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Figure 4. MDA, H2O2, and O2

− production of walnut kernel under different storage conditions: (a) 0 ◦C and (b) −20 ◦C.
Note: m means month in the figure.

In comparison, the production of H2O2 in the kernels under various conditions
showed an increasing trend with the increase of storage time (Figure 3a,b). During the
first month of storage at 0 ◦C, the production of H2O2 in the fresh kernels and the kernels
obtained from walnuts with shell increased by four-fold compared with the initial level,
while the kernels obtained from the walnuts with the green husk maintained a stable
level of H2O2. During the frozen storage at −20 ◦C, the production of H2O2 in the fresh
kernels and walnuts with shell increased sharply during the first 4-month storage and then
maintained at the initial level. However, the walnuts with shell delayed the presence of the
peak of H2O2 maintaining within a stable range (0.6–0.8 mmol/g FW), and then the H2O2
was synthesized abundantly from the 4-month to the 8-month storage at −20 ◦C. Thus,
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the inhibiting effect on the production of H2O2 obtained from the low temperatures was
different in various storage conditions. Similarly, an increasing trend was observed in the
production of O2

− in the kernels during the first 3-month storage at 0 ◦C and −20 ◦C. After
the 4-month frozen storage, the production of O2

− was reduced to a stable level. Thus,
frozen storage can inhibit the production of O2

− in the kernels of late storage duration.

3.6. Fatty Acid Composition

Fatty acids present in the nuts are considered as the key indicator for evaluating the
kernel quality [8]. As shown in Table 2, the changes of fatty acid in the kernels stored at
−20 ◦C were observed, while the relevant data was not available because of the limited
shelf life of fresh kernels when stored at 0 ◦C. Five compositions of fatty acids, including
palmitic acid, stearic acid, oleic acid, linoleic acid, and α-linolenic acid, were detected using
gas chromatography. Among them, the palmitic acid (16:0) content in three forms of walnut
kernels decreased from the initial level (9.21%) to 7.29–7.76% after an 8-month storage
at −20 ◦C. Whereas, the oleic acid (18:0) and unsaturated fatty acid level significantly
increased in the kernels obtained from the three forms of walnuts (fresh kernel, walnuts
with shell, and walnuts with green husk) compared with their initial concentration. In
addition, no significant difference in the stearic acid (18:1), linoleic acid (18:2), linolenic acid
(18:3), and polyunsaturated fat content of the kernels was observed during the 8-month
storage at −20 ◦C. As shown in Figure 5, the highest peak area of five compositions of fatty
acids was observed in the walnuts with shell, followed by fresh kernels and walnuts with
green husk at the end of the 8-month storage at −20 ◦C. The results indicate that frozen
storage maintained the majority of fatty acid content, especially in the kernels of walnuts
with shell. In Canarium nuts, a significant reduction in the fatty acid of frozen kernels
compared with the fresh kernels [35]. In butter, a study showed no significant changes in
the fatty acid content during a 24-month frozen storage at −20 ◦C [36]. Thus, the property
changes in fatty acids are different in various food samples.

Table 2. Fatty acid changes of walnut kernels during the storage of −20 ◦C. Note: Values with different lowercase letters
in the same column ‘a–c’ and uppercase letter ‘A–B’ in the same row are significantly different (p < 0.05) from each other
during storage.

Storage Time Fatty Acid Composition (%)
Fatty Acid

Month Fresh Kernel Walnut with Shell
Walnut with Green

Husk

Palmitic acid
(16:0)

0 9.21 ± 0.01Aa 9.21 ± 0.01Aa 9.21 ± 0.01Aa
3 7.86 ± 0.01Ab 8.62 ± 0.06Aab 7.46 ± 0.62Ab
8 7.29 ± 0.78Ab 7.76 ± 0.85Ac 7.30 ± 0.78Ab

Stearic acid
(18:0)

0 2.42 ± 0.16Aa 2.42 ± 0.16Aa 2.42 ± 0.16Aa
3 2.52 ± 0.01Aa 2.54 ± 0.14Aa 2.41 ± 0.04Aa
8 2.08 ± 0.01Aa 2.03 ± 0.11Aa 2.18 ± 0.36Aa

Oleic acid
(18:1)

0 13.04 ± 0.38Aa 13.04 ± 0.38Aa 13.04 ± 0.38Aa
3 12.69 ± 0.05Aa 11.18 ± 0.26Aa 13.10 ± 0.48Aa
8 13.44 ± 0.62Aa 14.54 ± 0.28Aa 13.58 ± 0.62Aa

Linoleic acid
(18:2)

0 66.90 ± 0.39Aa 66.90 ± 0.39Aa 66.90 ± 0.39Aa
3 68.20 ± 0.11Aa 67.93 ± 0.08Aa 68.32 ± 0.11Aa
8 68.74 ± 0.03Aa 67.35 ± 0.93Aa 67.86 ± 0.45Aa

Linolenic acid
(18:3)

0 8.44 ± 0.15Aa 8.44 ± 0.15Aa 8.44 ± 0.15Aa
3 8.74 ± 0.17Aa 9.73 ± 0.14Aa 8.73 ± 0.31Aa
8 8.45 ± 0.01Aa 8.32 ± 0.26Aa 9.09 ± 0.01Aa

Polyunsaturated fat
(PUFA)

0 75.33 ± 0.92Aa 75.33 ± 0.92Aa 75.33 ± 0.92Aa
3 76.93 ± 0.48Aa 77.66 ± 0.69Aa 77.05 ± 0.18Aa
8 77.19 ± 0.38Aa 75.66 ± 0.41Aa 76.95 ± 0.35Aa

Unsaturated fatty acid
(UFA)

0 88.37 ± 0.92Aa 88.37 ± 0.92Aa 88.37 ± 0.92Aa
3 89.62 ± 0.33Aa 88.83 ± 0.43Aa 90.14 ± 1.43Aa
8 90.63 ± 0.69Aa 90.20 ± 1.66Aa 90.52 ± 1.75Aa
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Figure 5. Fatty acid profiles of walnut kernels: (a) prior to frozen storage; (b) fresh kernel after 8-m frozen storage; (c)
walnut with shell after 8-m frozen storage; (d) walnut with green husk after 8-m frozen storage.

3.7. Total Fat Content, Acid Value, and Peroxide Value of Walnut Kernels

As shown in Table 3, a 20% decrease of fat content in the kernels was observed from
walnuts with shell and walnuts with green husk stored at 0 ◦C, compared with the initial
value, whereas only a slight reduction in the fat content was detected during the frozen
storage at −20 ◦C. Similar results have been reported by Ma et al. (2013), where they
found walnuts stored at 0 ◦C still perform energy metabolism, resulting in a degradation
of fat in the kernels, while frozen storage decreased this effect [8]. Among the three forms
of walnuts, no significant difference in the fat content was observed during the 8-month
frozen storage at −20 ◦C. It indicates that frozen storage could contribute to delaying the
degradation of fat present in the kernels. In addition, the high maintenance of fat content
may be attributed to the high concentration of fatty acid during storage (Table 2).

The acid value of the kernels was used to evaluate the degree of the degradation in
the fatty acids during storage, and the higher acid value contributes to a higher free fatty
acid content resulting in a lower fat quality of walnut kernels [37]. As shown in Table 3,
the results found a slight increase in the acid value of the walnut kernels after a 3-month
storage at 0 ◦C. The walnuts with green husk (0.67 mg/g) showed a lower acid value
compared to the walnuts with shell (0.76 mg/g), which might be strongly associated with
the higher total phenol content and total antioxidant activity. During the 8-month storage
at −20 ◦C, the acid value of the walnut kernels increased gradually, and the highest acid
value was observed in the walnuts with shell (0.84 mg/g), followed by walnuts with green
husk (0.68 mg/g) and fresh kernel (0.61 mg/g). No significant difference was observed
between the three forms of walnuts at the end of the 8-month frozen storage at −20 ◦C. It
indicates that low-temperature storage showed a potential advantage in preventing fatty
acids from oxidation and degradation.
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Table 3. Total fat content, acid value and peroxide value of walnut kernels during the storage at 0 ◦C and −20 ◦C. Note: Na
means not available. Values with different lowercase letters in the same column ‘a–b’ and uppercase letter ‘A–B’ in the same
row are significantly different (p < 0.05) from each other during storage.

Storage Time 0 ◦C −20 ◦C
Parameters

Month Fresh Kernel
Walnut with

Shell
Walnut with
Green Husk

Fresh Kernel
Walnut with

Shell
Walnut with
Green Husk

Fat
content

(%)

0 54.04 ± 2.05A 54.04 ± 2.05Aa 54.04 ± 2.05Aa 54.04 ± 2.05Aab 54.04 ± 2.05Aa 54.04 ± 2.05Aa
3 Na 44.16± 2.42Ab 44.22± 1.93Ab 56.29 ± 0.86Aa 48.29 ± 2.98Bb 50.84 ± 1.05Ba
8 50.48 ± 3.66Ab 49.50 ± 0.93Ab 51.33 ± 4.10Aa

Acid
value
(mg/g)

0 0.57 ± 0.11A 0.57 ± 0.11Ab 0.57 ±0.11Aa 0.57 ± 0.11Aa 0.57 ± 0.11Ab 0.57 ± 0.11Aa
3 Na 0.76 ± 0.16Aa 0.67 ± 0.03Aa 0.59 ± 0.01Aa 0.67 ± 0.20Ab 0.60 ± 0.05Aa
8 0.61 ± 0.09Ba 0.84 ± 0.08Aab 0.68 ± 0.02ABa

Peroxide
value

(mmol/kg)

0 0.59 ± 0.06A 0.59 ± 0.06Aa 0.59 ± 0.06Aa 0.59 ± 0.06Aab 0.59 ± 0.06Ab 0.59 ± 0.06Aab
3 Na 0.55 ± 0.00Aa 0.49 ± 0.01Aa 0.79 ± 0.14Aa 0.68 ± 0.09Aab 0.84 ± 0.14Aa
8 0.37 ± 0.06Bb 0.75 ± 0.10Aa 0.44 ± 0.07Bb

In regards to the peroxide value of the walnut kernels, no significant difference was
detected at the end of a 3-month storage at 0 ◦C when compared with the initial level
(Table 3). However, the peroxide value of the kernels increased up to 0.84 mmol/kg
from the initial level of 0.59 mmol/kg when stored at −20 ◦C, and then it decreased to
a similar value with the initial level. The results indicate that long-term frozen storage
(up to 8 months) at −20◦C can contribute to maintaining the peroxide value of walnut
kernels. Many studies have reported that phenolic compounds can contribute to the
lower acid value, peroxide, which in turn could improve the kernel quality of nuts during
storage. In fresh walnuts, Wang et al. (2016) and Ma et al. (2020) observed that phenols
played a primary role in reducing the lipid oxidation in the kernels, resulting in a negative
correlation between the phenol content and the concentration of acid value and peroxide
value [10,38]. In hazelnuts, a study found that frozen storage at −25 ◦C maintained the
kernel quality as a result of the high phenolic composition and antioxidant capacity of
kernels during the storage [27]. Similarly, in this study, our results observed a higher total
phenol content and DPPH in the walnuts during the storage at −20 ◦C compared with the
initial level, resulting in acceptable acid and peroxide values of the kernels (Table 3).

4. Conclusions

In this study, three forms of walnuts, including walnuts with green husk, walnuts with
shell, and fresh kernels, were stored at 0 ◦C and −20 ◦C. The results found that walnuts
with green husk showed a better kernel quality resulted from a lower acid value and
peroxide value, and a higher antioxidant activity compared with other forms of walnuts,
when stored at 0 ◦C for a short duration (3 months). In contrast, during the frozen storage
at −20 ◦C for a long duration (up to 10 months), the findings revealed that walnuts with
shell showed advantages in improving the fatty acid content, total phenols, and total
antioxidant activity compared with other forms of walnuts. Further, the production of
H2O2 and O2

− in the kernels was inhibited or delayed because of the higher SOD, CAT,
and POD activities, which in turn led to maintaining the acid value (AV) and peroxide
value (PV) in an acceptable range. In addition, the walnuts with shell saved space for the
storage compared with the walnuts with green husk. Therefore, the walnuts with shell
showed a potential to be used for the future frozen storage at −20 ◦C for long-term storage
(up to 10 months) in the food industry. However, the relevant physiochemical mechanisms
under the cold storage of fresh walnuts are still not clear, and relevant studies are needed
in future research.
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Abstract: This study revealed the effect of the use of different temperature and calcium chloride
(CaCl2) treatments on the storage quality of fresh-cut “Xuebai” cauliflowers. Fresh-cut “Xuebai”
cauliflowers were soaked with 2% CaCl2 solution at different temperatures. The change in the
firmness, color, and ascorbic acid (ASA), total glucosinolates (TGLS), polygalacturonase (PG), and
lipoxygenase (LOX) content of fresh-cut “Xuebai” cauliflowers during the cold storage period was
assessed. In addition, the sensory quality was also evaluated. The results show that the combined
treatments with CaCl2 at different temperatures could effectively maintain the storage quality of
fresh-cut “Xuebai” cauliflowers. Then, a method based on factor analysis with comprehensive
quality evaluation was proposed. A factor analysis with a principal component analysis (PCA) was
conducted on nine indicators of cauliflowers. Two principal components were extracted with a
cumulative contribution rate of 97.513%. The results demonstrated that the treatment with the best
fresh-keeping effect of cauliflowers in storage was the combination treatment at 40 ◦C with 2% CaCl2
solution, while the optimal storage period was 15 days.

Keywords: fresh-cut cauliflower; storage period; calcium chloride; temperature; factor analysis; quality

1. Introduction

Brassica vegetables are important components of a healthy diet and can help to prevent
diseases such as diabetes, cardiovascular disease, and certain cancers; thus, they have
attracted the attention of researchers [1–3]. Among cruciferous vegetables, cauliflowers
(Brassica oleracea L. botrytis) are important components of human diets and have large
economic benefits and yields around the world. The demand for cauliflowers has risen
sharply due to their high nutritional value and high levels of many bioactive compounds,
including glucosinolates, phenolic compounds, and ascorbic acid [4,5].

Fresh-cut fruits and vegetables are packed and sold after fresh raw materials have
been selected, cleaned, peeled, and sliced [6]. Nowadays, with changes in lifestyles and
consumption habits, the popularity of fresh-cut cauliflowers has risen among consumers
due to their ideal nutritional value, excellent sensory qualities, and health-related benefits
for the body [7]. As a basic processing method, cutting will cause browning, odor emission,
tissue softening, and a loss of nutritional quality in fresh-cut cauliflower, thus shortening
its storage time [8]. As a divalent cation nutrient element, calcium (Ca2+) plays a significant
role in delaying aging and improving antioxidant capacity in the cell wall and membrane
structure. During the cross-linking process between Ca2+ and carboxyl groups in pectin, a
structure called “egg box” is formed. This helps to increase the strength of the cell wall and
the firmness of the tissue structure [9].

Calcium chloride (CaCl2) as a preservative and curing agent has been widely used in
the preservation of fresh-cut fruits and vegetables, as it can effectively inhibit the occurrence
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of diseases, inhibit ethylene production, and delay the aging of fruits and vegetables [10,11].
Aghdam et al. (2013) found that postharvest CaCl2 treatment had a positive effect on
the antioxidant capacity and DPPH free radical scavenging capacity of cornelian cherry
(Cornus mas) fruit. At the same time, the content of active substances such as anthocyanins
and ascorbic acid was increased [12]. Zhang et al. (2019) reported that treatment with 2%
CaCl2 could reduce the browning of “Nanguo” pear peel during cold storage, maintain a
high hardness and polyphenol content, and inhibit the gene expression of phospholipase D
and polyphenol oxidase while reducing their activity [13].

In recent years, heat treatment has attracted researchers’ attention because of its
advantages in terms of safety, lack of contribution to pollution, and easy means of operation.
Through heat treatment, the incidence of chilling injury symptoms in fruits and vegetables
can be reduced; the occurrence of respiratory peaks can be delayed; losses of water can
be reduced; the ripening, decay and yellowing of fruits and vegetables within the storage
period can be controlled; the postharvest quality of fruits and vegetables can be maintained,
and their shelf life can be prolonged [14]. As a common method of physical pretreatment
for fruits and vegetables, cold treatment can reduce the tissue temperature of fruits and
vegetables within a short timeframe, cause them to experience low-temperature stress,
induce stress resistance, maintain the balance of active oxygen metabolism in fruits, protect
the integrity of the cell membrane structure, reduce enzyme activity, delay fruit aging, and
maintain the nutritional quality of fruits and vegetables to the greatest extent possible [15].
Duarte-Sierra et al. (2017) reported that heat treatment can lower the respiratory efficiency
of broccoli, maintain a good chemical composition, delay the rate of yellowing of the curd,
and lead to a significantly higher content of chlorophyll and glucosinolate than is present in
untreated broccoli [16]. Yang et al. (2016) found that CaCl2 treatment can increase glutamine
biosynthesis in broccoli, promote myrosinase (MYR) gene expression and activity, and
improve the total antioxidant capacity and DPPH scavenging capacity [17]. Grzegorzewska
et al. (2009) found that, during the storage period, broccoli treated with ice water had a
lower rooting rate, lower loss of tightness, and minor color change [18].

Some research reports have shown that CaCl2 treatment combined with other methods
is a good method of fruit and vegetable preservation. Wang et al. (2014) reported that
the combined treatment with CaCl2 and cold water at 0 ◦C can inhibit the respiration rate
of sweet cherries, help them maintain a brighter luster, enhance their antioxidant system,
and reduce the peroxidation of membrane lipids. In the end, the authors achieved their
goal of reducing the rate of decay of cherry fruit and delaying its senescence speed [19].
Supapvanich et al. (2012) suggested that the use of hot CaCl2 dips at 40 ◦C could help to
maintain the postharvest quality of fresh-cut sweet leaf bush, delay the decrease in chloro-
phyll content, delay yellowing, and help to maintain a high nutritional quality, especially
with regard to the activities of total phenols, flavonoids, and antioxidant enzymes [20].

Unfortunately, there has been no related exploration of the change in the preservation
quality of fresh-cut “Xuebai” cauliflowers through combined treatment with temperature
and CaCl2. Therefore, this study aimed to select the optimal temperature of CaCl2 solution
for the preservation of fresh-cut “Xuebai” cauliflower florets at 4 ◦C. The effects of CaCl2
solutions of different temperatures on the color value, firmness, ascorbic acid content
(ASA), total glucosinolates content (TGLS), and polygalacturonase (PG) and lipoxygenase
(LOX) activities during storage of fresh-cut “Xuebai” cauliflower florets were studied. By
measuring multiple indicators, conducting sensory evaluation (SE), combining principal
component analysis and factor analysis, and sorting out the scores, the most suitable
compound treatment method for fresh-cut “Xuebai” cauliflower preservation was screened.
This study provided theoretical support for the research and development of storage and
preservation technology for fresh-cut “Xuebai” cauliflower florets and the extension of
shelf life.
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2. Materials and Methods

2.1. Plant Material and Treatments

“Xuebai” cauliflower (Brassica oleracea L. botrytis) was picked in Juxin Agricultural
Park (112.49 N and 7.39 E) in Taigu, Shanxi Province of China. After picking, the cauliflower
was precooled by vacuum in the field, put into a foam box with small ice cubes, and
transported to the laboratory. The selected cauliflower samples were similar in size and
without any diseases, insect pests, or mechanical damage. We cut cauliflower into small
flower balls (about 50 g) of the same size with a knife sterilized in 0.1% sodium hypochlorite
solution, soaked the flower balls in 0.1% sodium hypochlorite solution for 5 min, rinsed
them with sterile water, and took them out to dry.

After drying, 21 samples were separated from the freshly cut florets and analyzed.
A total of 420 fresh-cut cauliflower samples were selected and divided into four groups
(each with 105 samples); then, the following treatments were performed: (1) T20 ◦C-CaCl2
0%: immersed in water at 20 ◦C for 10 min; (2) T0 ◦C-CaCl2 2%: immersed in 2% CaCl2
solution at 0 ◦C for 10 min; (3) T20 ◦C-CaCl2 2%: immersed in 2% CaCl2 solution at 20 ◦C
for 10 min; (4) T40 ◦C-CaCl2 2%: immersed in 2% CaCl2 solution at 40 ◦C for 10 min. Then,
the fresh-cut “Xuebai” cauliflower florets were controlled in a drain basket, dried, and put
into a 0.04 mm PE fresh-keeping bag at a constant temperature of 4 ◦C and a 90% constant
humidity for 16 days. For each treatment, we randomly selected 21 samples (a total of
84 samples) for repeated experiments at 0, 3, 6, 9, 12, and 15 days. Then, we determined the
quality index and performed a sensory evaluation.

According to the research of Grzegorzewska et al. (2009) and Xue et al. (2021), the
temperature setting, number of storage days, and CaCl2 solution concentration of this
experiment were determined [18,21].

2.2. Sensory Quality Scores

After each sampling, a group of volunteers (n = 9) consisting of male and female
students were asked to evaluate the following sensory attributes: appearance, aroma,
flavor, texture, and overall acceptability. These volunteers received professional training
before the assessment and agreed on the assessment criteria. The sensory quality scores
for cauliflower ranged from one to nine and were calculated using a weighted method.
A score of nine meant the sample was excellent (the color was very good, the flower ball
organization was tight, the fragrance was good, and it was not decayed); a score of seven
meant it was good (the color and luster were good, tissue, the fragrance was light, and less
than one twentieth of the flower buds had spots); a score of five was medium (the color
and luster were acceptable, the flower balls were slightly soft, the central organization was
loose, there was some fragrance, and one-twentieth to one-fifth of the flower buds had
spots); a score of three was poor (the color and luster were not good, more than half of the
flower balls were wilted, there was a slight peculiar smell, and one-fifth to one-half of the
flower buds had spots); a score of one was extremely poor (the color was very bad, most of
the bulbs were wilting, there was a rancid smell, and more than half of the flower buds had
spots) [22,23].

2.3. Firmness Measurement

The firmness of the cauliflower floret was measured by the TMS-PRO food physical
property analyzer (FTC, Sterling, VA, USA). The cylinder probe used was P / 2 n, the initial
speed was 5 mm/s, the test speed was 1 mm/s, the retraction speed was 5 mm/s, the
interval between two extrusions was 2 s, the minimum perception force was 0.4 N, and
the extrusion depth was 4 mm. The firmness of each sample was measured three times,
and the average value was calculated. The maximum firmness value obtained at the first
compression was taken as the firmness value of the sample.
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2.4. Color Measurement

Referring to the research of Yan et al. (2020), at each sampling time point, the L*, a*,
and b* values on the surface of the cauliflower florets were measured using a CR-400 color
meter (Konica Minolta, Tokyo, Japan) [23]. Three data points were randomly measured at
the top bulge of each sample, and the average value was taken as the final result.

2.5. Ascorbic Acid Content Measurement

Cauliflower samples with weights of 1 g were ground and fixed to 50 mL; the content
of ascorbic acid (ASA) was determined by titration with 2-6-dichloro-indophenol. When
the ASA was completely oxidized, a drop of the dye caused the oxalic acid solution
to immediately appear light pink. This change in color was the end point of titration.
According to the titration standard of 2-6-dichloro-indophenol solution, the content of
ascorbic acid in cauliflower florets can be calculated. The specific operation method used
was based on the method of Chen et al. (2018) [24].

2.6. Total Glucosinolates Measurement

Based on the principle that total glucosinolates (TGLS) are hydrolyzed into glucose
by myrosinase (MYR) in cauliflower, the content of TGLS was determined by spectropho-
tometry. A standard solution of 3-5 dinitrosalicylic acid and glucose was prepared, and the
glucose standard curve was drawn. Two 0.5 g grinding samples were accurately weighed
and placed in 25 mL calibration tubes, and to each, 0.1 g of sodium fluoride was added.
Then, we added 20 mL of boiling water to a test tube, heated it immediately until it boiled,
and maintained it there for 10 min. In the other test tube, we added 20 mL of distilled water
at 36 ◦C and kept it in a water bath at 37 ◦C for one hour. The TGLS was hydrolyzed under
the action of MYR. Then, we heated the sample to boiling and kept it there for 10 min.
We added six drops of neutral lead acetate to each of the two test tubes, distilled water
was added until the solution reached a total of 25 mL, and 0.5 mL of filtrate was used to
determine its absorbance.

2.7. Polygalacturonase Measurement

The determination of polygalacturonidase (PG) was performed using visible spec-
trophotometry. The galacturonidase produced by PG hydrolysis reacted with DNS reagent
to produce a brownish red substance with a characteristic absorption peak at 540 nm.
The pectinase activity was calculated by measuring the change in the absorbance value at
540 nm.

We weighed 0.1 g of cauliflower, added 1 mL of extract, ground it in an ice bath,
centrifuged it for 10 min at 4 ◦C with sixteen thousand revolutions, diluted the supernatant
five times, and followed the steps of the determination instructions (Soleibao Technology
Co., Ltd., Beijing, China).

2.8. Lipoxygenase Measurement

The presence of lipoxygenase (LOX) was determined by ultraviolet spectrophotometry
(Soleibao Technology Co., Ltd., Beijing, China); LOX can catalyze the oxidation of linoleic acid,
and the oxidation product had a characteristic absorption peak at 234 nm. The increasing rate
of 234 nm absorbance was measured to calculate the LOX activity.

2.9. Statistical Analysis

For this experiment, we adopted a completely random design. A one-way analysis of
variance (ANOVA) was performed on the quality indicators. All indicators were repeatedly
measured three times (each repetition included 21 samples), and the results were expressed
as mean ± standard deviation (SD). We used the SPSS 17.0 software and Origin 19 software
for data analysis and the creation of graphs.
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3. Results and Discussion

3.1. Effect of Different Treatments on the Quality of Fresh-Cut “Xuebai” Cauliflower Florets
3.1.1. Volunteer Group Sensory Evaluation

The most intuitive indicator that describes the quality of cauliflower and reflects
its commercial value is sensory evaluation (SE) [25]. It can be seen from Figure 1 that
the sensory score of fresh-cut “Xuebai” cauliflower florets declined during the storage
period. The sensory score of the control check (CK) was always lower than that of the other
treatment groups. It can be seen from Figure 1 that from 0 d to 6 d, the sensory scores of
the four groups of fresh-cut “Xuebai” cauliflower florets did not differ greatly. However,
as the storage period grew longer, the decline in the scores of the CK group accelerated.
On the 15th day, the CK group had the lowest score. Samples from this group scored only
one point, indicating that they had lost their commercial value. These samples received
significantly different scores from those of the groups treated with CaCl2 (p > 0.05). In
general, the effect of the CaCl2 + 40 ◦C treatment was slightly better than that of the CaCl2
+ 0 ◦C and CaCl2 + 20 ◦C treatment groups. Our results showed that treatments with CaCl2
can effectively maintain the marketability of cauliflower.

Figure 1. Sensory evaluation of fresh-cut “Xuebai” cauliflower florets given different treatments
during storage.

3.1.2. Color

The color of cauliflower is very important for evaluating its value and quality. How-
ever, fresh-cut cauliflower will brown and rot in the postharvest storage process, which is
visually manifested as a color change [26]. On the zeroth day of storage, the color values L*,
a*, and b* of fresh-cut “Xuebai” cauliflower florets were 70.265 ± 0.96, −1.558 ± 0.67, and
9.61 ± 0.35 in sequence. In Table 1, the effects of storage time and treatment methods on
the lightness L* value (light or dark), a* value (−green to + red), and b* value (−blue to +
yellow) are compared. The results show that the lightness of all samples (CK and treated
samples) decreased as the storage time grew longer, while the a* and b* values increased
over the course of the storage period [27].
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Table 1. Effects of different treatments on the color of fresh-cut “Xuebai” cauliflower florets.

Color Groups
Storage Time/d

0 3 6 9 12 15

L*

CK

70.265 ± 0.96 a

69.207 ± 0.961 a 67.883 ± 0.744 a 66.127 ± 0.736 b 63.467 ± 0.652 c 59.923 ± 0.549 c
CaCl2 + 0 ◦C 69.647 ± 0.806 a 67.810 ± 0.902 a 67.510 ± 0.711 ab 66.073 ± 0.347 ab 64.263 ± 0.346 b
CaCl2 + 20 ◦C 69.423 ± 0.612 a 68.463 ± 0.728 a 67.290 ± 0.651 ab 65.840 ± 0.517 b 63.733 ± 0.481 b
CaCl2 + 40 ◦C 69.873 ± 0.849 a 69.240 ± 0.731 a 68.360 ± 0.580 a 67.370 ± 0.723 a 65.700 ± 0.637 a

a*

CK

−1.558 ± 0.67 a

−1.517 ± 0.061 a −1.457 ± 0.098 a −1.353 ± 0.057 a −1.187 ± 0.051 a −0.987 ± 0.080 a
CaCl2 + 0 ◦C −1.540 ± 0.062 a −1.503 ± 0.062 a −1.450 ± 0.053 a −1.357 ± 0.032 b −1.283 ± 0.049 b
CaCl2 + 20 ◦C −1.533 ± 0.081 a −1.490 ± 0.070 a −1.427 ± 0.031 a −1.333 ± 0.091 b −1.220 ± 0.123 b
CaCl2 + 40 ◦C −1.547 ± 0.076 a −1.517 ± 0.100 a −1.467 ± 0.055 b −1.397 ± 0.060 b −1.317 ± 0.075 b

b*

CK

9.61 ± 0.35 a

10.927 ± 0.787 a 12.877 ± 0.962 a 14.840 ± 0.792 a 17.413 ± 0.751 a 20.317 ± 0.587 a
CaCl2 + 0 ◦C 10.433 ± 0.656 a 11.690 ± 0.797 a 12.977 ± 0.290 b 15.393 ± 0.562 b 16.677 ± 0.621 bc

CaCl2 + 20 ◦C 10.480 ± 0.579 a 11.877 ± 0.670 a 13.347 ± 0.696 b 15.277 ± 0.535 b 17.430 ± 0.622 b
CaCl2 + 40◦C 10.260 ± 0.321 a 11.470 ± 0.810 a 12.797 ± 0.597 b 14.547 ± 0.621 b 16.100 ± 0.085 c

Note: Different letters in the same column indicate significant differences at the p < 0.05 level. L*—lightness,
a*—redness, b*—yellowness.

After a prolonged period of storage, the L* values of CaCl2 treated fresh-cut “Xuebai”
cauliflower florets were significantly different from those of the CK group on the 12th and
15th day, indicating that CaCl2 can effectively inhibit the browning of fresh-cut “Xuebai”
cauliflower florets and decrease the appearance of spots on the flower bud. Throughout
the whole storage period, the L* value of fresh-cut “Xuebai” cauliflower florets treated
with CaCl2 + 40 ◦C was higher than that of the other three groups. On the 15th day, there
were significant differences between cauliflower florets from the CaCl2 + 40 ◦C treatment
group and those from the other three groups (p < 0.05). In addition, the a* and b* values for
cauliflower florets given CaCl2 + 40 ◦C treatment were the lowest, indicating that CaCl2 +
40 ◦C treatment can effectively prevent fresh-cut “Xuebai” cauliflower florets from turning
yellow and browning. It can be seen that the CaCl2 + 40 ◦C treatment is better able to
maintain the quality of fresh-cut “Xuebai” cauliflower florets.

Consistent with our research results, Zhang et al. (2014) [28] found that after heat
treatment, the color value of the heat treatment group was better than that of the other
treatment groups [28]. Suzuki et al. (2005) reported that heat treatment can reduce the
rate of yellowing of cauliflower [29]. Supapvanich et al. (2012) reported that soaking
freshly cut beets with hot CaCl2 solution can effectively lower the activity of chlorophyll-
decomposing enzymes, reduce the loss of chlorophyll and protein in vegetables, delay the
loss of greenness, and reduce the rate of yellowing [20].

3.1.3. Firmness

In the process of postharvest storage and consumption, firmness is always an impor-
tant indicator for evaluating the quality of cauliflowers [30]. In this study, the combined
treatment with temperature and CaCl2 had a significant effect on the firmness of fresh-
cut “Xuebai” cauliflower florets during their period of storage at 4 ◦C (p < 0.05). From
Figure 2, there was no significant difference between the treatment groups and the CK
group throughout the early and middle stages of storage (p < 0.05). However, after stor-
age for a longer period of time, the rate of decrease in the firmness of fresh-cut “Xuebai”
cauliflower florets given treatment was significantly lower than that of the CK group (12th
and 15th days). By the 15th day, there were significant differences between the CK group
and the three treatment groups (p < 0.05), indicating that the combined treatment was
able to maintain the firmness more effectively and reduce the softening of the “Xuebai”
cauliflower florets. The difference between the CaCl2 + 0 ◦C and CaCl2 + 20 ◦C treatment
groups was not significant (p > 0.05), but the CaCl2 + 40 ◦C treatment group showed a
significant difference from the other two groups (p < 0.05). A comprehensive compari-
son showed that the CaCl2 + 40 ◦C treatment was better able to maintain the firmness of
fresh-cut “Xuebai” cauliflower florets.
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Figure 2. Effect of the different treatments on the firmness of fresh-cut “Xuebai” cauliflower florets.
Error bars indicate standard deviation (SD); the statistical significance between the four groups that
passed the Tukey significance test is expressed in different lowercase letters, and the significance level
is p < 0.05.

Duarte-Sierra et al. (2017) studied the effect of heat treatment on the quality of broccoli
in storage. The results showed that the use of different temperature treatments can lead
to the formation of a high initial CO2 content, delay yellowing, maintain a higher level
of firmness, and lead to a lower weight loss rate of broccoli [16]. Some enzyme activities
relating to hydrolyzing cellulose and pectin increased, dissolving the middle gum layer,
loosening the structure of the cell wall, and thus causing the softening of cauliflowers over
the storage period [31]. The reason for the rapid decrease in the hardness value was the
increase in the rate of metabolism, which is related to aging. Wang et al. (2014) showed
that calcium pectate was formed after treatment with CaCl2, which increased the rigidity of
the cell wall and reduced the content of PG, pectin methyl esterase (PME), B-galactosidase
(b-Gal), etc. These substances are located in the middle layer of the cell wall and are closely
related to the activity of enzymes related to fruit softening. In addition, calcium can also fix
water and maintain the stability of the pressure between cells, delaying the appearance of
softening [19].

3.1.4. Ascorbic Acid Content

As shown in Figure 3, with the extension of the storage period of fresh-cut “Xuebai”
cauliflower florets, the ASA content in the CK group and treatment groups showed a
downward trend. However, the temperature and CaCl2 treatment effectively delayed
the decrease in the ASA content. On the 15th day, there was a significant difference
between the ASA value of fresh-cut “Xuebai” cauliflower florets given the combined
treatments and that of florets in the CK group (p < 0.05). Additionally, there was a
significant difference between the cauliflowers given the CaCl2 + 40 ◦C treatment and
those in the other two treatment groups (p < 0.05). It can be seen that the CaCl2 + 40 ◦C
treatment more effectively inhibited the decomposition of ASA during the storage period
of fresh-cut “Xuebai” cauliflower florets.
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Figure 3. Effect of the different treatments on the ASA content of fresh-cut “Xuebai” cauliflower
florets. Error bars indicate standard deviation (SD); the statistical significance between the four groups
that passed the Tukey significance test is expressed in different lowercase letters, and the significance
level is p < 0.05.

Many fruits and vegetables are rich in ASA. As is widely known, ascorbic acid is an
important antioxidant for the healthy growth of the human body. Ribeiro et al. (2020),
in a study on red pomegranate, and Morteza Soleimani Aghdam et al. (2013), in a study
on cornelian cherry fruit, reported the positive effect of calcium treatment on delaying
the decrease in ASA content [12,32]. Naser et al. (2018), in a study concerning the quality
changes in persimmons, showed that the use of a combined calcium and heat treatment can
effectively decrease the reduction in ASA. Calcium treatment can act as a signal to activate
the antioxidant system inside the cell; calcium treatment can reduce the rate of free radical
degradation at the genetic level and reduce the consumption of ASA [33]. Aguayo et al.
(2015) reported that heat treatment was used as an auxiliary method to help increase the
absorption of ASA in apple tissues. Combined with calcium treatment, it can delay the
decrease in ASA content and improve the quality of apples in storage [34].

3.1.5. Total Glucosinolates Content

Figure 4 shows that during the storage process, the total glucosinolates (TGLS) content
of fresh-cut “Xuebai” cauliflower florets followed a trend of increasing first and then
decreasing; these results are the same as those of Wei et al. (2016), Duarte-Sierra et al. (2017),
and Xue et al. (2020) [21,35,36]. The TGLS content of the control group was 12.7 μmol/100 g
on the 9th day, which dropped sharply to 4.2 μmol/100 g on the 15th day. However, the
declining trend of the treatment group was not obvious. In the late storage period (12 d and
15 d), the TGLS content of fresh-cut “Xuebai” cauliflowers in the three treatment groups
was higher than that in the CK group, showing a significant difference (p < 0.05). Treatment
with temperature and CaCl2 can effectively delay the degradation of TGLS in fresh-cut
“Xuebai” cauliflower tissues and maintain the good nutritional quality of cauliflowers. The
content of TGLS in the group treated with CaCl2 + 40 ◦C was the highest. This shows that
the effect of the 40 ◦C thermal compound treatment was better than that of the 0 ◦C and
20 ◦C treatments.

46



Foods 2022, 11, 442

Figure 4. Effect of the different treatments on the TGLS content of fresh-cut “Xuebai” cauliflower
florets. Error bars indicate standard deviation (SD); the statistical significance between the four groups
that passed the Tukey significance test is expressed in different lowercase letters, and the significance
level is p < 0.05.

Glucosinolates (GLS) are natural biologically active ingredients in broccoli. The en-
dogenous plant enzyme myrosinase in the plant cell, physically segregated from GLS, is
released when chopped or chewed to hydrolyze GLS into various products that help pre-
vent cancer, including isothiocyanates (ITCs), thiocyanates, nitriles, and sulforaphane [35].
GLS are distributed in the vacuoles of plants in the form of salts. In the early stages of
storage, the increase in GLS due to the presence of hydroxycinnamic acid helps to maintain
the rigidity of the cell walls, which can protect plant tissues from damage. However, in later
stages of storage, a decrease in TGLS content occurs due to the degradation of GLS [19]. A.P.
Vale et al. (2015) reported that the GLS content of broccoli during cold storage increased
first and then decreased. The best consumption time was seven days after harvest. During
this period of time, the aliphatic GL of broccoli was at a relatively high level. Sulforaphane
was the major decomposition product, and it had the effect of reducing the risk of can-
cer [36]. Heat treatment can significantly improve the retention of glucoraphanin, maintain
the quality of broccoli, and extend the shelf life of products [37]. A study on the effect
of CaCl2 treatment on the GLS metabolism of broccoli sprouts showed that it promoted
the expression of BrST5b (sulfotransferase 5b), inhibited AOP2 (2-oxoglutarate-dependent
dioxygenase 2) expression, and induced the expression of genes that synthesize GLS to
promote GLS biosynthesis [17].

3.1.6. Polygalacturonase Activity

Polygalacturonase (PG) is an enzyme that is closely related to softening senescence,
and plays an important role in the degradation of cell wall materials [38]. It can be seen
from Figure 5 that, as the storage period grew longer, the activity of PG increased, and the
activity of PG in the treatment groups was significantly lower than that in the CK group.
There was no significant difference between the treatment groups and the control group in
the early stage of the storage period (p > 0.05). In the late storage period, the PG activity of
the fresh-cut “Xuebai” cauliflower florets in the treatment groups was lower than that in
the control group, and there was a significant difference (p < 0.05). On the 15th day, the
PG activity of the group given the CaCl2 + 40 ◦C treatment was 11.99, which was 23.1%
lower than that of the control group. There was a significant difference in the PG activity
between the group given the CaCl2 + 40 ◦C treatment and the other two treatment groups.
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The results showed that the treatment with temperature and CaCl2 compound effectively
inhibited the activity of PG enzyme during storage and delayed the softening of fresh-cut
“Xuebai” cauliflower florets.

Figure 5. Effect of the different treatments on the PG activity of fresh-cut “Xuebai” cauliflower florets.
Error bars indicate standard deviation (SD); the statistical significance between the four groups that
passed the Tukey significance test is expressed in different lowercase letters, and the significance level
is p < 0.05.

During the maturation and senescence of fruits and vegetables, the activity of PG,
which is a cell-wall-degrading enzyme, increases. As a result, cell wall components such
as pectin are degraded, resulting in the softening of the pulp, increased juice yield, and
changes in the textural characteristics. During storage, the de-esterification and long-chain
depolymerization of pectin occur, leading to the degradations of insoluble pectin into
soluble pectin and pectic acid. The adhesion between the cells is reduced, the cell partitions
disappear, and the turgor pressure is lost. This causes the cell viscosity and fruit hardness
to decrease and finally leads to the softening of the fruit [39]. Ca+ can interact with pectin
to form a calciumpectin gel, causing the cell walls to harden and giving them the ability
to resist degradation. The use of calcium reduces the accessibility of cell-wall-degrading
enzymes [32], thereby causing the activity of PG enzyme to be lower in the treatment
group than in the control group. In general, the inhibition achieved by the CaCl2 + 40 ◦C
treatment was better than that achieved by the other two treatments. We also found that
low temperatures do not effectively inhibit the activity of PG enzyme, which is consistent
with the results of Tian et al. (2008) [38].

3.1.7. Lipoxygenase Activity

Lipoxygenase (LOX) has a peroxidation effect on lipids. It can cause a large number
of free radicals to be produced and participate in the synthesis of ethylene, leading to an
increase rate of aging in fruits and vegetables [40]. Figure 6 shows that, with the increase
in the storage period, the activity of LOX first increased and then decreased, while the
LOX value of the treatment groups was lower than that of the CK group. On the third day,
there was a significant difference between the fresh-cut “Xuebai” cauliflower florets in the
three treatment groups and those in the CK group (p < 0.05). On the ninth day, the LOX
enzyme activity of the control group and the treatment groups reached a peak, after which
the cauliflower began to show rapid softening and worsening effects of aging. By the 15th
day, there was a significant difference between the CaCl2 + 40 ◦C treatment group and the
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other two treatment groups (p < 0.05). It was observed that the CaCl2 + 40 ◦C treatment
inhibited the LOX activity most significantly.

Figure 6. Effect of the different treatments on the LOX activity of fresh-cut “Xuebai” cauliflower
florets. Error bars indicate standard deviation (SD); the statistical significance between the four groups
that passed the Tukey significance test is expressed in different lowercase letters, and the significance
level is p < 0.05.

LOX can catalyze the oxidative metabolism of unsaturated fatty acids to generate lipid
peroxidation free radicals and other substances, activate membrane lipid peroxidation, and
aggravate the damage to the membrane structure. The combination of Ca+ and membranes
can protect membrane lipids, reduce plant cell membrane damage, and strengthen the
cell wall structure. Ca+ plays an important role in stabilizing the membrane lipid struc-
ture, preventing membrane damage and maintaining the membrane integrity. However,
exposure to low temperatures will induce Ca+ exudation, increase the Ca+ content in the
cytoplasmic matrix, increase the activity of lipoxygenase enzymes in the cell, and aggravate
the degradation and peroxidation of membrane lipids [41]. These findings are consistent
with our conclusion that the CaCl2 + 40 ◦C treatment was better than the CaCl2 + 0 ◦C
treatment in this study.

3.2. Factor Analysis among Cauliflower Quality Indicators

We carried out an exploratory factor analysis with dimensionality reduction to extract
and synthesize the original variables with overlapping information into a small number of
common factors, thereby replacing most of the original variable information. This method
was used to model and analyze the quality of fresh-cut “Xuebai“ cauliflower florets [42–44].

3.2.1. Correlation Analysis of Quality Indicators

During storage, the cell structures of fresh-cut “Xuebai” cauliflower florets were
damaged, the permeability of the cell membrane was increased, and the rigidity of the
cell wall was decreased. With the degradation of insoluble pectin into soluble pectin and
pectic acid, the firmness of fresh-cut “Xuebai” cauliflower florets decreased rapidly and
the activity value of the PG enzyme showed an upward trend. However, the ascorbic acid
content and L* value both showed downward trends. From the changing trends of the
quality indicators of fresh-cut “Xuebai” cauliflower florets, it could be seen that there was
an intrinsic connection between them, so it was necessary to carry out relationship research.
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Table 2 shows the results of the relationship analysis carried out on the quality in-
dicators of fresh-cut “Xuebai” cauliflower florets. Very significant positive relationships
were observed between the firmness (X1) and L* value (X2), ASA (X5), TGLS (X6), LOX
activity (X8), and SE (X9) (p < 0.01). Additionally, negative relationships could be clearly
observed between the firmness (X1) and a* value (X3), b* value(X4), and PG activity (X7)
(p < 0.01). We also observed extremely significant positive relationships between the L*
value (X2) and ASA (X5) and TGLS (X6) (p < 0.01), as well as an extremely significant
negative relationship between the a* value (X3) (p < 0.01) and PG (X7) (p < 0.05). The a*
value (X3) had very significant positive relationships with the b* value (X4) and PG activity
(X7) (p < 0.01). There was also a clear negative relationship between the a* value (X3) and
ASA (X5), TGLS (X6), LOX activity (X8), and SE (X9) (p < 0.01). The b* value (X4) was
extremely negatively associated with the ASA (X5) and TGLS content (X6) (p < 0.01), and
significantly negatively associated with the LOX activity (X8) (p < 0.05). The content of
ASA (X5) had a very significant positive relationship with the LOX activity (X8) and SE (X9)
(p < 0.01). The content of TGLS (X6) had very significant positive relationships with the LOX
activity (X8) and SE (X9) (p < 0.01). There were also very significant negative relationships
between the PG activity (X7) and LOX activity (X8) and SE (X9) (p < 0.01).

Table 2. Relationship analysis of the quality indicators of fresh-cut “Xuebai” cauliflower florets
during storage.

Firmness L* (X2) a* (X3) b * (X4) ASA (X5) TGLS (X6) PG (X7) LOX (X8) SE (X9)

Firmness
(X1) 1.000

L* (X2) 0.957 ** 1.000
a* (X3) −0.949 ** −0.995 ** 1.000
b* (X4) −0.976 ** −0.981 0.978 ** 1.000

ASA (X5) 0.973 ** 0.961 ** −0.950 ** −0.991 ** 1.000
TGLS (X6) 0.930 ** 0.880 ** −0.877 ** −0.900 ** 0.899 1.000

PG (X7) −0.988 ** −0.943 * 0.936 ** 0.981 −0.985 −0.935 1.000
LOX (X8) 0.316 ** 0.120 −0.131 ** −0.148 * 0.130 ** 0.381 ** −0.251 ** 1.000
SE (X9) 0.972 ** 0.968 −0.965 ** −0.995 0.993 ** 0.899 ** −0.986 ** 0.125 1.000

* and ** represent significance at the levels of 0.05 and 0.01. L*—lightness, a*—redness, b*—yellowness.

From Table 2, it can be seen that the correlations between the quality indicators of
fresh-cut “Xuebai” cauliflower florets were relatively high. However, if a quality assessment
is carried out directly, there will be deviations in the assessment results due to the presence
of overlapping information [45]. Thus, a factor analysis was conducted to combine several
relevant indicators with uncorrelated indicators [44]. This new set of quality indicators was
used for the quality synthesis of fresh-cut “Xuebai” cauliflower florets treated with different
temperatures and CaCl2 in order to improve the reliability of the evaluation model.

3.2.2. Principal Component Analysis (PCA)

The raw data of various indexes of fresh-cut “Xuebai” cauliflower florets treated with
different temperatures and CaCl2 were statistically analyzed using the Kaiser-Meyer-Olkin
(KMO) and Bartlett test methods. It can be seen from Table 3 that the KMO value was 0.794,
indicating that the sampling adequacy effect was very good. The significant difference
of Bartlett’s spheroid test was less than 0.01; this showed that the quality index data of
fresh-cut “Xuebai” cauliflower florets were different. We continued to study these data
with a factor analysis.
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Table 3. KMO and Bartlett’s correlation test.

Test Method
KMO Measure of

Sampling Adequacy

Bartlett’s Test of Sphericity

Approx. x2 df Sig.

Result 0.794 477.288 36 0.000

A principal component analysis (PCA) was carried out in the SPSS 17.0 software to
extract feature values from the quality index data of fresh-cut “Xuebai” cauliflower florets
and perform a factor analysis. Table 4 shows that the variances of the common factors of all
indexes of fresh-cut “Xuebai” cauliflower florets were above 0.917. This indicated that the
effect of the factors analysis was good, and that the quality index data of fresh-cut “Xuebai”
cauliflower florets were suitable for factor analysis.

Table 4. Factor variance statistics of quality indicators.

Quality Indexes Initial Extraction

Firmness(X1) 1.000 0.989
L*(X2) 1.000 0.969
a*(X3) 1.000 0.959
b*(X4) 1.000 0.994

ASA(X5) 1.000 0.983
TGLS(X6) 1.000 0.917

PG(X7) 1.000 0.981
LOX(X8) 1.000 0.993
SE(X9) 1.000 0.991

L*—lightness, a*—redness, b*—yellowness.

The PCA and the quarter rotation method were used to obtain the eigenvalues and
rates of contribution of each factor of fresh-cut “Xuebai” cauliflower florets; the results are
shown in Table 5.

Table 5. Factor analysis of principal component characteristic values and contributions in fresh-cut
“Xuebai” cauliflower florets.

Component

Initial Eigenvalues
Extraction Sums of Squared

Loadings
Rotation Sums of Squared Loadings

Total
% of

Variance
Cumulative Total

% of
Variance

Cumulative Total
% of

Variance
Cumulative

1 7.736 85.960 84.960 7.736 85.960 84.960 7.717 85.744 85.744
2 1.040 11.553 97.513 1.040 11.553 97.513 1.059 11.768 97.513
3 0.113 1.261 98.773
4 0.085 0.949 99.722
5 0.013 0.141 99.863
6 0.008 0.086 99.949
7 0.002 0.025 99.974
8 0.002 0.017 99.991
9 0.001 0.009 100.000

Table 5 shows the variance contribution rate obtained in the factor analysis of fresh-cut
“Xuebai” cauliflower florets. The contribution rates of factor one and factor two to the total
variance of fresh-cut “Xuebai” cauliflower floret reached 85.744% and 11.768%, respectively,
while the cumulative variance contribution rate reached 97.513%. Nearly 100% of the
information in the original dataset was covered by these two principal components, so it
was determined that the number of factors in the subsequent factor analysis should be two.

Figure 7 shows a schematic diagram of the factor rotation of the correlation coefficients
of the nine original indicators and factor one and factor two. It can be seen from Figure 7
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that firmness, TGLS, ASA, L* value, and SE had higher loads in the positive direction of
factor one, while PG, a* value, and b* value had higher loads in the negative direction of
factor one, which is in line with the actual meaning of each index. It was found that the
higher the PG activity, a* value, and b* value were, the more significant the deterioration
in the quality of fresh-cut “Xuebai” cauliflower florets was. Additionally, the higher the
firmness, TGLS, ASA, L* value, and SE were, the higher the quality of fresh-cut “Xuebai”
cauliflower florets was. It can be inferred that factor one comprehensively reflected the
main quality indicators, while factor two had a significant positive correlation with the
LOX content. This mainly demonstrates the influence of LOX on the storage quality of
fresh-cut “Xuebai” cauliflower florets, and its cumulative variance contribution rate was
only 11.768%. The impact of this factor on the overall quality was far less important than
that of factor one.

Figure 7. Principal component graph in rotating space. L*—lightness, a*—redness, b*—yellowness.

Table 6 shows the effectiveness of the use of the regression coefficient method to
explore the mutual effect of fresh-cut “Xuebai” cauliflower floret quality indicators under
CaCl2 treatments at different temperatures. After the data were rotated using the maximum
variance method, the expressions of factor one and factor two were obtained.

Y1 = 0.123 × X1 + 0.132 × X2 − 0.131 × X3 − 0.133 × X4 + 0.133 × X5 + 0.111 × X6 − 0.126 × X7 − 0.020 × X8 + 0.133 × X9 (1)

Y2 = 0.091 × X1 − 0.106 × X2 + 0.096 × X3 + 0.079 × X4 − 0.090 × X5 + 0.189 × X6 − 0.032 × X7 + 0.933 × X8 − 0.098 × X9 (2)

52



Foods 2022, 11, 442

Table 6. Quality component coefficient matrix of fresh-cut “Xuebai” cauliflower florets.

Quality indexes
Component

1 2

Firmness (X1) 0.123 0.091
L* (X2) 0.132 −0.106
a* (X3) −0.131 0.096
b* (X4) −0.133 0.079

ASA (X5) 0.133 −0.090
TGLS (X6) 0.111 0.189

PG (X7) −0.126 −0.032
LOX (X8) −0.020 0.933
SE (X9) 0.133 −0.098

L*—lightness, a*—redness, b*—yellowness.

These two common factors reflected the effects of different treatments on the storage
quality of fresh-cut “Xuebai” cauliflower florets in terms of different aspects. Then, the
variance contribution rate corresponding to each common factor was weighted to obtain
the following comprehensive score calculation Equation Y:

Y = (85.744 × Y1 + 11.768 × Y2) ÷ 97.513 = 0.119 × X1 + 0.103 × X2 − 0.104 × X3
− 0.107 × X4 + 0.106 × X5 + 0.120 × X6 − 0.115 × X7 + 0.095 × X8 + 0.105 × X9

(3)

We normalized the original data and substituted them into Equation Y. Table 7 lists the
order of the comprehensive quality index values of fresh-cut “Xuebai” cauliflower florets
treated with different temperatures and CaCl2.

Table 7. Ranking of the comprehensive quality index values of fresh-cut “Xuebai” cauliflower florets
treated with different temperatures and CaCl2.

Method Storage Time/d Value Rank

CK

3 103.285 4
6 99.066 8
9 89.918 12

12 78.230 16
15 60.603 20

CaCl2 + 0 ◦C

3 104.983 2
6 101.324 6
9 94.059 10

12 84.302 14
15 70.889 18

CaCl2 + 20 ◦C

3 104.545 3
6 100.455 7
9 93.628 11

12 83.878 15
15 70.091 19

CaCl2 + 40 ◦C

3 105.410 1
6 102.522 5
9 96.307 9

12 87.251 13
15 74.803 17

It can be seen from the comprehensive score comparison of CaCl2 treatments at
different temperatures in Table 7 that the storage period of fresh-cut “Xuebai” cauliflower
florets could be significantly prolonged after treatment with temperature and CaCl2. The
fresh-cut “Xuebai” cauliflower florets had the highest score after being treated with CaCl2 +
40 ◦C, but as the storage time grew longer, their quality continued to decline. After 15 days
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of storage, the comprehensive quality score of the cauliflowers fell below the pass line and
the curd softened and browned, causing then to lose their storage value.

4. Conclusions

This experiment studied the effect of the use of different temperatures and CaCl2
treatments on the preservation of fresh-cut “Xuebai” cauliflower florets. Through a compre-
hensive evaluation of our factor analysis, the optimal processing method for cauliflowers
subjected to a storage period was determined. The test results showed that as the storage
period grew longer, the fresh-cut “Xuebai” cauliflower florets developed a peculiar smell;
darkened and yellowed in color; exhibited decreased hardness; decreased SE, ASA, and
TGLS content, and showed increased PG and LOX activities. The quality of cauliflowers
in the treatment groups was significantly better than that of the cauliflowers in the CK
group, and they maintained a higher firmness value, higher ASA and TGLS content, and a
lower activity of related enzymes. The factor analysis of indicators of fresh-cut “Xuebai”
cauliflower florets during the storage period found that the rate of contribution of the first
two principal component factors was 97.513%. These two factors were able to represent the
change in the cauliflowers’ quality. We also established a comprehensive evaluation model
for fresh-cut “Xuebai” cauliflowers. The CaCl2 + 40 ◦C treatment was determined to be the
best preservation method for fresh-cut “Xuebai” cauliflower florets. This study provides a
theoretical reference for extending the storage time of fresh-cut “Xuebai” cauliflower florets
and improving their quality during storage.
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Abstract: The postharvest deterioration of mango fruits is a critical issue limiting mango storage and
preservation due to its climacteric nature. This study evaluated the storage behavior of two mango
cultivars and their response to exogenous melatonin (MT, 1000 μmol L−1) treatment in attenuating
fruit decay and enhancing fruits’ physiological and metabolic processes and gene relative expression
subjected to cold storage. MT treatment in both mango cultivars significantly delayed weight loss,
firmness, respiration rate, and decay incidence. However, MT did not influence the TSS, TA, and
TSS:TA ratio regardless of the cultivar. Moreover, MT inhibited the decrease in total phenol and
flavonoid content and AsA content while delaying the increase in the MDA content of mango during
storage in both cultivars. In addition, MT dramatically inhibited the enzyme activity of PPO. In
contrast, an increase in the activities of antioxidant enzymes (SOD and APX) and PAL and their
genes’ relative expression was noticed in MT-treated fruits versus control in both cultivars. However,
MT treatment was cultivar dependent in most parameters under study. These results demonstrated
that MT treatment could be an essential postharvest treatment in minimizing decay, maintaining
fruit quality, and extending mango fruits’ postharvest shelf life by enhancing the physiological and
metabolic processes during cold storage.

Keywords: mango fruit; melatonin treatment; cold storage; decay; physiological and metabolic processes

1. Introduction

Mango (Mangifera indica) is one of the most vital tropical fruits globally due to its
unique features: its pleasant flavor, attractive color, distinct taste and aroma, and rich
nutritional value (carbohydrates, minerals, fibers, vitamins, polyphenols) [1,2]. In addition,
mango fruits are categorized as a climacteric type with relatively high respiration. Mangoes
are usually harvested in July and August at very high temperatures, and the harvested
mango fruits ripen within a few days under ambient conditions. These factors lead to a
relatively short postharvest shelf life due to rapid fruit decay and deterioration, a limiting
factor in the long-distance transport and marketing of the fruit [1,3].

Most fruits, including mango, that contain very high water content are highly vulnera-
ble to the attack of microbes, which ultimately cause decay in the harvested produce and
reduce the shelf life and quality. Therefore, it is crucial to protect them from postharvest
decay caused by microbes, bruises, and mechanical damage while improving shelf life
and maintaining postharvest quality. Melatonin (N-acetyl-5-methoxytryptamine, MT), a
derivative of tryptophan, is a vital indoleamine hormone widely found in various plant
species, including apple, strawberry, grape, cherry, banana, kiwi, etc. [4]. MT plays a
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role in several physiological processes, such as regulating plant growth and development,
delaying leaf senescence, and promoting fruit ripening [5,6]. MT, a potent antioxidant,
improves the resistance of plants to both abiotic and biotic stresses by eliminating reactive
oxygen species (ROS), elevating the antioxidant system, and increasing the efficiency of
other antioxidants in plants. MT has shown its effectiveness in controlling decay by sup-
pressing the activities of various fungi, bacteria, and other microbes, and also boosts the
physiological performance of fruits against unfavorable conditions [7]. Similarly, MT was
also reported to scavenge free radicals, ROS, and reactive nitrogen species (RNS) directly,
act as a signaling molecule at the cellular level, and increase the number of antioxidant
enzymes, which promotes its activity as an antioxidant [8]. Among the leading causes of
fruit decay during storage is the development of rots caused by a range of fungi. Total
phenolic content and antioxidant activity were more significant in MT-treated Santa Rosa
plums than in the control, substantially reducing the decay rate during cold storage [9].

Recently, exogenous MT treatment has been tested as an effective postharvest treat-
ment in different fruits. Some researchers found that MT was effective in promoting
postharvest banana ripening [10], reducing senescence, and improving the quality of peach
fruit and strawberry, respectively [11,12], minimizing chilling injury in peach fruit [13].
Rastegar et al. [14] found that MT at 1000 μmol L−1 maintained fruit firmness, ascorbic
acid content (AsA), the content of phenolic compounds, and the antioxidant capacity of
mango during storage. Similar research by Liu et al. [15] stated that the application of
MT (0.5 mM, immersion for 1 h) to ‘Guifei’ mangoes effectively delayed the changes in
ripening parameters, including firmness, total soluble solids content (TSS), titratable acidity
(TA), and respiration rate. Moreover, MT significantly controlled polyphenol oxidase (PPO)
activity and increased the activity of the catalase (CAT) and peroxidase (POD) enzymes
during storage [14]. However, a more recent paper by Bhardwaj et al. [16] discovered that
MT treatment has a different effect on different cultivars of mango fruits. They found that
‘Langra’ mangos responded best to MT treatment by increasing their chilling tolerance
during storage, while ‘Gulab Jamun’ mangos did not show any significant effect [16], which
demonstrates that the MT effect is cultivar dependent. MT upregulates critical genes’
(PpSODs, PpCATS, PpAPXs, and PpGRs) expression in peaches’ antioxidant defense [17].
In addition, the transcript expression of phenolic biosynthesis genes was upregulated by
MT treatment, indicating that MT could activate the phenylpropanoid pathway [18]. MT
reduces ethylene production by regulating the expression of the MaACO and MaACS genes
and delays sharp changes in quality indices in bananas [19]. Furthermore, exogenous MT
significantly regulated the transcript levels of the expression of critical genes involved in
antioxidative defense (SOD, CAT, APX, POD) and PAL resulting in increased tolerance to
drought stress in Chinese hickory plants [20].

‘Guiqi’ and ‘Tainong 1′ used in this research are two of Guizhou province’s most
cultivated mango cultivars. ‘Guiqi’, also known as ‘Gui re 82′, is a mango cultivar with a
thin peel and is rich in aroma content, TSS, and TA [21]. ‘Tainong 1′, an early maturing
cultivar with a solid pine flavor, is rich in polyphenols and flavonoids and has high
antioxidant scavenging inhibition [22]. Zhang et al. [23] discovered that hot water treatment
at 55 ◦C for 10 min effectively enhanced the chilling tolerance in ‘Tainong 1′ mango fruit
during ambient storage after exposure to low temperature [23]. The above two cultivars
have different physiological characteristics. However, it is speculated that the storage
characteristics of these two cultivars, especially ‘Guiqi’, are not evident. Therefore, the
current study aims to compare the storage characteristics of two mango cultivars after MT
treatment subjected to cold storage. The study also aims to evaluate the effect of exogenous
MT treatment on extending the shelf life of these two cultivars by attenuating fruit decay
and enhancing fruits’ physiological and metabolic processes and genes relative expressions
during storage. The results of this study will give an insight into the storage behavior of
these two cultivars of mango and their response to MT treatment. It is also assumed that
this research will give insight into how MT treatment will help minimize fruit deterioration
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and improve antioxidative processes and relative gene expression, thereby maintaining
quality and extending the shelf life of mango fruits.

2. Materials and Methods

2.1. Plant Materials

Mango fruits of the early maturing ‘Tainong 1′ and late-maturing ‘Guiqi’ were har-
vested from Guizhou Mountain Mango Base farm in Wangmo county, Guizhou province
(Latitude 25◦6′ North, and Longitude 106◦6′ East), on 21 July and 8 August, respectively.
In total, 240 fruits of ‘Tainong 1′ and ‘Guiqi’ each were harvested at the physiological green
mature stage and packed in cardboard boxes. The fruit of each layer was separated with soft
fabric to avoid compression injury. After sorting to choose fruits of uniform weight with
no visible blemishes, they were transported to the laboratory within 3 h using cardboard
boxes via a van with air conditioning at 25 ± 1 ◦C and 50–60 ± 0.5% relative humidity (RH).
Upon arrival at the laboratory, the harvested fruits were treated using sodium hypochlorite
(5% v/v) by immersing them for 10 min. Then, they were rinsed using distilled water
and air-dried.

2.2. Melatonin Treatment

A complete randomized design (CRD) with three replications was used in this research.
Each treatment was assigned 56 fruits and replicated three times. According to our pre-
experiment, 1000 μmol L−1 MT was used as the final concentration in which fruits were
immersed for 30 min. Treatment using distilled water for 30 min served as the control. The
fruits were then air-dried at room temperature and stored in a refrigerator at 13 ± 1 ◦C
and 80 ± 1% RH. The fruits were evaluated at three-day intervals during a one-month
storage period.

2.3. Quality Parameters
2.3.1. Weight Loss

The fruit weight loss was measured using an electronic scale and measured in grams.
The weight loss was measured every three days using 20 fruits from each treatment,
compared with the initial weight, and expressed in percentage.

weight loss (%) =
initial weight − f inal weight

initial weight
× 100

2.3.2. Firmness

A handheld penetrometer (GY-4, Yueqing Edberg Instrument Co., Ltd., Yueqing,
China) was used to determine the firmness of the mango fruits (n = 3). A peel from the
mango fruit was removed from both ends, and the firmness was measured in the equatorial
region using a 3.5 mm probe. Firmness was expressed as a force in Newton (N).

2.3.3. Decay Incidence Rate

Decay incidence of mango fruits was the number of fruits showing decay symptoms
(rot, lesions, or visible fungal growth) relative to the total number of fruits and expressed in
a percentage (percentage). Twenty fruits from each treatment were used to measure decay
incidence, and a visual inspection was carried out every three days.

Decay incidence (%) =
number o f f ruits showing decay symptoms

total number o f f ruits
× 100

2.3.4. Respiration Rate

The respiration rate expressed as mg CO2·kg−1·h−1 FW was determined as modi-
fications described by [24]. Six (6) fruits of each treatment were enclosed in a 9 L glass
jar at room temperature for 30 min, and three biological replicates were performed. The
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respiration rate was calculated by the concentration of CO2, which was measured by a CO2
gas analyzer (Telaire-7001, Goleta, CA, USA).

2.4. Nutritional Parameters
2.4.1. Total Soluble Solid Content (TSS), Titratable Acidity (TA), and TSS:TA

TSS was measured using a refractometer (Hybrid, PAL-BX I ACID 1, ATAGO, TOKYO)
at room temperature and expressed as Brix percentage. For the measurement of TA, 20 μL
of mango juice was pipetted with 980 μL of distilled water, and the concentration of TA
was determined using a refractometer. The results were expressed in percentage (%). The
ripening index was calculated as the ratio of TSS:TA according to [25].

2.4.2. Ascorbic Acid (AsA) Content

In total, 0.5 g of pulp sample was weighed and homogenized with 2 mL of 50 g/L
trichloroacetic acid (TCA) in a mortar and grounded in ice condition. The homogenate was
centrifuged at 12,000 rpm for 20 min, and the supernatant was collected and used for the assay
of the AsA content. Briefly, 1 mL of the sample extract was mixed with 1 mL of 50 g/L TCA
solution, and 1 mL of anhydrous alcohol was added and mixed well by vortex. Afterward,
0.5 mL of 4% phosphoric acid was added and vortexed again. After 5 min, 1 mL of 5 g/L BP
was added and mixed well, and 0.5 mL of 0.3 g/L FeCl3 was then added and mixed well with
the vortex. The mixed solution was placed in the dark at 30 ◦C for 60 min, and the absorbance
was recorded at 534 nm against the blank. Ascorbic acid was used as the standard, and the
AsA content was expressed in a 100 g sample (fresh weight), i.e., mg·100 g−1 FW.

2.4.3. Total Phenol and Flavonoid Content

One gram (1 g) of frozen mango samples was ground using a mortar and pestle and
extracted in 5 mL of 95% (v/v) methanol. The homogenate was sonicated for 30 min,
followed by centrifuging at 11,000× g for 20 min at 4 ◦C. Then, the supernatant was
transferred to a new tube and stored at −20 ◦C, used to determine the total phenol and
flavonoid content.

The total phenol content was assayed using the method of Liu et al. [12], with modifica-
tions. Briefly, 0.5 mL volume of the methanol extract was mixed with 1 mL Folin–Ciocalteu
reagent, following which the reaction mixture was allowed to stand for 5 min at am-
bient temperature. Next, 3 mL of 7.5% sodium carbonate was added and left to react
for 30 min. The absorbance was measured at 765 nm. The results were expressed as
mg GAE·100 g−1 FW against gallic acid as a standard.

The total flavonoid content was determined using modifications by the colorimetric
method [12]. Methanol extract (1 mL) was mixed with 5% NaNO2 solution (0.3 mL).
After being allowed to stand for 5 min, the mixture was combined with a 10% AlCl3
solution (0.3 mL), while 1 M sodium hydroxide (NaOH) (1.5 mL) and distilled water
(1.9 mL) were added after 5 min. The absorbance of the reaction mixture was recorded
at 510 nm. Quercetin (QE) was used as a standard, and the results were expressed as
mg QE·100 g−1 FW.

2.5. Malondialdehyde (MDA) Content

The MDA content was assayed according to the thiobarbituric acid method [26] with
slight modification. Briefly, 1 g samples were ground as homogenate using 5 mL cold 10%
(w/v) TCA solution and centrifuged at 10,000× g for 20 min at 4 ◦C. Then, 2 mL supernatant
and 3 mL 0.67% (w/v) thiobarbituric acid (TBA) were mixed and heated for 20 min in a
boiling water bath at 50 ◦C. After cooling, the absorbance of the supernatant was measured
at 450, 532, and 600 nm. Finally, the MDA content was calculated using the formula and
expressed as nmol·g−1 FW basis:

MDA content
(

nmol·g−1
)
= 6.45 ∗ (OD532 − OD600)− 0.56 ∗ OD450
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2.6. Enzymes Activities

First, 0.5 g mango samples were rapidly homogenized on the ice with 8 mL ice-cold
sodium phosphate buffer (PBS, 50 mmol L−1, pH 7.8) containing 1% (w/v) polyvinyl
polypyridine (PVP). Then, the homogenate was centrifuged at 12,000× g for 30 min at 4 ◦C,
following which the supernatant was divided into 1.5 mL centrifuge tubes and stored at
−70 ◦C as a crude extract for PPO, SOD, and APX determination.

2.6.1. Polyphenol Oxidase (PPO) Activity

A 4.0 mL of 50 μmol L−1 sodium acetate buffer, pH 5.5, was mixed with 0.5 mL
of 50 mmol L−1 catechol solution, and finally, 100 μL of enzyme extraction solution was
added and started timing immediately. The absorbance of the reaction system at 420 nm
was recorded at 15 s as an initial value and then recorded at 1 min intervals for 6 min. The
PPO enzyme activity was expressed in U·min−1·g−1 FW.

2.6.2. Phenylalanine Ammonia-Lyase (PAL) Activity

PAL activity was assayed using a plant PAL kit (A137-1-1, Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China) following the manufacturer’s instructions and ab-
sorbance measurement at 290 nm and expressed in U·min−1·g−1 FW.

2.6.3. Superoxide Dismutase (SOD) Activity

The reaction mixture includes 1.7 mL of 50 μmol L−1 sodium phosphate buffer, pH
7.8, 0.3 mL of 130 μmol L−1 methionine solution, 0.3 mL of 750 μmol L−1 NBT solution,
0.3 mL of 100 μmol L−1 EDTA-Na2 solution, 0.3 mL of 20 μmol L−1 riboflavin solution, and
0.1 mL of enzyme extract. The reaction mixture was exposed under a 4000 lx fluorescent
lamp for 10 min before measuring the SOD activity at 560 nm. The reaction system’s
inhibition of the photochemical reduction of NBT was expressed as one SOD activity unit
(U) per min per gram of fresh weight at 50%.

2.6.4. Ascorbate Peroxidase (APX) Activity

A 2.6 mL reaction buffer was added to 0.1 mL of enzyme extract in a test tube. Then,
3 mL of 2 μmol L−1 H2O2 solution was added to initiate the enzymatic reaction and
immediately mixed. The absorbance at 290 nm of the initial reaction was recorded from
15 s after then at 30 s interval for 3 min. The APX enzyme activity was expressed in
U·min−1·g−1 FW.

2.7. RNA Isolation and Gene Expression Analysis

Total RNA was extracted from frozen mango pulp for gene expression analysis using
RNAprep Pure kit (TIANGEN BIOTECH (BEIJING) CO., LTD DP140916, Beijing, China)
and further assessed for quantity and quality with a NanoDrop One. Then, 2 μg of
extracted RNA were further treated with FastKing-RT SuperMix and further converted into
cDNA with the FastKing gDNA Dispelling RT SuperMix according to the manufacturer’s
instruction (TIANGEN BIOTECH (BEIJING) CO., LTD; KR170801). Specific primers of PPO,
PAL, MnSOD, and APX were obtained from National Center for Biotechnology Information
(NCBI) and designed by their nucleotide sequence using PRIMER 6 software, and then
synthesized by a biological company (Tsingke Biotech (Guiyang) Co., Ltd., Guiyang, China).
The qRT-PCR analysis of PPO, PAL MnSOD, and APX genes in mango was performed
using gene-specific primers (Table 1) in a total volume of 20 μL with Bioer Real-Time PCR
Detection Systems (BIOER Technology Ltd., Gene-9660, Hangzhou, China) using TB Green
Premix EX Taq II (TAKARA BIO INC); Cat. RR820A, Beijing, China). The Real-Time qPCR
reaction was performed with the following thermal profile: 95 ◦C 30 s, 40 cycles of 95 ◦C 5 s
and 60 ◦C 34 s, and finishing with a final cycle at 95 ◦C 15 s, 60 ◦C 60 s, and 95 ◦C per 15 s,
to define the reaction melting curve. The qPCR data were calibrated relative to Actin as a
reference gene at zero time for each treatment, following the 2−ΔΔCt method for relative
quantification. The values represent the mean of three biological replicates.
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Table 1. The sequences of specific primers used for qRT-PCR quantification.

Gene Name Gene ID Forward Primer (5′-3′) Reverse Primer (5′-3′)

MnSOD 123228203 TAACCGAATCCGTCCGCCTTGG CCTCCGCCGTTGAACTTGATGG

APX 123203234 CTTCTTCTCTGTCGTTCTCT TCTCGCACTCTTCAACTG

PAL 123193566 CTGGCTGGTATCAGTAGTG CCTGGATGGTGCTTCAAT

PPO 123193265 TAGCACACGCAGCGGAGTTGAA CCCAGTTGCCACCTCATCCTCA

ACTIN 123216838 AGACCACCTACAACTCCAT ATCCTCCAATCCAGACACT

2.8. Statistical Analysis

Microsoft Excel (V. 2010, Washington, DC, USA), OriginPro (V. 2022b, Northampton,
MA, USA), and SPSS (V.26.0, New York, NY, USA) were used as the statistical software to
analyze the results obtained from the experiment. ANOVA analysis was used to compare
the mean difference. p < 0.05 was used as the statistical difference between means using
Tukey’s test. The storage period, cultivar, and treatment were used as the source of
variations in this research.

3. Results

3.1. Effects of MT on Quality Parameters
3.1.1. Weight Loss and Firmness

During the storage period, weight loss measured in percentage increased steadily in
both cultivars regardless of the treatment (Figure 1A,B). However, at the end of the storage
period, MT treatment illustrated a lower mean percentage loss in weight than control fruits
in both cultivars (Figure 1). The lowest weight loss for MT treatment was 9.48% for ‘Guiqi’
and 9.72% for ‘Tainong 1′ as compared to the control with 10.62% for ‘Guiqi’ and 11.24% for
‘Tainong 1′ at 24 d and 27 d storage periods, respectively. There was no cultivar difference
in terms of weight loss. The difference between MT and control in both cultivars was
significant (p < 0.05).
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Figure 1. Weight loss (A,B) and firmness (C,D) of ‘Guiqi’ (A,C) and ‘Tainong 1′ (B,D) fruits treated
with 1000 μmol L−1 MT stored at 13 ± 1 ◦C and 80 ± 1% RH. Each value is the mean for three
replicates, and vertical bars indicate the standard error (SE). Error bars with an asterisk (*) on the
same storage period show a significant difference between the treatments (p < 0.05).
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The firmness of both cultivars showed a constant decreasing trend, which signifies
that the fruits became softer with an increased storage period (Figure 1C,D). However, at
the end of the storage period, the MT-treated fruits maintained higher firmness than the
control fruits with a significant difference (p < 0.05). MT treatment delayed fruit firmness in
‘Guiqi’ almost thrice that of the control at 27 d (8.47 ± 1.83 and 2.72 ± 1.47), respectively,
while in ‘Tainong 1′, the delay difference between MT and control at 24 d was almost twice
(13.52 ± 1.03 and 7.91 ± 1.09), respectively.

3.1.2. Decay Incidence and Respiration Rate

Fruits started to show signs of decay incidence after 12 d in the ‘Guiqi’ cultivar and
3 d in ‘Tainong 1′, and the trend continued to increase until the end of the storage period
(Figure 2A,B). MT treatment showed a lower incidence of decay compared to the control
treatment in both cultivars with a statistically significant difference at (p < 0.05). The highest
decay percentages were 65% and 85% for MT treatment in ‘Guiqi’ and ‘Tainong 1′, and 75%
and 95% for the control, respectively, for 24 d and 27 d storage periods, respectively.
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Figure 2. Decay incidence (A,B) and respiration rate (C,D) of ‘Guiqi’ (A,C) and ‘Tainong 1’ (B,D) fruits
treated with 1000 μmol L−1 MT. Each value is the mean for three replicates, and vertical bars indicate
the standard error (SE). Error bars with an asterisk (*) on the same storage period show a significant
difference between the treatments (p < 0.05).

Both treatments showed a similar respiration pattern during storage in both cultivars
(Figure 2C,D). However, from 9 d to 27 d, MT-treated fruits showed a much lower respira-
tion rate than the control in ‘Guiqi’, with a significant difference (p < 0.05). While in ‘Tainong
1′, the difference was significant from 12 d to 24 d, in which MT-treated fruits showed lower
respiration at most stages of the storage period. The respiration peak in MT-treated fruits
was observed on 18 d (94.56 ± 0.05 mg CO2·kg−1 FW·h−1) in ‘Guiqi’, while in ‘Tainong 1′, it
was observed on 12 d (59.96 ± 0.06 mg CO2·kg−1 FW·h−1) as compared to the control with
a peak at (147.49 ± 0.14 mg CO2·kg−1 FW·h−1, and 62.91 ± 0.05 mg CO2·kg−1 FW·h−1) in
‘Guiqi’ and ‘Tainong 1′, respectively.
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3.2. Effect of MT on Nutritional Parameters of Mango
3.2.1. TSS, TA, and TSS:TA

MT treatment did not affect TSS content in this study due to its higher concentration
than the control. At the end of the storage period, the TSS content in MT was 18.23% and
19.01% for ‘Guiqi’ and ‘Tainong 1’, respectively. While in control, 17.47% for ‘Guiqi’ and
18.37% for ‘Tainong 1’ were observed. However, the difference was not significant (p < 0.05)
between the treatments in each cultivar at the end of the storage period (Figure 3A,B). TA
showed a decreasing pattern in both cultivars regardless of the treatment throughout the
storage period (Figure 3C,D). From 6 d in ‘Guiqi’ and 9 d in ‘Tainong 1’, MT-treated fruits
did not significantly affect the TA content in both cultivars. At the end of the storage period,
MT treatment showed a lower TA content (0.92% and 0.74% for ‘Guiqi’ and ‘Tainong 1’,
respectively) than the control (1.05% and 0.76% for ‘Guiqi’ and ‘Tainong 1’, respectively),
but the difference was not statistically significant (p < 0.5). A continuous increase in the
TSS:TA ratio in both cultivars was observed, indicating increasing maturity and ripening
during storage. At the end of the storage period, MT treatment did not influence the TSS:TA
ratio reduction in both cultivars (Figure 3E,F). However, there was a lower TSS:TA ratio by
MT in ‘Guiqi’ than in the control, while in ‘Tainong 1’, the TSS:TA ratio was higher for MT
than in the control.
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Figure 3. TSS (A,B), TA (C,D), and TSS:TA ratio (E,F) of ‘Guiqi’ (A,C,E) and ‘Tainong 1’ (B,D,F) fruits
treated with 1000 μmol L−1 MT. Each value is the mean for three replicates, and vertical bars indicate
the standard error (SE). Error bars with an asterisk (*) on the same storage period show a significant
difference between the treatments (p < 0.05).

64



Foods 2022, 11, 3209

3.2.2. AsA Content

A continuous decrease in the AsA content was observed in both cultivars throughout
the storage period regardless of the treatment (Figure 4A,B). However, MT treatment
resulted in a higher AsA content than the control fruits at the end of the storage period,
and the results were statistically significant (p < 0.05). At the 27 d, the AsA in ‘Guiqi’ was
0.62 ± 0.03 mg/100 g FW for MT treatment as compared to 0.51 ± 0.02 mg/100 g FW for
the control, while at 24 d in ‘Tainong 1’, 0.27 ± 0.01 mg/100 g FW for MT was observed
compared to 0.19 ± 0.14 mg/100 g FW for the control. Moreover, the interaction between
the treatment and storage period was more significantly affected by MT treatment in ‘Guiqi’
than in ‘Tainong 1’ (p < 0.05) during most stages of the storage period.
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Figure 4. Ascorbic acid content (A,B) of ‘Guiqi’ (A) and ‘Tainong 1’ (B) fruits treated with
1000 μmol L−1 MT. Each value is the mean for three replicates, and vertical bars indicate the standard
error (SE). Error bars with an asterisk (*) on the same storage period show a significant difference
between the treatments (p < 0.05).

3.2.3. Total Flavonoid and Phenol Content

Figure 5A–D illustrated a decline in the mean values of the total flavonoid and phenol
content in both the control fruits and the MT-treated fruits throughout the storage period,
regardless of the cultivar. However, MT treatment showed higher significant values in
the total flavonoid content at the end of the storage period than the control treatment
(p < 0.05) in both cultivars. The lowest content of total flavonoid in the MT treatment was
(22.07 ± 1.08 and 18.82 ± 0.26 mg QE/100 g FW) compared to the control (17.13 ± 1.03 and
14.52 ± 0.75 mg QE/100 g FW) in ‘Guiqi’ and ‘Tainong 1’, respectively. A similar trend was
noticed in the total phenol content, in which the MT treatment showed higher mean values
(32.38 ± 1.04 and 21.80 ± 1.06 mg GAE/100 g FW) than in the control (23.78 ± 2.76 and
18.13 ± 1.06 mg GAE/100 g FW) in ‘Guiqi’ and ‘Tainong 1’, respectively. The interaction
between the treatment and the storage period was similar in both cultivars but slightly
more pronounced in ‘Tainong 1’ than in ‘Guiqi’.
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Figure 5. Cont.
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Figure 5. Total flavonoid content (A,B) and total phenol content (C,D) of ‘Guiqi’ (A,C) and ‘Tainong 1’
(B,D) fruits treated with 1000 μmol L−1 MT. Each value is the mean for three replicates, and vertical
bars indicate the standard error (SE). Error bars with an asterisk (*) on the same storage period show
a significant difference between the treatments (p < 0.05).

3.3. MDA Content

MDA, the main product of membrane lipid peroxidation, was measured in both culti-
vars during the 27 d for ‘Guiqi’ and 24 d for the ‘Tainong 1’ storage periods (Figure 6A, B).
In Guiqi, the MDA content increased significantly up to 18 d of storage in both the control
and MT-treated fruit and then slightly declined on 21 d of storage, then increased for
the rest of the storage period. However, lower MDA content was observed in the MT
treatment (1.60 ± 0.04 nmol g−1) than in the control (1.89 ± 0.04 nmol g−1) on 27 d. In
‘Tainong 1’, MDA slightly increased until 15 d, where a massive increase occurred until
the final day of the storage period. However, MDA was lower in the MT-treated fruit
(1.01 ± 0.02 nmol g−1) than in the control fruit (1.06 ± 0.02 nmol g−1) on 24 d. The differ-
ence between MT and the control in MDA content inhibition was more pronounced in
‘Guiqi’ than in ‘Tainong 1’ at the final stage of storage.
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Figure 6. MDA content (A,B) of ‘Guiqi’ (A) and ‘Tainong 1’ (B) fruits treated with 1000 μmol L−1 MT.
Each value is the mean for three replicates, and vertical bars indicate the standard error (SE). Error
bars with an asterisk (*) on the same storage period show a significant difference between the
treatments (p < 0.05).

3.4. Effect of MT on Enzyme Activities
3.4.1. PPO and PAL Activity

Figure 7A,B manifested a gradually increased PPO activity during storage, reach-
ing a maximum level at the end of storage in the control and MT-treated fruits in both
cultivars. The PPO activity in the control samples was significantly higher (0.35 ± 0.01
and 0.07 U min−1 g−1 FW for ‘Guiqi’ and ‘Tainong 1’, respectively) than in the MT-treated
fruits (0.3 ± 0.01 and 0.05 U min−1 g−1 FW for ‘Guiqi’ and ‘Tainong 1’, respectively) at the
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end of the storage (p < 0.05). However, the difference between MT and control treatments
in response to the PPO activity was more pronounced in ‘Tainong 1’ than in ‘Guiqi’.
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Figure 7. PPO activity (A,B) and PAL activity (C,D) of ‘Guiqi’ (A,C) and ‘Tainong 1’ (B,D) fruits
treated with 1000 μmol L−1 MT. Each value is the mean for three replicates, and vertical bars indicate
the standard error (SE). Error bars with an asterisk (*) on the same storage period show a significant
difference between the treatments (p < 0.05).

As depicted in Figure 7C,D, the PAL enzyme activity in control fruits and fruits treated
with MT increased within the first 12 d of storage. It then decreased until 21 d, and then
massively increased until 27 d in ‘Guiqi’, while in ‘Tainong 1’, there was an increasing trend
throughout the storage period. At the end of the storage period, the fruits treated with
MT exhibited significantly higher PAL enzyme activity during storage (p < 0.05) than the
control treatment, regardless of the cultivar (Figure 7C,D). However, higher PAL activity
by MT was more pronounced in ‘Tainong 1’ than in ‘Guiqi’ during storage.

3.4.2. SOD and APX Activity

Figure 8A,B demonstrated that the SOD activity in both cultivars followed a similar
trend during the storage period. MT treatment was 1.25 times higher than the control at
27 d in ‘Guiqi’, and 1.12 times higher at 24 d in ‘Tainong 1’. However, the effect of MT on
the SOD activity was more pronounced in ‘Tainong 1’ than in ‘Guiqi’ since MT (p < 0.05)
did not significantly influence the treatment effect and storage period in ‘Guiqi’.

As depicted in Figure 8C,D, there is a difference in the pattern of the APX activity
between the two cultivars. The APX activity in ‘Guiqi’ increased in both treatments, where
they reached the maximum peak on 12 d and then decreased until 27 d. After 12 d, the
MT-treated fruits showed significantly higher APX activity than the control, in which the
mean values for the MT treatment were twice as high as the control treatment in ‘Guiqi’. On
the contrary, the APX activity in ‘Tainong 1’ showed a continuous increase from 3 d to 24 d.
MT treatment showed significantly higher APX activity (14.59 ± 0.13 U min−1 g−1 FW)
than the control (13.82 ± 0.14 U min−1 g−1 FW) (p < 0.05). At the end of the storage
period, the significantly higher APX between the MT treatment and the control was more
pronounced in ‘Guiqi’ than in ‘Tainong 1’.
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Figure 8. SOD activity (A,B) and APX activity (C,D) of ‘Guiqi’ (A,C) and ‘Tainong 1’ (B,D) fruits
treated with 1000 μmol L−1 MT. Each value is the mean for three replicates, and vertical bars indicate
the standard error (SE). Error bars with an asterisk (*) on the same storage period show a significant
difference between the treatments (p < 0.05).

3.5. Effect of MT on Gene Relative Expression
3.5.1. PAL and PPO Genes

The expression of the PAL and PPO genes is depicted in Figure 9. The results showed
that transcripts of these two genes in both the control fruits and the MT-treated fruits
increased throughout the storage period. MT treatment upregulated the expression of the
PAL gene (Figure 9A,B) and down-regulated the expression of the PPO gene (Figure 9C,D)
during most stages of the storage. There was a statistically significant difference between the
MT treatment and the control (p < 0.05) in the relative expression of both genes. The cultivars
displayed slightly different gene expression profiles; ‘Tainong 1’ was more responsive to
the PPO gene than ‘Guiqi’. Nevertheless, MT displays a typical pattern of browning-related
gene expression in both cultivars.
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Figure 9. PAL relative gene expression (A,B) and PPO relative gene expression
(C,D) of ‘Guiqi’ (A,C) and ‘Tainong 1’ (B,D) fruits treated with 1000 μmol L−1 MT. Each
value is the mean for three replicates and vertical bars indicate the standard error (SE). Error
bars with an asterisk (*) on the same storage period show a significant difference between the
treatments (p < 0.05).

3.5.2. MnSOD and APX Genes

Figure 10 illustrated the effect of MT treatment on the relative gene expression level
of antioxidant-related genes during cold storage. The results showed that MT treatment
significantly upregulated the MnSOD genes (Figure 10A,B) and APX genes (Figure 10C,D)
in both cultivars of mango during storage (p < 0.05) versus the control. Moreover, a slight
difference in the gene expression profiles displayed by the two cultivars was observed but
the difference was insignificant.
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Figure 10. MnSOD relative gene expression (A,B) and APX relative gene expression (C,D) of
‘Guiqi’ (A,C) and ‘Tainong 1’ (B,D) fruits treated with 1000 μmol L−1 MT. Each value is the mean for
three replicates, and vertical bars indicate the standard error (SE). Error bars with an asterisk (*) on
the same storage period show a significant difference between the treatments (p < 0.05).
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4. Discussion

Mango is a seasonal fruit; one of its primary constraints for continuous supply in
the market is its climacteric nature. As a result, an attempt to minimize postharvest fruit
deterioration, extend shelf life and maintain quality are critical in the supply chain of
mango fruits. Concerning storage characteristics, our results showed that MT treatment
delayed the increasing weight loss and slowed down the decreasing firmness of fruits
compared to the control treatment in both cultivars (Figure 1A–D). Our results agree with
previous research by Liu et al. and Bhardwaj et al. [15,16], confirming that MT treatment
significantly delays fruit weight loss and firmness and the rate of respiration in mango
fruits. Fruit weight loss and flesh firmness loss are two critical parameters that influence
the storage of mango fruits due to their climacteric nature. Therefore, delaying fruit weight
loss and firmness by MT treatment might result from the reduced activity of enzymes
related to fruit softening and respiration, which was observed by Liu et al. [15].

These above results are supported by the fact that MT treatment significantly improves
preservation via a mechanism involving the inhibition of respiration compared to the
control in both cultivars (Figure 2C,D). However, the ‘Guiqi’ cultivar responded better
to MT treatment concerning the delayed respiration rate than ‘Tainong 1’. In agreement
with our results, the respiration rate in peach and pear fruits was significantly inhibited by
0.1 Mm MT under storage conditions [11,25]. It was also confirmed by Bhardwaj et al. [16]
that the efficiency of MT on quality preservation at chilling temperatures was associated
with delayed ethylene production and the respiration rate of four mango cultivars. Michai-
lidis et al. [27] assume that an active interplay may exist among respiration, cold stress,
and MT in sweet cherries due to high displays of respiratory activity and low-temperature
storage, which may induce an uncoupling of the respiratory chain, which gives rise to ROS.
As a result, the inhibition of the respiration rate by MT suggests that MT can minimize
the accumulation of ROS, thereby minimizing mango fruit softening and decay [28]. MT
treatment significantly delayed fruit decay compared to control fruits in the current study
regardless of the cultivar (Figure 2A,B). This result could be due to the decreased activities
of browning-related (PPO) enzymes by MT treatment in both cultivars. In agreement with
our results, Zhang et al. and Agham et al. [28,29] found that MT treatment decreases
the rate of decay incidence in litchi and strawberry fruits, respectively, compared to the
control treatment. The decay of postharvest fruits is usually accompanied by pathogen
infection, which leads to fruit deterioration and spoilage. MT contains antioxidants with
immune-modulatory and anti-inflammatory effects, indicating that it can inhibit bacterial,
viral, and parasitic infections [7].

TSS and TA are critical parameters related to fruit ripening. Sugars represent a
fundamental component of fruit’s edible quality, predominantly conferring sweetness and
significantly influencing consumer satisfaction. According to the present results, MT does
not significantly affect the TSS and TA content (Figure 3A–D) in both cultivars studied.
However, a continuous decline in TA is apparent and is considered an important marker
of faster senescence. Because respiration utilizes organic acids as a substrate, this process
tends to decrease TA [16]. The TSS:TA ratio is a strong indicator of ripeness while also
influencing fruit taste and tends to increase in parallel to increasing TSS and decreasing
TA significantly. The TSS:TA ratio was also not significantly lower in response to the MT
treatment in ‘Tainong 1’, but it was higher in ‘Guiqi’ than in the control (Figure 3E,F),
following a recent study [14]. MT’s inability to influence important quality parameters
like TSS, TA, and the TSS:TA ratio could be due to hydrolytic changes and the conversion
of starch into simple sugars [30]. Han et al. [30] reported that there is a high possibility
that MT might modulate sugar metabolism, which indicates that a higher TSS by MT
treatment might reflect MT’s effect on the loss of glucose and fructose, the main sugars
found in many fruits. Moreover, Bhardwaj et al. and Miranda et al. [16,31] found that MT
treatment significantly affects the TSS, TA, and TSS:TA ratio in three cultivars of mango
fruits and sweet cherry, respectively during most stages of the storage period. However,
more research is needed to understand the interaction between MT and sugar metabolism.
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Oxidative damage can affect the quality of harvested fruit, which is a process of
physiological deterioration [32]. This study determined the effects of MT treatment on the
AsA content and total phenol and flavonoid content in two mango cultivars and how they
influenced the postharvest quality of mango fruits and antioxidative activities. In this study,
MT treatment significantly delayed the decreasing rate of AsA in both cultivars at the end
of the storage period (Figure 4A,B). These results suggested that the exogenous application
of MT could increase the ability of the mango fruits to resist oxidative damage and maintain
fruit quality by activating the key enzyme activities and the increasing accumulation of
antioxidants in the ascorbate-glutathione (AsA-GSH) cycle regardless of the cultivars under
study. However, there was a slight variation in the cultivar response to MT treatment,
but the difference was insignificant. The AsA-GSH cycle is an essential component in the
elimination of ROS. APX is an essential enzyme in the AsA-GSH redox pathway, which
plays a crucial role in promoting the regeneration of GSH and AsA, ensuring the normal
functioning of metabolic pathways, and maintaining the balance of reduced substances in
plants [33]. In our study, MT significantly increased APX activity compared to the control
(Figure 8C,D), which corresponds to higher AsA content in both cultivars.

Mango fruit is rich in several other types of antioxidant phytochemicals, such as
phenolic [34,35]. Therefore, the loss of astringency during mango fruit ripening is associated
with decreased phenolic content [36]. In this study, a delayed decrease in the total phenol
and flavonoid content was observed more in the MT-treated fruits (Figure 5A–D) than in
the control, regardless of the cultivar, and the trend was similar in both cultivars during
storage. Phenols play vital roles in maintaining the nutritional quality of fruits concerning
bitterness, flavor, and stringency. Furthermore, phenolic compounds can protect membrane
lipids from peroxidation by avoiding the occurrence and propagation of oxidative chain
reactions [37]. Flavonoids, on the other hand, are potent antioxidants that play a crucial
role in minimizing decay and disease in fruits. Both phenols and flavonoids are described
as secondary metabolites that help in increasing the antioxidant characteristics of fruits via
ROS scavenging activities [14]. Therefore, the higher content of total phenol and flavonoids
by MT treatment at the end of the storage period indicates that MT plays a significant role in
inhibiting postharvest fruit deterioration and minimizing qualitative loss in mango during
storage. This result correlates with respiration inhibition by MT (Figure 2C,D) since an
increase in respiration rate leads to an increase in the production of secondary metabolites.

To determine the physiological and molecular mechanism of the MT effect in two
cultivars concerning fruit postharvest quality, an analysis of the enzyme activities related to
browning and their relative gene expressions was determined during storage. MT treatment
significantly delays the PPO enzyme activities compared to control fruits in the current
study, regardless of the cultivar (Figure 7A,B). However, PPO activities in MT treatment
were more pronounced in ‘Tainong 1’ than in ‘Guiqi’. In agreement with our results,
the delayed increase in browning-related enzymes such as PPO in litchi fruits upon MT
treatment was consistent with the rise in total phenol, flavonoid, and anthocyanin contents,
which delayed the pericarp browning and maintained quality [38]. Studies have shown
that membrane damage triggers a loss of subcellular compartmentalization, resulting in
contact between browning related-enzymes (PPO) and phenolic substrates, consequently
leading to enzymatic browning in harvested horticultural crops. In the current study,
delayed increases in PPO activities (Figure 7A,B) concurrent with higher levels of total
phenol and flavonoid contents were shown in MT-treated mango fruit, indicating that MT
might inhibit enzyme-catalyzed phenolic oxidation and delay fruit peel browning, which
is an indicator of decay in mango. It was also observed in this study that the rate of PPO
inhibition by MT treatment was cultivar dependent since ‘Tainong 1’ inhibited PPO activity
more than ‘Guiqi’.

The PAL enzyme, responsible for synthesizing polyphenols in plants, is located at
a branch point between primary and secondary metabolism [39]. It enters secondary
metabolism when the enzyme PAL catalyzes the elimination of ammonium, converting
phenylalanine into cinnamic acid, a precursor of phenols such as flavonoids [39]. Our
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results showed a higher PAL activity in MT-treated fruits than in controls (Figure 7C,D) in
both cultivars, suggesting that MT could minimize fruit decay by enhancing the defense-
related secondary compounds that act against biotic and abiotic stress during storage.
Furthermore, PAL has been demonstrated in the metabolic activity of many higher plants
and is a crucial enzyme in synthesizing several defense-related secondary compounds
like phenols and lignins [40]. In our study, the increase in the activity of PAL by MT
treatment correlates to an increase in total phenol and flavonoid content, demonstrating
that MT treatment effectively inhibited biotic and abiotic stresses, thereby minimizing fruit
decay and elevating antioxidant processes during the cold storage of mango. However,
the enhancement of the PAL enzyme was higher in ‘Tainong 1’ than in ‘Guiqi’ during the
storage. In agreement with our results, the activity of the PAL enzyme was found to be
increased by MT, which promotes the accumulation of total phenols and is beneficial to
inhibiting fungal decay and prolonging the shelf-life of postharvest peach [13].

To shed more light on the activity of browning-related enzymes, we performed a qRT-
PCR to determine the relative gene expression of the above enzymes. We found that MT
treatment upregulated PAL genes and inhibited the PPO gene during storage (Figure 9A–D).
The upregulation of the PAL gene and downregulation of the PPO gene correlate with their
specific enzyme activities by MT treatment in this study.

ROS accumulation may damage lipids and form toxic products like MDA, indicating
oxidative stress in plants. This phenomenon is known as lipid peroxidation and is triggered
in part by lipoxygenase activity, resulting in cell membrane deterioration. Furthermore,
our results showed that MT treatment minimized the MDA content (Figure 6A,B) at the
end of the storage period compared to the control in both cultivars. However, the MT effect
concerning the MDA content was more pronounced by ‘Guiqi’ than ‘Tainong 1’ at the end
of the storage period. This result indicates that MT affects lipid peroxidation inhibition and
minimizes oxidative stress in mango fruits during cold storage.

Plants have antioxidant systems which scavenge ROS and protect cells from ROS-
induced injuries [40]. The enzymatic antioxidant system is also a primary way to control
ROS production, which regulates the degree of lipid peroxidation [41]. SOD and APX are
among the most important antioxidant enzymes for scavenging ROS. In our study, MT in-
creased the activities of SOD and APX compared to the control-treated fruits (Figure 8A–D)
in both cultivars, but the pattern of the MT effect was different between the two cultivars.
This result indicates that MT could enhance the antioxidative processes to maintain fruit
quality by improving ROS scavenging in mango fruits during cold storage. Exogenous MT
treatment was also found to induce apple disease resistance by enhancing the activity of
POD, SOD, and CAT and inducing the synthesis of endogenous MT [42].

Specific genes associated with antioxidant enzyme activities were unclear in mango
and their roles in modulating fruit decay and maintaining quality. To understand the role
of genes in the antioxidant system by MT treatment, the expression patterns of two genes
were assessed in both mango cultivars during cold storage. The transcription levels of
these genes (MnSOD and APX) in both cultivars were higher in MT-treated fruits than
in control during storage (Figure 10A–D), but the magnitude of expression between the
cultivars differs. Therefore, MnSOD and APX may be the significant genes regulating
fruit’s antioxidant system. The high expression of antioxidant-related genes was essential
for maintaining the storage quality of fruit by delaying fruit decay and enhancing the
antioxidant system of mango fruits. It was reported that the upregulated expression of
SOD, CAT, and POD might contribute to prolonging the shelf life of kiwifruit [43], which
agrees with our results in this study. Another study discovered that MT upregulated genes
coding for CAT, APX, Mn-SOD, and Cu/Zn-SOD in two cultivars of sweet cherry led to
improved fruit quality during cold storage [31]. The results suggested that MT treatment
might mitigate the fruit decay of mango, possibly by activating antioxidant enzymes and
related genes.

To simplify the understanding of the mechanism of MT’s ability to delay mango fruit
decay and enhanced the antioxidant system, the results of the experiment are summarize in
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the schematic diagram (Figure 11) including all the parameters assayed in this study. The
diagram highlighted the pathway in which MT actions contributed to shelf life extension
and maintaining quality in mango during cold storage.

 

Figure 11. Schematic representation of melatonin (MT) antioxidant system enhancement. MT
maintains the increase in weight loss, respiration rate, and decay and maintains the decrease in
firmness. MT does not affect TSS, TA, and TS:TA. MT eliminates ROS directly and inhibits MDA
content. It also increases the levels of PAL enzyme activity, enzymatic antioxidants (SOD, APX),
and non-enzymatic antioxidants (AsA, TFC, TPC) and minimizes the activity of the PPO enzyme.
MT enhanced the expression of genes related to the antioxidant system (MnSOD and APX) and
the PAL gene and inhibited PPO relative gene expression. Abbreviations: TSS, total soluble solids;
TA, titratable acidity; AsA, ascorbic acid content; TPC, total phenol content; TFC, total flavonoid
content; PPO, polyphenol oxidase; SOD, superoxide dismutase; APX, ascorbate peroxidase; and PAL,
phenylalanine ammonia-lyase.

5. Conclusions

In conclusion, it was observed that the storage behavior of the two cultivars differs
slightly in response to MT treatment. ‘Guiqi’ lasted for a 27 d storage period while ‘Tainong
1’ lasted for 24 d. The study also discovered that MT maintained the quality of mango
during storage by delaying weight loss, firmness, respiration rate, and decay incidence
more than the control treatment in both mango cultivars. This result is evident with reduced
PPO activity and enhanced PAL enzyme activity. However, MT did not affect TSS, TA, and
the TSS:TA ratio in this study in both cultivars. Furthermore, MT was also found to delay
the MDA content, while increasing SOD and APX enzyme activities, which correlates with
maintaining a higher concentration of total phenols, flavonoid content, and AsA content
during cold storage. The inhibition of the PPO enzyme and increase in the activities of the
PAL, SOD, and APX enzymes by MT treatment correlates with the gene expressions. MT
treatment was also cultivar dependent on specific parameters being studied. Therefore,
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this study could give a broader insight into the role of MT in the postharvest technology of
mango fruits during storage.
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Abstract: Zucchini fruit are highly sensitive to low temperatures leading to significant peel depres-
sions, increasing weight loss and making them impossible to be commercialized. In this study the
effect on the reduction of chilling injury (CI) assaying different postharvest treatments to cv. Cronos
was evaluated. We have compared the application of substances such as 1-methylcyclopropene
(1-MCP) with the application of a natural origin compound as melatonin (MT), both with demon-
strated activity against CI in different vegetal products. The effects of MT (1 mM) by dipping
treatment of 1 h and 1-MCP (2400 ppb) have been evaluated on zucchini fruit during 15 days of
storage at 4 ◦C plus 2 days at 20 ◦C. Treatments applied independently improved some fruit quality
parameters in comparison with control fruit but were not able to manage CI even though they
mitigated the impact on several parameters. However, when these two separated strategies were
combined, zucchini cold tolerance increased with a synergic trend. This synergic effect affected in
general all parameters but specially CI, being also the only lot in which zucchini fruit were most
effectively preserved. This is the first evidence in which a clear positive effect on zucchini chilling
tolerance has been obtained combining these two different strategies. In this sense, the combined
effect of 1-MCP and MT could be a suitable tool to reach high quality standards and increasing shelf
life under suboptimal temperatures.

Keywords: chilling injury; storage; melatonin; quality; 1-MCP

1. Introduction

Zucchini (Cucurbita pepo spp. pepo), is considered a non-climacteric fruit as many
others unripen vegetal fruit. The commercial harvest stage is coincident with a high
fruit metabolism which deteriorates rapidly quality. On the other hand, this fruit is very
sensitive to cold storage being a major problem their marketability to European countries
and worldwide at suboptimal temperatures. Common postharvest strategies have been
demonstrated to be effective reducing chilling injury (CI) in zucchini, as physical treatments
managing temperatures [1–3] or relative humidity during storage [4,5] and controlling
atmospheres [6,7] also through a minimal packaging [8].

Recently, chemical treatments as nitric oxide [9] or widely used treatments as
1-methylciclopropene (1-MCP) [8,10] have demonstrated a protective role delaying zucchini
chilling injury. 1-MCP effectively blocks ethylene action delaying zucchini senescence and
different associated physiological changes as softening and CI [10]. Strategies based into
plant hormones or natural elicitors as γ-aminobutyric acid (GABA) [11], glycine betaine [12],
polyamines [13–15] and methyl jasmonate [16] have also reduced CI impact in zucchini fruit.
In this sense, melatonin has shown a positive effect delaying CI when applied as a posthar-
vest treatment in different non-climacteric species as strawberry and pomegranate [17,18].
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With respect to climacteric fruit, MT increased CI tolerance in peach [19] and tomato
fruit [20] Also showing effectiveness against CI after preharvest treatments on apricot
trees [21]. In these research studies the CI tolerance was associated with a major energy
status obtained through the GABA-shunt pathway activation which provides extra ATP.
Plant tissues demand ATP especially under metabolic stress conditions. In this sense MT,
methyl jasmonate, polyamines or GABA, have been proposed as responsible of GABA
shunt pathway stimulation, providing extra ATP, and decreasing ROS accumulation [17,22].
For this reason, MT treated fruit could lead to maintenance membrane permeability and
balanced antioxidant system under cold stress, increasing unsaturated/saturated fatty
acids ratio in both non-climacteric, and climacteric fruit [17,23].

Several of the above-mentioned strategies have been shown an additional benefit
when applied in combination with MCP describing a synergistic effect delaying senescence
in comparison with these technologies when applied alone. In this sense, recently, a
combination of hot air treatments with 1-MCP lead to delayed softening and quality
maintenance of nectarines [24]. With respect to postharvest chemical treatments, 1-MCP in
combination with chlorine dioxide postharvest treatment showed a synergistic inhibitory
effect on chlorophyll degradation of green pepper fruit [25]. On the other hand, dipping
in calcium chloride and then applying 1-MCP was a successful strategy to improve fresh-
cut strawberries and watermelon quality during storage [26,27]. Other natural origin
compounds as carvacrol [28] or elicitors as methyl salicylate [29] and melatonin [30] have
increased shelf-life delaying ripening when these treatments were applied in combination
with 1-MCP in red pitaya, tomato fruit, and apricot respectively. However, none of these
studies have evaluated the chilling tolerance provided by a combined effect of the previous
mentioned strategies. For this reason, the aim of this research has been to evaluate for the
first time the effect of different strategies as melatonin and 1-MCP combined or alone over
zucchini CI tolerance and quality during storage at suboptimal temperatures.

2. Materials and Methods

2.1. Plant Material and Postharvest Treatments

Zucchini fruit (Cucurbita pepo spp. pepo) commercial hybrid ‘Cronos’, were harvested
from a commercial greenhouse located in Orihuela (Spain) and immediately transferred
to the laboratory. Fruit of uniform size (20–22 cm) were randomly divided into 3 lots
of 5 homogeneous fruit for each treatment and sampling date. Control fruits were sub-
merged in distilled water containing 0.5% Tween 20 while MT treated fruit were dipped in
a 1 mM MT solution (Sigma-Aldrich, Germany >98% M5250) for 60 min. In preliminary
experiments, 9 zucchini fruit were selected per MT dose and different MT concentrations
(0.1, 0.5 and 1 mM) and immersion times (from 10, 30, 60, 120 and 180 min) were evaluated.
These treatments were assayed alone and in combination with 2400 ppb of 1-MCP for 48 h
at 12 ◦C following Megías et al. [10] conditions for Cronos cultivar. 1 mM MT for 1 h and
combined with 1-MCP showed the best effect on reducing CI symptoms. Thus, 3 replicates
of 5 zucchini fruit for each treatment and sample time were selected to repeat the exper-
iment at the optimal conditions observed. freshly prepared MT solutions (0 and 1 mM)
with 0.5% Tween 20 were used to dip the different lots for 1 h at 20 ◦C. Then zucchini fruit
were allowed to surface dry and then all the fruit were placed in 4 different 130 L hermetic
containers. One lot with MT-treated and another lot with no immersed fruit were exposed
to 2400 ppbL−1 of 1-MCP for 48 h at 12 ◦C. The other two lots previously immersed in
MT solutions with 0 (Control) or 1 mM MT were treated with air and stored in the same
conditions. After this period fruit were taken out from containers and placed under cold
storage at 4 ◦C to induce CI following Megías et al. [10] conditions for 0, 3, 6, 9, 12 and
15 days + 2 days at 20 ◦C.

2.2. Postharvest Quality Parameters

Three replicates of 5 fruit were randomly selected from each treatment lot at 3 days
interval during cold storage +2 days at 20 ◦C. Weight loss of individual zucchini fruit was
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calculated as percentage with respect to the weight on day 0. Firmness was determined
individually as the force to achieve a 5% fruit diameter deformation in both sides and
fruit firmness was expressed as N by using a Texture Analyzer (TX-XT2i, S Microsystems,
Godalming, UK). Chilling injury was evaluated visually with a panel of 5 trained judges
scoring superficial area affected by pitting damage and the pitting severity. Ratings were
based on a 6-point hedonic scale, where the fruit surface affected was used to classify
each fruit similarly to Megías et al. [31] with the following scale: 0 = no pitting, 1 = ≤5%
pitting, 2 = 6–15% pitting, 3 = 16–25% pitting, 4 = 26–50% pitting, and 5 = ≥50% pitting.
On the other hand, to assess the severity of pitting symptoms, the scale was 0 = no damage,
1 = very superficial damage, 2 = superficial damage, 3 = moderate damage, 4 = severe
damage, 5 = very severe damage. The final CI index displayed in this manuscript was the
average of both assessments.

CO2 and ethylene production were determined by placing individually 6 randomly
selected zucchini from each treatment in a 2.2 L plastic jar hermetically sealed with a rubber
stopper for 30 min. After that, 1 mL gas sample per duplicate was taken from head space
and carbon dioxide was quantified by using a Shimadzu TM 14A gas chromatograph
(Kyoto, Japan) equipped with thermal conductivity detector and ethylene production
was evaluated with a Hewlett-PackardTM 5890A gas chromatograph. Chromatographic
conditions were previously described [32]. Ethylene production and respiration rate were
expressed as nL g−1 h−1 and mg of CO2 kg−1 h−1, respectively.

Malondialdehyde (MDA) content was assayed in the peel tissue of the zucchini sam-
ples following the method of Zhang et al. [33] with modifications. The tissue sample (1.0 g)
was homogenized in 10 mL 10% trichloroacetic acid solution, then centrifuged at 10,000× g
for 10 min. 2 mL of supernatant was added to a testing tube with 6 mL of 0.6% thiobarbi-
turic acid per duplicate and mixed vigorously. Testing tubes were held at 95 ◦C for 20 min.
Samples were cooled rapidly, tempered at room temperature, and evaluated in a spec-
trophotometer (1900 UV/Vis, Shimadzu, Kyoto, Japan) where absorbance was measured at
450, 532 and 600 nm. MDA content was calculated as described by Zhang et al. [33] and
expressed as μmol kg−1. Each assessment was repeated three times.

Electrolyte leakage (EL) was determined following Mao et al. [34] with some modifica-
tions. From each treatment, three replicates were measured, each consisting of 20 peel discs
with 0.5 mm diameter obtained with a cork borer, from longitudinal 2 mm peel exocarp
slices taken from opposite sides of each zucchini. After 3 rinses of 3 min each, discs were
incubated in 50 mL of deionized water at room temperature with constant shaking for
30 min. Then electrical conductivity (EC) was measured (C1). Finally, samples were boiled
at 100 ◦C for 15 min and measured to calculate total conductivity (C2). EL was expressed
as percentage using the following formula: EL = (C1/C2) 100.

For chlorophyll measurement in peel tissue, six disks, each of 6.25 mm in diameter,
were punched from same peel layers sliced for EL. Disks were weighed and placed imme-
diately into 8 mL of 100% methanol. Pigments were allowed to be extracted in the dark at
30 ◦C for 24 h. Extract absorbance was measured using spectrophotometer (1900 UV/Vis,
Shimadzu, Kyoto, Japan) at 652 and 665 nm [35].Two extractions were evaluated by repli-
cate. Colour parameters (CIE a* and CIE b*) were individually measured on three points
of the external (both sides) and internal longitudinal fruit perimeter by using a Minolta
colorimeter (CRC200, Minolta Camera Co.; Kantō, Tokio, Japan) and colour was expressed
as CIE hue* (180 + tan−1 b*/a*, if a* < 0) according the CIELab coordinates.

Total soluble solids (TSS) were determined by duplicate in the juice obtained from
the pulp of mix of 5 zucchini of each replicate per lot taken with a digital refractometer
Atago PR-101 (Atago Co. Ltd.; Tokyo, Japan) at 20 ◦C, and expressed as percentage
(g 100 g−1). Also, for each replicate total acidity (TA) was determined by duplicate in the
same juice by automatic titration with NaOH 0.1 N up to pH 8.1, using 1 mL of diluted
juice in 25 mL distilled H2O, and results were expressed as the percentage of malic acid
(meq. malic acid = 0.067).
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2.3. Statistical Analysis

All data in this paper are expressed as mean ± standard error (SE). Data were subjected
to analysis of variance (ANOVA). Mean comparisons were carried out using a multiple
range test (Tukey’s HSD test) to find significant differences (p < 0.05). Different lowercase
letters indicated a significant difference among treatments at the same sampling date. All
analyses were performed using SPSS software package, version 22 (IBM Corp.; Armonk,
NY, USA).

3. Results and Discussion

CI was evaluated in a previous experiment, carrying out a screen test with four
different MT concentrations (0, 0.1, 0.5 and 1 mM) during 5 different immersion times
(10, 30, 60, 120 and 180 min), to select the optimal MT treatment conditions (data not shown).
Nine zucchini fruit were selected per MT treatment and individually evaluated after 7 d at
4 ◦C + 1 d at 20 ◦C. Visually, CI incidence was evaluated with 5 trained judges, and external
quality was maintained specially for 1 mM MT dose assayed during 1 h immersion time.
On the other hand, no additional benefits were observed by increasing the immersion time.
Thus, immersions during 1 h with 1 mM MT were the conditions applied with or without
1-MCP in the present study.

3.1. Effect of Exogenous MT and 1-MCP on Weight Loss, Fruit Firmness and Cold Tolerance

Weight loss of zucchini fruit increased throughout cold storage regardless of the treat-
ment applied. Zucchini weight losses were not significantly (p ≥ 0.05) affected by MT dips
and 1-MCP when applied alone. However, weight losses were significantly lower (p < 0.05)
when combined treatments (1-MCP + MT) were evaluated during storage (Figure 1A).

In this sense the combined treatment (MT + 1-MCP) reduced weight loss (20.45%) after
6 days of cold storage plus an additional period at 20 ◦C as compared with the rest of the
different lots evaluated. This trend was maintained until the end of the experiment.

Storage of zucchini at 4 ◦C plus 2 additional days at 20 ◦C resulted in a decrease in
fruit firmness as expected (Figure 1B). However, fruit firmness levels remained higher in
MT, 1-MCP and MT + 1-MCP treated fruit as compared to control fruit specially after 6 and
9 days of cold storage. On the other hand, MT and 1-MCP samples did not show significant
differences (p ≥ 0.05) as compared to control fruit at the end of the experiment showing a
similar fruit firmness level. On the contrary MT + 1-MCP samples significantly (p < 0.05)
maintained in general a higher fruit firmness along cold storage compared with the rest of
the fruit evaluated.

Zucchini fruit are very sensitive to cold storage displaying CI after 3 days of cold
storage in all fruit studied (Figure 1C). The CI index was in general significantly (p < 0.05)
higher in control fruit as compared to treated fruit with MCP and MT during storage.
Although MT and 1-MCP delayed CI symptoms even after 3 and 6 days of cold storage
respectively MT + 1-MCP combined treatments showed the lowest CI incidence (42.66%
lower as compared to control fruit) after 6 days of refrigerated storage. According to the
observations (Figure 1C) only when 1-MCP was applied combined with MT, zucchini
fruit still displaying an increased chilling tolerance after 9 days of cold storage showing
additional benefits when both substances were applied together. The effect of MT and
1-MCP applied alone or as combined treatment on internal disorders can be clearly observed
in the photographs performed (Figure 2).
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Figure 1. Evolution of weight losses (g 100 g−1) (A) fruit flesh firmness (N) (B) and chilling in-
jury (0–5 scale) (C) of ‘Cronos’ zucchini fruit treated with melatonin at 1 mM (MT) or distilled
water (Control) with or without 1-MCP during cold storage plus 2 days at 20 ◦C. Data are the
mean ± SE (n = 3). Different lowercase letters show significant differences (p < 0.05) among treat-
ments for each sampling date.
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Figure 2. Photography displays the external visual aspect of ‘Cronos’ zucchini fruit treated with
melatonin at 1 mM (MT) or distilled water (Control) with or without 1-MCP after 3, 6, 9 and 12 days
of cold storage plus 2 days at 20 ◦C.

In general, in zucchini fruit, weight and fruit firmness decrease along storage specially
when this fruit is stored at suboptimal temperatures mainly due to transpiration through a
higher membrane permeability increased by pitting incidence. In this sense, weight loss
affects cells turgor reducing fruit firmness in different fruit during storage [36,37]. For this
reason, these two parameters use to be correlated between them and with CI incidence.
Differences in weight loss between control and treatments were significant only when MT
was applied in combination with 1-MCP. However, fruit firmness and CI were affected
slightly by MT and 1-MCP alone but when were applied as a combined treatment a higher
positive effect was exerted as compared to control fruit. For this reason, we inferred that 1-
MCP combined with MT may have synergistic effect on these traits. 1-MCP can be effective
controlling weight loss, fruit firmness and CI incidence in different non-climacteric and
climacteric fruit [10,38–41]. In zucchini fruit, this trend could be cultivar dependent as it has
been previously demonstrated. In fact, in Cronos cultivar, differences in weight loss were
not significant when these parameters were analysed after 1-MCP treatment when stored
at 4 ◦C [10]. These results were in consonance with our study, and we also observed an
important effect for 1-MCP applied alone reducing CI. On the other hand, MT postharvest
treatments have shown a strong effect delaying weight loss in some fruit [42] but a weak
effect or even unaffected weight loss in different other fruit [43,44] as we observed when
MT was applied alone in zucchini fruit. This slight effect also was observed on zucchini
fruit firmness and CI with single MT applications. In previous studies, MT up-regulated
cell wall structure-related genes [43,45]. MT also showed antioxidant activity that delayed
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membrane peroxidation and consequently caused a lower phenol oxidation through an
effective inhibition of peroxidase (POD) and PPO activities [46,47]. Storing zucchini at
suboptimal temperatures (below 7 ◦C) can lead to serious CI, characterized by an intense
surface pitting, and sunken lesions on the skin surface, which could be caused by damage
to the cell walls or cell membranes [2,12,48]. For this reason, and based in our results, we
proposed that a combined effect of 1-MCP and MT delaying cell wall disassembly could
allow MT antioxidant activity to control CI in a synergistic way when zucchini was treated
with the combined treatment.

3.2. Effect of Exogenous MT and 1-MCP on Respiration Rate and Ethylene Production

Respiration rate in zucchini fruit for all treatments tended to increase during shelf life
after cold storage. However, for 1-MCP and especially for MT + 1-MCP samples respiration
just increased slightly during the beginning of the study (Figure 3A) showing significant
differences between treatments (p < 0.05).
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Figure 3. Respiration (mg CO2 kg−1 h−1) (A) and ethylene production rates (nL g−1 h−1) (B) of
‘Cronos’ zucchini fruit treated with melatonin at 1 mM (MT) or distilled water (Control) with
or without 1-MCP during cold storage and after cold storage plus 2 days at 20 ◦C. Data are the
mean ± SE (n = 3). Different lowercase letters show significant differences (p < 0.05) among treat-
ments for each sam-pling date.

At the end of storage CO2 concentrations decreased for all zucchini fruit tested but all
treatments applied containing 1-MCP delayed this pattern as compared with control and
MT treated fruit. On the other hand, ethylene production in zucchini fruit was low during
the experiment. Control fruit significantly increased ethylene concentration (p < 0.05) from
the beginning of the study, but the different treatments applied delayed this pattern as
compared with control fruit (Figure 3A).

Respiration is a key factor involved in weight loss process showing in this study a
correlation between these two parameters. Megías et al. [10] found that 1-MCP was able
to delay respiration process and ethylene production in different zucchini cultivars in
consonance with our results. The reduction of respiration and ethylene production has
been linked to an increased cold tolerance in zucchini fruit although the impact on fruit
quality during cold storage depends on cultivar [10,49]. MT regulates γ-aminobutyric acid
(GABA) content in non-climacteric and climacteric fruit [17,50], stimulating GABA-shunt
pathway [51]. This increase in GABA provides the cell with an immediate energy substrate
that it uses to recover from stress, increasing the net energy balance in plant cells and
covering the energy needs of the plant [17]. In this study, MT-treated zucchini displayed
lower medium CO2 values but with no significant differences (p ≥ 0.05) as compared with
the rest of treatments applied, but 1-MCP treatment alone significantly (p < 0.05) delayed
the respiration process. On the other hand, a synergistic effect delaying the respiration
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process was observed when MT and 1-MCP were applied as a combined treatment probably
due to an additive effect between both treatments. This additional benefit applying the
combined treatment was also observed on ethylene production though MT and 1-MCP
reduced cold induced ethylene production when are applied alone (Figure 3B). In this
sense all the treatment delayed ethylene production until peak also delaying the decrease
of ethylene at the end of storage. MT has been described as a regulator of the expression
of different genes reducing ethylene production [52] and 1-MCP is a potent inhibitor of
ethylene action [53]. However, the combination of treatments did not reduce ethylene
production with an additional effect as compared to these treatments when applied alone.
For this reason, the synergistic and beneficial effect observed on cold tolerance of zucchini
(Figure 1C; Figure 2) could be explained in relation to the stimulated antioxidant balance
that MT exhibits when is applied as a postharvest treatment [52] as we will describe through
the following parameters (MDA and total chlorophyll content) evaluated.

3.3. Effect of Exogenous MT and 1-MCP on Membrane Permeability (MDA Content and EL)

According to the results (Figure 4A) although all treatments showed a delay in the
MDA accumulation, this parameter was significantly lower (p < 0.05) in the cases of 1-MCP
and MT + 1-MCP compared to that of control fruit.
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Figure 4. Evolution of malondialdehyde (MDA) content (μmol kg−1) (A) an electron leakage (EL) (%)
(B) of ‘Cronos’ zucchini fruit treated with melatonin at 1 mM (MT) or distilled water (Control)
with or without 1-MCP during cold storage and after cold storage plus 2 days at 20 ◦C. Data are
the mean ± SE (n = 3). Different lowercase letters show significant differences (p < 0.05) among
treatments for each sam-pling date.

MDA in zucchini fruit treated with MT, 1-MCP or MT + 1-MCP was reduced by 19.7,
33.6 and 44.6% on the 6th day of storage respectively, as compared to control. This delay
was observed only for MT + 1-MCP after 12 days of cold storage plus 2 days at 20 ◦C.

MT and 1-MCP alone or as a combined treatment (MT + 1-MCP) significantly (p < 0.05)
delayed EL evolution (Figure 4B). However, a lower EL was observed especially when
these compounds were applied as a combined treatment since the lowest EL was observed
during storage when MT + 1-MCP were applied. On the contrary MT applied alone was
the treatment with a weaker effect on EL. MDA reflects the lipid peroxidation of plasma
membranes which directly affects the structural integrity of vegetal tissues [54]. Previous
works have suggested that 1-MCP affects the activities of antioxidant enzymes [55,56] as
well as MT treatments on different fruit [57,58] reducing MDA content and the impact on
EL in consonance with our results. For this reason, the similar effect observed on these
parameters after applying 1-MCP or MT alone, could be the reason why the reduction in
MDA content and EL evolution was greater when both substances were applied together
displaying an additive cold tolerance effect.
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3.4. Effect of Exogenous MT and 1-MCP on Chlorophyll Content and External Colour

Chlorophyll content in treated and untreated samples showed a decreased pattern for
all fruit tested as it was expected (Figure 5A).
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Figure 5. Evolution of total chlorophyll content (mg 100 g−1) (A) and CIE hue* (B) of ‘Cronos’ zucchini
fruit treated with melatonin at 1 mM (MT) or distilled water (Control) with or without 1-MCP during
cold storage and after cold storage plus 2 days at 20 ◦C. Data are the mean ± SE (n = 3). Different
lowercase letters show significant differences (p < 0.05) among treatments for each sam-pling date.

Interestingly there was a clear effect provided by 1-MCP alone or combined with MT
showing a positive effect on the maintenance of this parameter after 3 days of storage
(83.44 ± 3.93 and 90.11 ± 3.41 mg 100 g−1 fw respectively). These values were significant
higher (p < 0.05) than observed for MT and control fruit (70.00 ± 3.17 and 72.64 ± 4.01 mg
100 g−1 fw respectively). This positive effect was in general maintained along the whole
experiment. On the other hand, when CIE hue* slightly decreased during storage in all zuc-
chini fruit tested, 1-MCP and MT + 1-MCP lots maintained significant differences (p < 0.05)
as compared with the rest of treatments applied (Figure 5B) though these differences were
reduced along the experiment. However, when MT and 1-MCP were applied as a combined
treatment these differences were maintained delaying the evolution of this parameter for
longer time than when these substances were applied alone.

Green colour in zucchini is determined by chlorophyll content and storage impact
on pigment degradation is correlated with a reduced CIE hue* in Cronos cultivar [59].
These authors also observed that zucchini fruit senescence is accompanied by decrease
of chlorophyll pigments and CIE hue* during storage in Cronos cultivar mainly due to
loss of cell wall integrity, reducing firmness and contributing to chlorophyll pigment
degradation [59]. In this sense 1-MCP treatments have been shown to maintain tissue
firmness and chlorophyll content delaying senescence in climacteric and non-climacteric
fruit [25,53]. On the other hand, chlorophyll pigments are also affected during postharvest
as the main targets of ROS-linked damage since ROS detoxification systems decrease
during plant senescence and other different stresses [60]. MT treatments have been shown
to delay tissue degreening maintaining chlorophyll content in different other MT-treated
vegetal products as broccoli, mango, or cucumber [61–63]. In our study, 1-MCP treatments
maintained these parameters, but MT treatment did not affect both of them. For this reason,
the synergistic effect observed when treatments were applied combined, could be due to
a better antioxidant MT performance mediated by an improved cell homeostasis since
1-MCP when applied alone, also showed a better control over chlorophyll content, MDA
and EL than observed for MT-treated fruit for all these parameters.

3.5. Effect of Exogenous MT and 1-MCP on TSS and TA

TSS in zucchini fruit is shown in Figure 6A exhibiting a decrease in all treatments.
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Figure 6. Evolution of total soluble solids (g 100 g−1) (A) and titratable acitidity (g 100 g−1) (B) of
‘Cronos’ zucchini fruit treated with melatonin at 1 mM (MT) or distilled water (Control) with
or without 1-MCP during cold storage and after cold storage plus 2 days at 20 ◦C. Data are the
mean ± SE (n = 3). Different lowercase letters show significant differences (p < 0.05) among treat-
ments for each sam-pling date.

TSS content in 1-MCP and MT + 1-MCP groups was significantly higher (p < 0.05)
as compared to control fruit after 9 days of 4 ◦C storage. On the other hand, MT fruit
displayed the lowest values during the storage period decreasing to 4.41 ± 0.03 g 100 g−1

at the end of the storage.
Similarly to TSS, TA in all the groups evaluated decreased during storage conditions

and when MT was applied alone TA levels were lower as compared to the rest of fruit
groups studied (Figure 6B). 1-MCP alone retained initial TA levels during 6 days of storage
but as compared to control fruit no significant differences (p ≥ 0.05) were observed. How-
ever, fruit treated with MT + 1-MCP exhibited higher TA levels than the rest of treatments
after 9 days of cold storage plus an additional period of 2 days at 20 ◦C.

TSS content is an important attribute which reflects the sugar concentration in cells
which increases through the conversion of starch to sugar. However, in this study and
in consonance with previous studies on zucchini fruit it seems that at 20 ◦C, the sugar
consumption is faster than its accumulation leading to senescence [33,64]. On the other
hand, is well documented the decreased TA level in zucchini and other different fruits by
the use of organic acids as respiration substrates during ripening process [64,65]. Previous
reports have revealed the effect of 1-MCP on delaying ripening processes as decreasing
the respiration rate in zucchini [10] and maintaining TSS and TA content through this
mechanism in different fruit species [53,65]. There are no previous studies of the effect
of MT treatments on zucchini fruit though in a recent review MT was described as a
substance capable of inducing cold tolerance by the accumulation of sugar and organic
acids in different fruit species [66]. However, MT treatments did not increase TSS or
TA in zucchini probably due to the similar respiration pattern in MT-treated fruit than
observed for control fruit (Figure 3A). For this reason and based in our results, the combined
treatment (MT + 1-MCP) though did not increase TSS to a higher concentration than that
observed for 1-MCP alone, a synergistic effect maintaining higher TA levels was displayed
when both treatments were applied together showing the highest levels of this parameter.
We propose that this additional benefit could be due to a reduction in the ripening process
and respiration caused by the 1-MCP but also to an increase in organic acids as have
been observed in different fruit species treated with MT [66]. In this sense, a higher
solute concentration is a positive factor for maintaining the protoplasm osmoregulation
enhancing the cold tolerance. Higher levels in TSS and TA are directly related with a higher
cell homeostasis and higher contents in sugars and organic acids as ascorbic or citric acid
may also contribute to a reduced CI impact [66–68].
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4. Conclusions

The present study confirmed that melatonin at 1 mM concentration as a postharvest
dip treatment when combined with 1-MCP can extend the storage life of zucchini by
reducing respiratory metabolism and maintaining fruit firmness reducing weight loss. The
reduced metabolism observed by 1-MCP, combined with a melatonin treatment with an
also displayed antioxidant effect observed maintaining chlorophyll content or reducing
MDA accumulation were crucial factors on cell membrane integrity increasing zucchini
cold tolerance. Also, an increased solute concentration observed in zucchini exposed to the
combined treatment, could determine zucchini cold tolerance during storage at suboptimal
temperatures. In this sense, results suggest that application of a combined treatment based
on melatonin and 1-MCP could be a promising tool to increase storability of this fruit.
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Abstract: Peach is a putrescible fruit thus drastically restricting its postharvest storage life. In recent
years, the application of 1-methylcyclopropene (1-MCP) and nitric oxide (NO) in postharvest fruit
quality control has received considerable attention and investigative efforts due to the advantages
of using relatively low concentrations and short-time treatment duration. In the present study, the
effects of various 1-MCP and NO treatments on peach fruit (Prunus persica L. cv. Xiahui-8) stored at
25 ◦C were evaluated and compared. Results indicated that the combination treatment with both
chemical agents (MN) was most effective in postponing peach ripening and preserving fruit quality,
followed by 1-MCP and NO treatment alone. We also demonstrated that NO could delay fruit
senescence mainly by stimulating antioxidant enzymes, while 1-MCP overly outperformed NO in
the treatment of ‘Xiahui-8′ peach in slowing down respiration rate, inhibiting ethylene production,
maintaining high firmness and reducing ROS content. NO treatment showed a greater influence
on phenolic compounds than 1-MCP especially anthocyanins, flavanones and flavones according
to LC/MS analysis. The phenolic change in MN group were highly associated to NO treatment.
Through this study we provide informative physiological, biochemical and molecular evidence for
the beneficial effects of the combined 1-MCP and NO treatment on peach fruit based on a functional
synergy between these two chemical agents.

Keywords: fruit storage; antioxidant capacity; phenolic compounds; gene expression

1. Introduction

Unlike other rosaceous fruit like apple or pear, peach (Prunus persica L.) is well known
for the relatively short shelf-life of fruits due to high respiration rates, accelerated fruit
ripening and fast flesh softening process that could significantly impede marketing and
sales and lower commercial value. Hence, there is an urgent need to develop effective strate-
gies for postharvest handling and storage in order to prolong shelf-life while maintaining
consumer-desired fruit quality. Towards this goal, several previous studies investigated the
use of 1-methylcyclopropene (1-MCP) and nitric oxide (NO) for postharvest treatment in
peach fruits and demonstrated their high efficacy for delaying fruit ripening and senescence
at relatively low concentrations and short treatment time duration [1–3].

The biological function of NO as a key signaling molecule in plant cells has long been
recognized. For instance, Neill et al. in their investigation of the molecular events related
to NO biosynthesis and functionality demonstrated that NO produced by plant cells can
function as a critical signaling component in ABA-induced stomatal closure [4]. Fumigation
treatments of climacteric and non-climacteric fruits with NO, later known as an ethylene
antagonist, were found highly effective to considerably extend fruit postharvest life and
delay senescence [5,6]. Likewise, another ethylene inhibitor 1-MCP has also been utilized
in the postharvest treatment of fruits and vegetables due to its pronounced effects to
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dramatically delay ripening, lower ethylene production and respiratory rate and maintain
desirable quality [1]. With these attractive properties, the utilization of either 1-MCP or NO
in postharvest treatment of peach has been widely attempted [1,2,5,7,8]. However, to the
best of our knowledge, no reports are available that describe the combined use of these two
chemical agents and investigate if there are any synergistic effects as compared to single
chemical treatment on peach ripening and senescence.

It is worth noting that the modes of action of these two chemical agents are strikingly
different. 1-MCP is a competitive inhibitor of ethylene perception and is capable of inter-
acting with ethylene receptor sites and thus preventing the ethylene-induced signaling
that triggers ripening and senescence [9]. On the other hand, NO constitutes an important
component in the endogenous signaling pathway in cellular metabolism and functions
to modulate the physiological responses to phytohormones [10]. The fate of peach fruits
upon treatment with both chemical agents remain unknown. Therefore, the objective of
this work was to evaluate the effects of peach postharvest treatment with 1-MCP and NO
individually or in combination and reveal the patterns of physiological response and gene
expression associated with the treatments in order to explore better options for controlling
ripening and decline in postharvest fruit quality.

2. Material and Methods

2.1. Peach Material and Treatment

Peach fruits (Prunus persica L. cv. Xiahui 8) were harvested from an orchard at Jiangsu
Academy of Agricultural Sciences (JAAS) in Nanjing, Jiangsu, China. After 120 days post
florescence, about 600 peaches with uniform size and without obvious defects or damages
were picked and placed in a pre-cooled container, then transported to the lab immediately.
The collected fruit were randomly divided into four groups and subjected to the following
treatments: (1) CK or control group: 150 fruit were directly stored at 25 ± 2 ◦C with
85–90% humidity for 8 days; (2) N group with NO treatment: 150 fruit were placed in a
sealed container and treated with 10 μL L−1 NO gas for 3 h [2]; (3) M group with 1-MCP
treatment: 150 fruit were transferred to an enclosed container and treated with 10 μL L−1

1-MCP (Sinopharm Chemical Reagent Beijing Co., Ltd., Beijing, China) for 12 h, and 1%
(w/v) KOH solution was placed inside to prevent CO2 accumulation [1]; (4) MN group with
the combination of 1-MCP and NO treatments as described in published literature [11]:
150 peach fruit were first treated using the same condition as 1-MCP treatment for 12 h,
and then subject to fumigation with 10 μL L−1 NO gas for 3 h. All fruits were stored at
room temperature (25 ± 2 ◦C) with 80–90% relative humidity for 8 days. Samples were
taken at 0, 2, 4, 6, and 8 days during storage and immediately used for measurement of
respiration, ethylene production, firmness, total soluble solid (TSS), titratable acid (TA),
H2O2, malondialdehyde (MDA) and O2

− content. The rest of the fruits were peeled to
remove skin and cut into pieces, frozen with liquid nitrogen and stored at −80 ◦C for
further analysis. For each time point, 30 fruit samples were employed for each of three
biological replicates, and only the mesocarp was used for analysis.

2.2. Respiratory Rate and Ethylene Production

For respiration and ethylene production, fifteen fruit were placed in three airtight
containers equally for 1 h. CO2 production rate was measured by a portable infrared CO2
analyzer (PBI Dansensor CheckMate 3, Copenhagen, Denmark) and respiration rate was
expressed as mg kg−1 h−1 of CO2. Ethylene production was performed according to a
method described by Huan [12], with minor modifications. One milliliter of the headspace
gas was taken out form each jar and injected into a gas chromatograph (Agilent GC7890 A,
Palo Alto, Santa Clara, CA, USA) equipped with an HP-AL/S column (30 m × 0.53 mm ×
15 μm, Agilent, Palo Alto, Santa Clara, CA, USA) and a flame ionization detector (FID). The
injector, oven and detector temperatures were 120, 100 and 200 ◦C, respectively. Ethylene
production was expressed as μg kg−1 h−1.
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2.3. Firmness, MDA, H2O2 and O2
− Detection

For fruit firmness, 10 fruit were used and evaluated by using a Fruit Hardness Tester
(FHM-5, Tokyo, Japan). MDA, H2O2 and O2

− were measured according to our previous
report [13] and expressed as mmol per kilogram fresh weight (mmol kg−1 FW).

2.4. Enzymatic Assays

Activities of total superoxide dismutase (SOD) and catalase (CAT) were assayed as
described in our previous report [14]. Peroxidase (POD) activity was measured according
to the method of Zhang et al. [15] with minor modifications. Following steps were used
for the assay: the reaction mixture was prepared by combining guaiacol (0.25%, 100 μL),
crude enzyme extract (50 μL) and acetic acid buffer (100 mM, pH 5.4, 100 μL); the reac-
tion was initiated by adding 50 μL of H2O2 (0.15%); and absorbance of the sample at
460 nm was measured. Polyphenol oxidase (PPO) activity was determined according to
Yingsanga et al. [16]. Ascorbate peroxidase (APX) activity was assayed according to the
method of Song et al. [17]. The absorbance changes of POD, PPO and APX reaction mix-
tures were measured using Microplate Reader (Tecan, Switzerland) for an assay duration
of 6 min. One unit of these enzyme activities was defined as a change of 0.01 in absorbance
per min and activities expressed as U per mg protein. PAL activity was assayed according
to preciously published protocol [18]. Protein content in the extracts was determined by
reading absorbance of the sample at 595 nm via the method of Bradford [19] using bovine
serum albumin (BSA) as a standard.

2.5. RNA Isolation and Gene Expression Analysis

Sequence information on genes encoding POD and PAL was derived from Genome
Database for Rosaceous (GDR; http://www.rosaceae.org/peach/genome (accessed on
16 October 2021)) and gene specific primers were designed using Primer 5.0 software and
used for transcript sequencing. After screening of received sequencing data and discarding
the redundant sequences, two PpaPODs and one PpaPAL were selected for further analysis.
Primers for PpaSOD, PpaCAT and PpaAPX that were designed in previous research using
the similar cultivar [20] were utilized herein. A translation elongation factor 2 (PpaTEF 2)
was selected as s reference gene for its high expression stability [21]. All primers used for
this study were showed in Supplementary Materials. Total RNA extraction, first-strand
cDNA synthesis and real-time quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) analysis were performed according to our previous report [22].

2.6. LC/MS Analysis of Phenols

The obtained data manifested that respiration burst on D4 and D8, meanwhile ethylene
production reached the peak on D8. We speculate that D4 and D8 is crucial time of peach
fruit metabolism. Therefore, we choose peach materials of these two time point for further
LC/MS analysis. The phenolic compounds extraction and LC/MS analysis were conducted
followed by our previous report [22]. Briefly, approximately 10 g of peach tissue was ground
with liquid nitrogen, then accurately weigh 5 g of ground sample and homogenized in
100 mL of 95% acidic (0.1 M HCl) methanol. After 4 h of extraction, the mixture was
centrifuged at 10,000× g for 20 min. The supernatant was collected and evaporated to
dryness. For LC/MS analysis, the residue was redissolved in 6 mL of methanol and filtered
through a 0.22 μL membrane (Millipore) filter. LC/MS analysis system (G2-XS QTof,
Waters) and liquid chromatography (UPLC) column (2.1 × 100 mm × 1.7 μm) was used in
this study according to our previous research [22].

2.7. Statistical Analysis

The experiment was conducted in a completely randomized design. Figures were
made with Origin Pro 2017 software program. Statistical analyses were performed with
the SPSS 18.0 software using the Duncan’s test with a significance level at p < 0.05. Pearson
correlation test were performed with SPSS software.
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3. Results and Discussion

Based on extensive characterization of the role in reducing aging of cut carnations,
the use of 1-MCP as an ethylene antagonist in postponing the ripening of edible fruits
and vegetables has been proposed previously [23]. Subsequently, numerous studies have
shown that 1-MCP can extend postharvest life of a wide variety of food commodities [9].
NO was revealed to act as an important endogenous signaling molecule in many cellular
metabolisms to modulate hormonal homeostasis during stress responses and plant de-
velopmental processes [10]. However, the detailed mechanisms of action through which
NO affects fruit ripening and storage quality remain unclear. Other research reports have
shown that free radical gas NO has anti-senescence properties similar to those of 1-MCP,
which has been observed in tests with different fruits and vegetables [7]. This presump-
tive finding was somewhat confirmed in our investigations according to results of the
following indices.

3.1. Firmness

Firmness is an important quality attribute of peaches that has the potential to enhance
storage potential, improve resistance to decay organisms and mechanical injury and en-
hance market appeal and consumer preference [24]. Fruit softening is a consequence of
the modifications and content changes of different cell wall polymers, which is a natural
physiological process during ripening and senescence. In this work, firmness was excel-
lently maintained by MN treatment followed by the 1-MCP treatment. Firmness value in
NO treatment had no significant change since D4 to the end of storage as compared to that
in CK (Figure 1C). Results showed that 1-MCP treatment alone or combined treatment
can maintain high firmness of peach, which can delay fruit ripening by maintaining cell
structure and improving resistance of decay organisms. NO application can inhibit flesh
softening process at later storage time, but which effect was not superior to another two
groups in this study.

3.2. Respiration and Ethylene Production

Fruit respiration converts storage compounds and sugars to energy via the generation
of ATP to maintain normal metabolism. Respiration and ethylene production are critical
indicators of peach ripening. As climacteric fruit, peach is characterized by an upsurge
in the respiration rate coincided with a burst of ethylene production during ripening
stage. In this research, the respiration rate showed a normal feature of climacteric fruit,
which reached a respiratory peak at D4, thereafter decreased (Figure 1A). However, the
respiration at D8 showed a high value, which might be induced by tissue damage in later
stages of fruit senescence [25]. The ethylene release increased throughout the storage time,
reaching a maximum level at D8, a trend consistent with previous studies [20]. 1-MCP
or MN treatment significantly suppressed the ethylene release from D6 to the end of
storage, but NO treatment had no distinctive effect on ethylene production throughout the
storage duration (Figure 1B). Besides, the onset of ethylene productive peak was falling
significantly behind respiratory climacteric peak, a phenomenon similar to what was
reported in other research with peach [26]. MN treatment suppressed both respiratory and
ethylene production rates to the lowest level, indicative of a better approach to postponing
fruit ripening. Noticeably, 1-MCP treatment had a better effect in slowing down respiratory
and ethylene production rates than NO treatment. We postulate that 1-MCP may be more
efficient in delaying senescence of this cultivar. The results of combined 1-MCP and NO
treatment observed herein were consistent with previous research with blueberry fruit [11],
in which similar combination treatment significantly extended the postharvest life of one
of the two compared blueberry cultivars. Several studies have also demonstrated that
NO could inhibit CO2 and ethylene production [7,27]. In particular, Zhu and coworkers
theorized that NO is bound to 1-aminocyclopropane-1-carboxylate (ACC) oxidase and
subsequently chelated to ACC to form an ACC-ACC oxidase-NO complex, thus decreasing
enzymatic activity and reducing ethylene production [27]. NO at 10 μL/L was shown to
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exert excellent effect on a peach cultivar ‘Feicheng’ [27]. In spite of these reports, however,
we found that treatments with NO at various concentrations on peach cultivar ‘Xiahui-
8′ did not yield desirable results based on observation in several physiological indices.
Furthermore, no statistical difference of ethylene release was observed between N and CK
groups. These findings may reflect the distinct genotypic response of different cultivars to
NO treatment with mechanisms thus far remained unknown.

 
Figure 1. Physiological and biochemical indices of peach fruit including respiratory rate (A), ethylene production (B),
firmness (C), H2O2 content (D), MDA content (E) and O2

− content (F) used in this research. Each point represents means ±
SE of three replicates. The lowercase letters indicate significant differences according to statistical analysis.

3.3. Reactive Oxygen Species (ROS) Production

Peach is putrescible fruit and can soften quickly at normal temperature, which makes it
particularly vulnerable to internal and external stresses. When there is a serious imbalance
in cell compartment between the production of ROS and antioxidant defense or ROS
scavenging during peach ripening, the ROS increase will inevitably occur, leading to
oxidative damage to many biological macromolecules, including proteins, DNA and
lipids [14]. ROS can cause peroxidation of the membrane lipids resulting in cell membrane
alterations and consequently the generation of MDA [7]. In this study, the tendencies of
H2O2, MDA and O2

− production were all similarly increasing gradually throughout the
entire duration of storage (Figure 1), indicating that oxidative stress takes place during the
natural course of ripening and senescence. The effect of 1-MCP or NO application alone
on ROS reduction were mentioned in various researches such as apple [28], mango [29],
winter jujube [30]. However, the comparison between these two treatments on peach
fruit haven’t not been reported yet. Our results showed that, as compared with control
fruit, combination treatment MN or treatment with 1-MCP alone significantly reduced
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the production of ROS, thus delaying fruit senescence. For explaining the mechanism
underlying this phenomenon, Lin [31] presumed that postharvest treatment could alleviate
the damage action of ROS and the peroxidation process of membrane lipids, consequently
retain the structure of pulp cellular membrane of fruit. Combined with the results we
got, we assumed that the raised level of ROS and MDA content were highly related to the
breakdown of cell structure (Figure 1C–F).

3.4. Enzymatic Activity

Effective reduction of ROS requires several antioxidant enzymes such as SOD, CAT,
POD and APX. These enzymes act concomitantly with non-enzymatic antioxidants as a
defense against excess ROS [32], consequently, inhibiting fruit quality deterioration. SOD
is the first line of defense against ROS by catalyzing the dismutation of O2

− to molecular
oxygen and H2O2, and H2O2 is then scavenged by CAT, POD and APX [33]. In fruit, these
antioxidant enzymes are well known for their roles in regulating the accumulation of ROS
which can also act as signaling molecules in many biological processes, and recent studies
showed that they are also involved in regulating fruit development [34] and ripening [35].
Furthermore, these antioxidant enzymes are readily activated by postharvest treatments
such as hot water [20], brassinolide [36] and 1-MCP [37], which can effectively scavenge
ROS to extend the shelf-life as well as improve fruit chilling tolerance [20]. In this study,
similar trends of total SOD, APX, PPO and POD activities were observed for all treatments
in contrast to CK (Figure 2): a discernable increase for the first four days (D0 to D4),
followed by a slight decline (D6), and then a small increase at the end of observation period
(D8). CAT activity in treated fruit was noticeably activated than untreated fruit (CK) with a
further increased level at D8 during ripening (Figure 2B). Overall, MN treatment induced
the highest enzymatic activities for all examined enzymes than those of the control during
the entire storage with the exception of total SOD and CAT activities at D4, in which NO
treatment generated higher levels. 1-MCP showed better effects for enhancing enzymatic
activity than NO, suggesting the former is more effective in ROS elimination. Previous
studies showed that exogenously applied NO increased the activity of total SOD, CAT
and APX [38,39]. Our results consistent with pervious findings and showed enhanced
enzymatic activities of these enzymes. However, the enzymatic activity of total SOD,
CAT and APX as well as POD in N group most of the time were not superior to those
in M group. Considering that a higher respiratory rate was observed in N group, the
lower levels of activity of antioxidant enzymes could lead to increased accumulation of
ROS. It is interesting that the general trends of total SOD, APX and POD activities are the
same in all treated fruit, i.e., reaching the maximum level at D4 thereafter followed by a
gradual decrease, and is similar with respiratory tendency. On the other hand, CAT activity
continually increased till the end and did not show any peaks. Similar results for total SOD
and CAT activities were also reported in previous studies with peach [40]. We speculate
that high respiratory rate generates more ROS, which will in turn stimulate total SOD, APX
and POD activities [20,41].

PAL is the first key enzyme in biosynthetic pathway of phenols in fruit and can
be induced under various stress conditions [42]. PPO catalyzes the hydroxylation of
monophenols that results in brown pigments. In this study, PPO and PAL activities
manifested a similar changing trend in four groups, while maintaining a highest level at
D4. MN outperformed individual NO or 1-MCP treatment in enhancing PPO and PAL
activities, whereas untreated fruit (CK) possessed the lowest activity (Figure 2). It has
previously been reported that exogenous NO can stimulate antioxidant enzymes such
as PAL [43,44] and POD [43,45], which is in accordance with the results found in this
study. However, unlike our results, 1-MCP application on strawberry [46], loquat [47] and
nectarine [48] was found to inhibit activities of PAL and PPO and therefore was employed
to prevent fruit browning. We speculate that the increased activities of PAL and PPO
observed in our study were attributable to resistance response to biotic and abiotic stress
processes [49,50].
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Figure 2. Enzymatic activity in peach fruit. SOD activity (A), CAT activity (B), POD activity (C), PPO activity (D), APX
activity (E), PAL activity (F). Each point represents means ± SE of three replicates. The lowercase letters indicate significant
differences according to statistical analysis.

3.5. Gene Expression Analysis

In order to check whether trends of enzymatic activity and related gene expression
were similar or not in a quantitative way, we did Pearson correlation test, and the result are
showed in Table 1. Through the values we found that almost all the genetic and enzymatic
changes were inconsistent with each other except PpaPAL/PAL (p < 0.01). Similar results
can be seen in series of published papers [3,51]. We postulate that these enzymes might be
regulated by different, yet unidentified, gene members and factors. As showed in Figure 3,
PpaCAT and PpaAPX exhibited a similar expression pattern across all treatments, while
their levels of expression in CK were higher than that of treated fruit and at the same
time followed a decreasing trend during storage time. Expression of PpaSOD declined
at D2 then followed a continuous increase during the period from D4 to the end D8. No
distinguishable patterns of change in the expression of these genes were observed amongst
all three treatments.
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Table 1. Pearson Correlation analysis of enzymatic activity and related gene expression.

PpaSOD/SOD PpaCAT/CAT PpaPOD/POD PpaPOD-1/POD PpaAPX/APX PpaPAL/PAL

Pearson
correlation −0.053 −0.533 ** 0.112 −0.406 0.016 0.588 **

** p < 0.01.

 
Figure 3. Gene expression profile in peach fruit including PpaSOD (A), PpaCAT (B), PpaPOD (C), PpaPOD-1 (D), PpaAPX (E)
and PpaPAL (F). Each point represents means ± SE of three replicates. The lowercase letters indicate significant differences
according to statistical analysis.
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The relative expression levels of PpaPAL in treated fruit were higher than that of
untreated one (CK), and 1-MCP treatment or combined 1-MCP and NO treatment induced
higher expression levels than NO treatment. Additionally, both PAL activity and PpaPAL
expression exhibited a similar changing trend in response to postharvest treatments and
storage process. Accordingly, the Pearson correlation value of PpaPAL and PAL was 0.588
(p < 0.01), which indicated that treatments tested herein might stimulate PAL activity by
directly promoting the expression of PpaPAL.

Different trend patterns were observed between two POD genes: PpaPOD and Ppa-
POD1 (Figure 3). The expression tendency in CK remained the same for these two genes,
which decreased at first thereafter increased from D4 till the end D8. 1-MCP treatment
stimulated PpaPOD expression from D2 to D6, thereafter maintained a stable expression
level. The treatment methods showed a greater impact on the expression of PpaPOD than
PpaPOD1, while PpaPOD1 expression levels in variously treated fruit remained consistent
with little changes, but all lower than that in CK group. In addition, similar dynamic
changes in the levels of POD and PpaPOD expression indicated that POD enzyme might be
regulated directly by expression activity of PpaPOD.

3.6. LC/MS Analysis of Phenols

20 phenolic compounds were successfully identified based on their retention times,
MS data and the corresponding specific fragment, including anthocyanins, flavanones,
flavanols, flavones, flavonols and phenolic acids. Representative mass spectrogram of galic
acid at negative ionization mode were showed in Figure 4. We have already investigated
the influence of 1-MCP on phenolics in our previous report [22], and here we emphasize the
effect of NO treatment alone and the combined treatment. The relative amount of phenols
were showed in Table 2. Four kinds of anthocyanins were successfully detected including
Pigment A, peonidin 3-O-(6”-p-coumaroyl-glucoside), cyanidin 3-O-xylosyl-rutinoside and
pelargonidin 3-O-rutinoside. 1-MCP elevated content of anthocyanins, which is benefit
for color change in M group. However, NO treatment inhibited most of anthocyanin
biosynthesis except peak 1. In addition, NO treatment here inhibits most of the phenolic
compounds except peak 1,8,17,18. Intriguingly, the combined treatment showed the similar
phenomenon with NO fumigation, but not the 1-MCP treatment. Previous researches
such as NO treatment on strawberry [52] and Chinese winter jujube [53] showed that NO
fumigation increased total phenolic content, but they did not provide more details about
the specific increased or decreased phenolic compounds. In our study, we found that
NO application exhibits the strong influence on phenolic biosynthesis, which effect even
manifested in MN group. We deduced that NO might act as an internal signal and mediate
secondary metabolism in plant cells [54]. However, the underlying mechanism of phenolic
compounds and NO needs to be seen.
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4. Conclusions

The combined 1-MCP and NO treatment showed the best effect on the improvement
of postharvest fruit quality by maintaining good physical characteristics, decelerating fruit
firmness, inhibiting ROS production, activating antioxidant enzymes and thus, postponing
fruit ripening and senescence. NO application can extent peach shelf-life mainly by
stimulating antioxidant enzymes. Moreover, NO application showed a greater effect
on phenolic synthesis than 1-MCP. Regardless of the mode of action of NO and 1-MCP,
for ‘Xiahui-8′ peach, 1-MCP represents a more effective commercial option to inhibit
senescence than NO treatment. Treatments with 1-MCP can enhance PAL and POD
metabolism by activating via transcription upregulation the expression of PpaPAL and
PpaPOD separately, while playing a lesser role in modulating the expression of PpaCAT,
PpaSOD and PpaAPX. MN treatment manifested highest firmness, antioxidant enzymatic
activities and lowest ROS content compared with 1-MCP or NO treatment alone. This
study provides informative physiological, biochemical and molecular evidence for the
benefits of using the combined 1-MCP and NO treatment on peach fruit due to a functional
synergy between these two chemical agents.
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Abstract: Oregano (Origanum syriacum) is popularly called za’atar in the Middle East region. It
is widely used in the Mediterranean diet as an aromatic herb. This study aimed to evaluate the
preservation effect of natural additives, vacuum packaging, and refrigeration on the quality traits
of fresh oregano. In total, 132 fresh oregano samples were formulated and split into 4 groups
(n = 33) labeled group A (100% fresh oregano leaves, Control), group B (fresh oregano 63.2%, 15%
fresh onion, 20% oil, 1.8% salt), group C (fresh oregano 61.91%, 15% fresh Allium cepa, 20% oil, 1.8%
salt, 1.29% sumac), and group D (fresh oregano 59.2%, 15% fresh Allium cepa, 20% corn oil, 1.8% salt,
4% lactic acid, ultimate pH 4.4). Different quality traits such as color index (L*a*b*), microbiological
analysis (total aerobic, anaerobic, and psychrotrophic bacteria and yeasts and molds), and sensory
features (taste, flavor, appearance, saltiness, and overall acceptance) were assessed during the storage
period (42 days) for all groups. Our study showed that the addition of lactic acid (group D) exhibited
a strong preservation effect against aerobic and anaerobic bacteria. In this context, group D had
significantly lower aerobic and anaerobic bacterial counts (5.12 vs. 6.7, 6, and 6.7 log (cfu/g); p < 0.05)
and (4.75 vs. 6.6, 6.1, 6.77 (cfu/g); p < 0.05) than group A, B, and C; respectively. Group D exhibited
significantly (p < 0.05) lower psychrotrophic bacterial count (3.6 log (cfu/g)) during the whole period
of storage compared with control. Group B had a lower redness index (a*) (−3.3 vs. −1.8, −1.65,
−1.23; p < 0.05) than groups A, C, and D; respectively. In conclusion, our study showed that there is a
possibility of improving the preservation of oregano (Origanum syriacum) by using lactic acid and
sumac combined with vacuum packaging under refrigeration conditions.

Keywords: oregano; vacuum packaging; Allium cepa; Rhus coriaria; refrigeration

1. Introduction

Origanum species are widely grown and cultivated in the Mediterranean basin. Out
of the 43 species, 35 species occur solely in the East Mediterranean [1,2]. Za’atar is one
the most common names for Origanum syriacum [3], and it is frequently used for different
purposes and in different forms in Mediterranean cuisine, due to its fragrance, flavor, and
properties that it adds to food, such as meat, vegetables, and baked goods [4].

Oregano has been used in the past to formulate a traditional medicine for several
diseases. In this context, the traditional medicine containing oregano was dedicated to
treating respiratory diseases such as whooping cough, bronchitis, and asthma [5]. The most
common functional ingredients in oregano leaves are thymol and carvacrol [6]. Origanum
syriacum leaves are considered a rich source of vitamins such as folic acid, beta carotene, and
vitamins E, K, A, and C [7,8]. Its leaves are rich in phenolic compounds such as caffeic acid,
rosmarinic acid, eriodyctiol, luteolin, naringenin, and apigenin [9–11]. Spain, France, Italy,

109



Foods 2022, 11, 3002

Switzerland, Bulgaria, Portugal, and Greece among other European countries cultivate and
harvest wild thyme and oregano [12].

The oregano crop (Oregano syriacum) is a major component of the agricultural economy
in Palestine; it is also called Palestine’s green gold. Palestinians have known different types
of oregano, especially wild oregano, and used it in their traditional cuisine. A few years
ago, Palestinians realized how much its cultivation is due to its economic feasibility [13].

Thymol is one of the components of the essential oil of oregano that has antisep-
tic and antifungal properties [14,15]. Moreover, oregano has other volatile oils such as
carvacrol, geraniol, and borneol that have antimicrobial properties. In addition, thyme
contains linalool, apigenin, eugenol, and rosmarinic acid, which have antioxidant, anti-
inflammatory and antiviral properties [10,11,14–16]. The studies revealed that thyme and
oregano contained a significant amount of phenolic compounds such as zea-xanthin, which
acts as a bronchodilator; apigenin, a muscle relaxer; and lutein, which supports brain and
vision development, as well aso luteolin and thymosin [5,16]. The diversity of geography
and climate in Palestine contributes to farm-wide varieties of Origanum syriacum species
including wild and cultivated [17]. Several researchers investigated the ability to preserve
Origanum syriacum by vacuum packaging [18] or by solar and freeze drying [19]. Mudalal
and Abu-Khalaf [20] found a significant difference in some quality traits between freeze-
and solar-dried Origanum syriacum using an electronic nose.

The market for Origanum syriacum has different channels for rural families and small
farmers who can sell to local trades or small stores. In addition, some companies have
private labels. There are numerous challenges that limit the exporting of Origanum syriacum
including restricted and complicated access to fertile land (in particular in area C: political
classification by the Israeli occupation); lack of quality control on agricultural inputs and
practices; limited water for irrigation; and weak cold chain (for fresh and frozen products),
which result in high waste during transit. On the other hand, dried Origanum syriacum
exports have rapidly increased because of high demand in the region.

Oregano is only marketed as fresh in winter and spring, as it exhibits an unaccept-
able bitter taste in the remaining seasons. To overcome shortages of production due to
off-seasons, our local small industries employ several conventional preservation techniques
such as solar-drying, freezing, and packaging in plastic bottles. Similar techniques are usu-
ally used in other Mediterranean regions. However, the current conventional preservation
techniques have adverse effects on the nutritional value and sensory characteristics (mainly
color, taste, and flavor). So far, current conventional preservation techniques are not able
to maintain the freshness of oregano, which is a very important issue for the production
of local oregano-based bakery products. In the Mediterranean region and particularly in
Palestine, fresh oregano leaves are usually mixed with oil, fresh onion, sumac, and salt then
stuffed in flour dough in the form of a thin sheet, followed by baking. Our research aimed
to study the preservation effects of refrigeration storage, vacuum packaging, and natural
ingredients on the quality traits of fresh oregano.

2. Materials and Methods

2.1. Collection and Preparation of Samples

A small oregano field was cultivated in a village near Tulkarem city (Northern Pales-
tine) and was used to collect about 5 kg of oregano stems. The selected areas in the field for
sample collection had no weeds or plant diseases. The leaves were removed from the stems
by hand. The final net weight of separated leaves after the removal of straw, stems, gravel,
and any type of physical impurities was about 2.5 kg. Ultimately, the oregano leaves were
subjected to a cleaning process to remove any types of soils and dust using running tap
water. The cleaning process was stopped when the output water became clear. The wetted
leaves were left to dry at room temperature for about one hour over paper towels to remove
excess water due to the washing process, and the drying process did not remove any part of
the native water in the fresh leaves. The whole quantities of leaves were mixed thoroughly
to obtain a homogenous mixture. The total quantity of oregano was split into four batches
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to represent four treatments. In each group, there were 33 packs. Each pack contains a
net weight of about 60 g of the product. Accordingly, the total number of samples for all
treatments was 132.

In each group, different natural ingredients were added to oregano leaves, and then
the ingredients were mixed and packaged under vacuum (−95% ambient pressure for 10 s,
Figure 1). Transparent vacuum plastic packs made of coextruded multilayer flexible film
with dimensions of 200×300 mm. The groups were as follows:

Figure 1. Oregano mix as the finished product was prepared for color index (L*a*b*) measurement.

Group A: (Control group): (100% Fresh oregano leaves)
Group B: (73.2% Fresh oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt)
Group C: (61.9% Fresh oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt, 1.29%

sumac “Rhus coriaria”)
Group D: (59.2% Fresh oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt, 4%

lactic Acid, ultimate pH 4.4).
The percentages of ingredients were calculated by weight.
The samples were stored under refrigeration conditions (2–4 ◦C), and the relative

humidity was about 40–60%.

2.2. Chemical Analysis

About 100 g of fresh oregano leaves was dedicated for proximate chemical analysis
(moisture, fat, protein, fiber, and ash content). The proximate chemical composition of
fresh oregano was assessed for each sample using official methods of AOAC [21]. Moisture
content was determined by loss on drying using an air oven. About 5 g of the sample was
accurately weighed and then dried at 105 ◦C for 16 h. The moisture content was calculated
based on weight differences. For ash, about 2 g of fresh leaves of oregano was accurately
weighed in the crucibles and incinerated in the muffle furnace for 5 h at 550 ◦C. After
incineration, the weight of ash was recorded, and then ash content was calculated. The
fat content was determined using an ANKOM XT15 extractor. About 1.5 g of fresh leaves
of oregano was placed in the filter bags, then the fat extracted by petroleum ether in the
extraction vessel. The fat content was calculated based on weight differences (before and
after extraction). Fiber content was measured using an ANKOM 200 Fiber Analyzer. About
0.5 g of dried oregano leaves was placed in the filter bag. After that, the filter bags were
placed in a fiber analyzer using the suspender tray. The samples were first digested using
a heated acid solution (90 ◦C), followed by water washing and digestion using a heated
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alkali solution (sodium hydroxide). The remaining undigested matter was considered as
total crude fiber.

2.3. Color Measurement

The CIE system (Commission Internationale de l’Eclairage) was used to measure color
parameters according to standard values that are internationally used.

In each group, six different areas were highlighted with black circles over each pack.
Color coordinates were measured in triplicates for each area, and the mean was determined.
A reflectance colorimeter (Minolta Chroma Meter CR-400) with an illuminant source was
used to measure the color index (L*a*b*). A reference white ceramic tile (Y = 93.9, x = 0.3130
and y = 0.3190) was used to calibrate the colorimeter before each measurement.

2.4. pH Measurement

Ten samples were selected from each group for pH measuring. About 2.5 g of fresh
oregano was added to 25 mL of distilled water and then homogenized with ultra-turrax.
The pH meter (ISFET, Model 98 # IQ150, IQ Scientific Instruments, San Diego, CA, USA)
was calibrated at pH 4.0 and 7.0 before measuring the samples.

2.5. Microbiological Analysis
2.5.1. Aerobic, Anaerobic, and Psychrotrophic Bacterial Count

Total aerobic, anaerobic, and psychrotrophic bacteria counts were estimated in 12 repli-
cates during the period of the study (42 days). 10 g of oregano samples was aseptically
added with 90 mL ringer solution. Seven dilutions (10−1 to 10−7) were used to count
bacteria, mold, and yeast. Plate Count Agar (PCA) was used as a microbiological growth
medium to estimate the total viable bacterial count. The plates were incubated for 48–72 h
at 37 ◦C. Similar incubation conditions were used to count anaerobic bacteria, but the plates
were kept in an anaerobic jar. Plate count agar (PCA) was also used to count psychrotrophic
bacteria, and the plates were stored in a refrigerator for 7 days. The plates containing
25–250 colonies were considered for counting.

2.5.2. Yeast and Mold

From each group, four different samples were selected to determine yeast and mold
counts. Potato dextrose agar (PDA) was used as a culture medium. Serial dilutions (10−1

to 10−5) were used to obtain proper colony counts. The plates were incubated for 4–5 days
at room temperature. The plates containing 25–250 colonies were considered for counting.

2.6. Sensory Analysis

Three packs of oregano samples were selected from each group to prepare bread
stuffed with oregano mix as normally prepared in local bakeries that are already present
in Palestine. The dough for the bread was made from wheat flour, dried yeast, salt, and a
little sugar to activate the yeast. The dough was rolled into a thin layer, then stuffed with
oregano mix and baked at 250 ◦C until the formation of a gold crust. Bread with oregano
(qraas za’atar) was cut into small similar pieces. These pieces were subjected to sensory
analysis by 30 panelists (trained) to evaluate 5 descriptors, taste, flavor, appearance, salti-
ness, and overall acceptance. The panelists were trained before they started the sensory
analysis by explaining the scale hedonic test (in Arabic). The panelists expressed the in-
tensity of each attribute with a mark on a 9-point scale (9 = Like Extremely; 1 = Dislike
Extremely). The samples were coded in randomized blocks and presented to the panelists
on plastic plates.

2.7. Statistical Analysis

Each quality trait (proximate analysis, color traits (L*a*b*), pH, sensory traits, and
microbiological counts) was measured in replicates (4–12 replicates depending on the trait)
during the storage period (42 days). The pooled effect of treatments during the storage
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period on quality traits (chemical, physical, and microbiological properties) was evaluated
by ANOVA. The model investigated the main effects of treatments as well as the interaction
effect (between treatments and the time of storage) using the general linear model (GLM) in
SPSS version 18.0 (SPSS Inc., Chicago, IL, USA) for the main quality traits of fresh oregano.
The means were separated using Tukey’s range test, with p ≤ 0.05 considered significant.

3. Results

3.1. Chemical Compositions of Fresh Oregano

Table 1 shows the proximate chemical analysis of fresh oregano including moisture,
ash, fat, and fiber constituents.

Table 1. Proximate chemical composition of fresh oregano leaves.

Composition Mean ± SD (g/100 g)

1 Moisture 66.9 ± 0.42
2 Fiber 20.51 ± 1.32
3 Proteins 0.71 ± 0.05
4 Ash 5.50 ± 0.22
5 Fat 6.33 ± 0.22

3.2. pH Measurement Analysis

pH was measured during the refrigerated storage period (Figure 2) to understand
the effect of microbial growth on pH. The initial pH for group A was significantly higher
than the other groups, which represented the natural pH of oregano leaves (there were
no additives). Group D exhibited the lowest significant value of all groups. There was no
significant difference between groups B and C. The addition of sumac led to a reduction of
about 0.3 units of pH, while the addition of lactic acid to group D caused a reduction in pH
of about 2.8 units in comparison with control group A. In general, there were no significant
changes in pH during the storage period in groups A, B, and C.

Figure 2. pH of fresh oregano at refrigerator temperature 4 ◦C during storage period (42 days). Group
A: (Control group): (100% Fresh oregano leaves), Group B: (73.2% Fresh oregano, 15% Fresh Allium
cepa, 20% corn oil, 1.8% salt), Group C: (61.9% Fresh oregano, 15% Fresh Allium cepa, 20% corn oil,
1.8% salt, 1.29% sumac “Rhus coriaria”), Group D: (59.2% Fresh oregano, 15% Fresh Allium cepa, 20%
corn oil, 1.8% salt, 4% lactic Acid, ultimate pH 4.4.
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3.3. Microbiological Analysis

Total plate count was used as an indicator of bacterial aerobic populations in different
groups. It is not a measure of the entire bacterial population but rather a generic test for
organisms that grow aerobically at mesophilic temperatures (25 to 40 ◦C). Figure 3 shows
the growth of total bacteria during the storage period (42 days). There was an interaction
between the effects of treatments and the effects of storage time. Groups A and C exhibited
significantly (p < 0.05) higher aerobic counts than groups B and D during the entire period
of storage.

Figure 3. Total aerobic bacterial count of fresh oregano at refrigerator temperature 4 ◦C during storage
period (35 days). The significant differences (p < 0.05) between means are indicated in different letters
in the same row. The effect of treatments was pooled to consider the whole storage period and the
means were separated by Duncan test.

3.4. Anaerobic Bacteria Analysis

The anaerobic bacterial count during the storage period (35 days) at refrigerator
temperature is shown in Figure 4. There was a significant interaction between treatments
and storage time. There was no significant difference in total anaerobic count between
groups A and C during the whole storage period. Group D exhibited significantly lower
anaerobic counts than the other groups. In general, the results of aerobic and anaerobic
counts for all groups were quite similar. It was obvious that group D exhibited the lowest
anaerobic bacteria counts during the whole period of storage.

The growth of psychrotrophic bacteria in fresh oregano leaves at refrigerator tem-
perature 4 ◦C is shown in Figure 5. It was clear that group D exhibited significantly
lower psychrotrophic bacterial count during the whole period of storage than the other
groups. There were moderately significant differences between groups A and B (4.5 vs. 4.9,
p < 0.05), respectively. Group C exhibited a significantly higher psychrotrophic bacterial
count than group A (5.2 vs. 4.5, p < 0.05), respectively.

The growth of yeast and mold in fresh oregano leaves at a refrigerator temperature
4 ◦C is shown in Figure 6. In general, there were no significant differences in yeast and
mold counts during the whole period of storage for all groups.
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Figure 4. Anaerobic bacterial count of fresh oregano at refrigerator temperature 4 ◦C. The significant
differences (p < 0.05) between means are indicated in different letters in the same row. The effect
of treatments was pooled to consider the whole storage period and the means were separated by
Duncan test.

Figure 5. Psychrotrophic bacterial count of fresh oregano samples at refrigerator temperature 4 ◦C.
The significant differences (p < 0.05) between means are indicated in different letters in the same
row. The effect of treatments was pooled to consider the whole storage period and the means were
separated by Duncan test.
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Figure 6. Mold and yeast growth of fresh oregano at refrigerator temperature 4 ◦C. The significant
differences (p < 0.05) between means are indicated in different letters in the same row. The effect
of treatments was pooled to consider the whole storage period and the means were separated by
Duncan test.

3.5. Color Index (L*a*b*)

The effects of treatments on a*-values during storage are shown in Figure 7. There
were no significant differences between groups A, C, and D. During the whole period
of storage, the a*-values of Group B changed much less than those of the other groups.
Overall, group B exhibited significantly lower a-values than the other groups.

Figure 7. a*-values of fresh oregano at refrigerated temperature 4 ◦C during storage period (42 days).
The significant differences (p < 0.05) between means are indicated in different letters in the same
row. The effect of treatments was pooled to consider the whole storage period and the means were
separated by Duncan test.
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The effects of treatments on b*-values and L*-values are shown in Figures 8 and 9. It
was found that there were no significant differences in b*-values between groups A, B, and
C. Group D had significantly lower b*-values (9.9 vs. 12.1, 12.1, and 12.0, p < 0.05) than
groups A, B, and C. It was observed that there was a sharp increase in b*-values in the first
week in all groups.

Figure 8. b*-values of fresh oregano at refrigerated temperature 4 ◦C during storage period (42 days).
The significant differences (p < 0.05) between means are indicated in different letters in the same
row. The effect of treatments was pooled to consider the whole storage period and the means were
separated by Duncan test.

Figure 9. L*-values of fresh oregano at refrigerated temperature 4 ◦C during storage period (42 days).
The significant differences (p < 0.05) between means are indicated in different letters in the same
row. The effect of treatments was pooled to consider the whole storage period and the means were
separated by Duncan test.
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It was found that there were no significant differences in L*-values between group A
and D. Group C exhibited significantly lower L*-values than the other groups. There was a
drop in L*-values in the first two weeks of storage in all groups.

3.6. Sensory Analysis

The results of the sensory analysis of fresh oregano samples are reported in Figures 9–13.
Breaded oregano (qrass za’atar) samples were obtained using the same traditional dough as
that used by the local baker. The two fresh oregano samples in groups C and D proved to
have similar characteristics (taste, flavor, saltiness, and appearance) to fresh oregano leaves that
were produced from the traditional bakery (group B). Our study showed that there were no
significant differences in taste between groups B, C, and D, except in group B, the taste was
different on the last day of the storage period (Figure 10).

Figure 10. Taste analysis of fresh oregano during storage period (42 days). Group B: (73.2% Fresh
oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt), Group C: (61.9% Fresh oregano, 15% Fresh
Allium cepa, 20% corn oil, 1.8% salt, 1.29% sumac “Rhus coriaria”), Group D: (59.2% Fresh oregano,
15% Fresh Allium cepa, 20% corn oil, 1.8% salt, 4% lactic Acid, ultimate pH 4.4.

Figure 11. Flavor sensory analysis of fresh oregano during storage period (42 days). Group B: (73.2%
Fresh oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt), Group C: (61.9% Fresh oregano, 15%
Fresh Allium cepa, 20% corn oil, 1.8% salt, 1.29% sumac “Rhus coriaria”), Group D: (59.2% Fresh
oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt, 4% lactic Acid, ultimate pH 4.4.
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Figure 12. Appearance analysis of fresh oregano during storage period (42 days). Group B: (73.2%
Fresh oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt), Group C: (61.9% Fresh oregano, 15%
Fresh Allium cepa, 20% corn oil, 1.8% salt, 1.29% sumac “Rhus coriaria”), Group D: (59.2% Fresh
oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt, 4% lactic Acid, ultimate pH 4.4.

Figure 13. Saltiness sensory analysis of fresh oregano during storage period (42 days). Group B:
(73.2% Fresh oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt), Group C: (61.9% Fresh oregano,
15% Fresh Allium cepa, 20% corn oil, 1.8% salt, 1.29% sumac “Rhus coriaria”), Group D: (59.2% Fresh
oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt, 4% lactic Acid, ultimate pH 4.4.

However, in all of the studied recipes, there were significant differences in the fla-
vor and appearance of the fresh oregano pastries produced using different ingredients
(Figures 11 and 12).

All samples were judged to be satisfactory for perceived saltiness. Group D (which had
lactic acid) showed significant differences in perceived saltiness only on day 42 (Figure 13).
According to the evaluation of the overall acceptance (Figure 14), the oregano bread (qrass
za’atar) produced using the different oregano mixes was the most appreciated by panelists.
However, some complaints during the testing of group C were recorded by some of the
tasters, who indicated a bitter taste.
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Figure 14. Overall acceptance sensory analysis of fresh oregano during storage period (42 days).
Group B: (73.2% Fresh oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt), Group C: (61.9%
Fresh oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt, 1.29% sumac “Rhus coriaria”), Group D:
(59.2% Fresh oregano, 15% Fresh Allium cepa, 20% corn oil, 1.8% salt, 4% lactic Acid, ultimate pH 4.4.

4. Discussion

The proximate chemical compositions of local species of fresh oregano have not been
well reported. The composition is usually affected by different factors such as cultivars,
seasons, soil, and farming conditions [17]. This aromatic plant is characterized by a high
density of nutrients such as minerals, vitamins, and phytonutrients [22]. Wide variations in
the chemical compositions have the potential to contribute to the nutritional and health
needs of consumers [22]. The results of proximate analysis are in agreement with previous
studies conducted on thyme [17,23].

With respect to pH during the storage period, there was a significant decrease in pH
in some groups, in particular group D. This may be due to the growth of lactic acid bacteria.
In general, there were similarities in the patterns of changes in pH between groups stored
at room conditions to those observed in a previous study [18]. The growth of lactic acid in
group D also explains the gap in pH compared with the other groups. Cabello-Olmo et al.
(2020) found a drop in pH in some vacuum-packed foods [24].

The pH of group A was the highest of all groups (Figure 2), which can be explained
by the absence of any additives as in the control group. On the other hand, the lowest
growth of aerobic bacteria was significantly observed in group D against the other groups
(5.12 vs. 6.7, 6, and 6.7 logs, respectively). Group B exhibited a lower bacterial count than
groups A and C; this may be attributed to the effect of onion addition. It was reported that
allicin in onions had antifungal and antibacterial activity [25]. However, it is important to
note that although group C contained onions, the addition of sumac may have contributed
to the increase in the bacterial count. The sumac that was used in this experiment was
not sterilized. The bacterial count in this study was quite lower than that in a similar
previous study that was carried out at room temperature [18]. The growth of bacteria
was lower at low temperatures, which meant the organism was not able to supply the
maintenance requirement of the growth rate-limiting nutrient because of loss of affinity for
that substrate [25].

Overall, the total anaerobic counts were relatively low across all groups (A, B, C, and
D: 6.6, 6.1, 6.7, and 4.7 logs, respectively). This may be related to the combined effect of
natural additives and refrigerated conditions. As mentioned earlier, the lower anaerobic
count and sharp pH drop in group D could be associated with lactic acid. Our findings were
in alignment with our previous study [18], which was carried out in similar experimental
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conditions except different storage temperature (4 vs. 25 ◦C). The sole difference between
the current experiment and the previous one was in the absolute microbial count, where in
the current study, the microbial counts were lower than the previous study, which can be
attributed to differences in storage temperature. In this context, Russell et al. [26] found
that low temperatures reduced the metabolic processes of microorganisms, which in turn
led to a decrease in bacterial growth. In another study, it was found that cold environments
disturbed homeostasis, which led to a drop in the growth rate of microorganisms [27].
Generally, psychrotrophic bacterial counts during the whole period of storage for all groups
were relatively not high (the highest count was 5.2 logs in group C). This result may
be attributed to the combined effect of natural additives, vacuum packaging, and cold
environment, which led to improving the reduction performance in the growth of bacteria.
Additionally, similar to the anaerobic bacterial growth, the slower rate in the growth of
psychrotrophic bacteria in group D during the storage period may be attributed to the very
low ultimate pH resulting from the addition of lactic acid.

In respect to fungal growth, our findings may be related to storage temperature, which
is one of the most influential factors on yeast and mold growth [28]. Fungi can live in a
relatively large range of temperatures, but growth and metabolism rates change at different
temperatures even when other conditions, e.g., nutrient and water activity, are constant [29].
Yeast and mold growth were found to be lower at 10 ◦C compared with 15, 20, 25, and
30 ◦C [30].

In general, there was a gradual increase in a*-values during the whole period of storage
in all groups. It was found that onion (Allium Cepa L.) reduced browning reactions [25],
which may explain why group B had the lowest change in a*-value, while groups C and D
contained sumac and lactic acid in addition to onions, which may have counteracted the
effect of the onion.

The increase in b*-values in the first week of storage can be attributed to the degrada-
tion of chlorophylls and carotenoids during storage due to oxidative reactions of phenolic
compounds by polyphenol oxidase, which produces quinones to various polymerized
products [31,32]. The degradation of chlorophyll is usually very high at low pH, which
may explain why group D exhibited the lowest b*-value [32].

L*-values in group C were significantly higher than in the other groups. This can be
attributed to the addition of sumac, which contains a high level of natural pigments that
may have contributed to darkening the color of oregano leaves.

There were no significant differences in overall sensory traits between groups, but
perceived saltiness was higher in groups C and D, which may have been due to the addition
of sumac and lactic acid.

5. Conclusions

Our study showed that it is possible to formulate fresh oregano recipes that are stable
for a reasonable storage period. The most efficient addition for preserving various quality
characteristics during storage was lactic acid. It was discovered that the stability of the
oregano blend was much enhanced by the cold storage. Due to its limited storage stability,
this product has not yet been fully utilized in the export market. Nevertheless, the results
of this study may help to increase storage stability for such products.
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Abstract: The main objective of this study was to extend the shelf life of fresh red raspberry
(Rubus idaeus. L. cv. ‘Kweli’) by using active film-pads inside commercial compostable packages. The
pads were produced with chitosan (Ch) with the incorporation of green tea (GTE) and rosemary
(RSME) ethanolic extracts as natural antifungal agents. Pads were placed on the bottom of commercial
fruit trays underneath the fruits, and the trays were heat-sealed with a polyacid lactic (PLA) film.
Preservation studies were carried out over 14 days of storage at refrigeration temperature (4 ◦C).
Raspberry samples were periodically analyzed throughout storage, in terms of quality attributes
(fungal decay, weight loss, firmness, surface color, pH, total soluble solids), total phenolic content
and antioxidant activity. Gas composition inside the packages was also analyzed over time. From
the packaging systems tested, the ones with active film-pads Ch + GTE and Ch + RSME were highly
effective in reducing fungal growth and decay of raspberry during storage, showing only around
13% and 5% of spoiled fruits after 14 days, respectively, in contrast with the packages without pads
(around 80% of spoiled fruits detected). In addition, fruits preserved using packages with Ch + RSME
active film-pads showed lower mass loss (5.6%), decreased firmness (3.7%) and reduced antioxidant
activity (around 9% and 15% for DPPH and FRAP methods, respectively). This sustainable pack-
aging presents a potential strategy for the preservation of raspberries and other highly perishable
small fruits.

Keywords: antifungal active packaging; raspberry; chitosan; green tea extract; rosemary extract

1. Introduction

Raspberry commercialization has recently undergone significant changes due to in-
creasing customer quality requirements, health and lifestyle (sustainable consumption)
concerns, and the demand throughout the year [1]. Such changes require producers and
traders’ access to new varieties and to develop new strategies to reduce softening of the
fruits and improve shelf life. Innovation in packaging technology can play a key role in
improving the post-harvest quality. Because raspberries provide an important source of
nutraceutical compounds (high phenolic compounds and anthocyanin contents) that are
beneficial for human health [2], their marketing must integrate the themes of sustainable
production and distribution processes [1,3]. The supply chain must consider packaging
management, and the use of biodegradable materials derived from renewable sources is
one key factor to increase sustainability of the post-harvest supply chain.

Raspberry fruits stored at 0–0.5 ◦C and 90–95% relative humidity (RH) can be main-
tained in an ambient atmosphere for 5–7 days. High CO2 treatments and modified atmo-
spheres (15–20% CO2 and 5–10% O2) (MAP) have also been studied [1] for improving the
berries’ shelf life. MAP is an active or passive dynamic process that involves the use of
plastic films that limit gas diffusion from inside to outside and vice versa, leading to CO2

125



Foods 2022, 11, 1805

enrichment and O2 reduction inside the package [4]. Active MAP results from a rapid
process of gas replacement establishing the desired gas mixture inside a package. On
the other hand, passive MAP is generated by the natural process of fruit respiration and
film permeability, and the gas composition eventually reaches a steady-state value, which
should be suitable for the packed product [5]. The gaseous composition at steady-state de-
pends on a series of factors, such as mass of the packed product, storage temperature, fruit
respiration rate, cultivar and ripening stage. Moreover, the exchange of gases between the
atmosphere inside the package and the exterior is affected by gas concentration differences,
the exposed surface and permeability of the selected film [1]. Several films with various
permeability values for water vapor, CO2 and O2 for fruit and vegetable packaging are
commercially available [1,6], but the gas permeability values of most plastic films are too
low to allow gas exchange and permit slow respiration [7]. During shipping, handling or
retail display, a passive MAP storage system can cause O2 depletion and CO2 accumulation
to levels outside the optimal range for the product, due to an inadequate permeability of
the package film [8]. Raspberries should not be exposed to CO2 levels greater than 20%,
which can cause discoloration, softening and the development of off-flavors [1].

In the soft fruit sector, packaging is changing, and the reduction in packaging weight
and the use of sustainable materials is becoming essential to respond to the increased envi-
ronmental concerns of retailers and customers. Alternative biodegradable and sustainable
packaging materials to the traditional non-biodegradable oil-based polymers are starting to
be used in packaging for fresh and fresh-cut produce [1]. Polyester poly (lactic acid) (PLA)
is one of the most economically competitive alternatives to traditional oil-based polymers,
such as polyethylene terephthalate (PET) and high- and low-density polyethylene [9,10].
It can be produced from renewable sources, such as sugar beet and corn starch, or other
renewable biomass products and wastes [11]. Several studies have shown the potential for
this alternative material to be used for post-harvest storage of fruits [9,12,13], but data on
the use of these materials to store highly perishable raspberry fruits under passive MAP
conditions are limited [1].

Active packaging is another innovative approach that has emerged to maintain quality
and extend the shelf life of fruits [14]. This packaging system is designed to interact
with foods by releasing active components with biological properties (e.g., antioxidant and
antimicrobial capacity), which may be obtained from natural sources, such as plants, that are
in line with the increased demand by consumers for food products with natural additives
over synthetic ones [15]. Other active packaging systems include the use of exudate
absorbent pads placed underneath the product, in order to avoid product deterioration due
its contact with moisture. These pads have been used in packages of meat, fish and small
soft fruits such as fresh strawberries [16]. Although biodegradable polymers (e.g., cellulose
and its derivatives, polyvinyl alcohol and starch) have been used to produce such pads [17],
there is still a need to test novel materials for this application. Chitosan, a polysaccharide
produced from various fungi and the shell waste of shrimps, crabs and bones of cuttlefish
and squids, is an example. It is non-toxic, with an allergen-free nature (approved by the
FDA and European Union) and possesses antimicrobial and antioxidant activities [18–20].
In addition, it is an effective carrier of antioxidant and antimicrobial agents, namely those
of aromatic plant extracts, such as green tea and rosemary [20–22]. Rosemary plant is a
good source of bioactive compounds, including flavonoids, phenolics, diterpenoids and
triterpenes [23,24]. Extracts from rosemary have shown strong inhibitory activity against
various bacteria strains [25], and high antifungal activity [26,27]. Furthermore, the green
tea plant, rich in polyphenols and catechins, is also associated with health benefits and
antimicrobial and antioxidant properties [28]. Previous research studies proved that the
application of a chitosan film or coating incorporating natural antioxidant and antimicrobial
agents improves the storability of several perishable foods [29–34].

Recently, novel chitosan active film-pads containing antifungal plant extracts (from
green tea and rosemary) were developed. They have shown simultaneously great perfor-
mance in terms of antimicrobial capacity against P. expansum and water absorption capacity,
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without compromising their mechanical resistance under high moisture conditions [35]. As
such, chitosan may be used to produce dense hydrophilic films with added active plant
extracts with interesting water absorption, showing potential to be used as fruit pads.

Fresh berries are highly susceptible to spoilage during storage due to microbial growth.
To the best of our knowledge, there are no reported studies regarding the application of
chitosan films enriched with aromatic plant extracts as active pads in the preservation of
soft fruits. As such, this study is focused on the application of packaging with increased
sustainability, composed of chitosan active film-pads with antifungal plant extracts (green
tea and rosemary) inside a commercial tray sealed with a compostable polymer (PLA) film,
aiming at the extension of fresh red raspberry fruits’ shelf life.

2. Materials and Methods

2.1. Materials

To produce active film-pads, we used chitosan powder (Golden/Shell Biochemi-
cal Co., Ltd, Zhejiang, China), lactic acid (Panreac Quimica SAU, Barcelona, Spain),
glycerol (Fisher Scientific, Loughborough, UK), dried leaves of commercial green tea
(Camellia sinensis (L.) Kuntze) from Azores Island (Gorreana, São Miguel, Portugal) and
rosemary (Rosmarinus officinalis L.), and ethanol (96% vol.) (Valente e Ribeiro. Lda, Lisbon,
Portugal). For fruit preservation studies, we used red raspberries (Rubus idaeus L., cv.
‘Kweli’) acquired from a local farm in the Beja district, Portugal (37.65423, −8.756739), and
a polylactic acid (PLA) compostable film (VGB 4 Vegware, London, UK) (O2 permeability:
2.97 × 10−16 m2 s−1 and CO2 permeability: 1.22 × 10−15 m2 s−1). In the analytical methods,
we used analytical grade sodium hydroxide (Merck Life Science S.L.U., Algés, Portugal),
methanol, HCl, gallic acid, 1,1–diphenyl-2-picrylhydrazyl, Trolox, 2,4,6-Tris(2-pyridyl)-s-
triazine (TPTZ) and FeCl3·6H20 from Panreac Quimica SAU, Barcelona, Spain.

2.2. Development of the Active Film-Pads

Chitosan powder was dissolved in a lactic acid solution (1% v/v) at a concentration
of 2% w/v. Glycerol was added as a plasticizer at a concentration of 25% w/w (chitosan
basis). The resulting solution was transferred to flat plastic containers (0.4 mL cm−2) and
then dried at a temperature of 45 ◦C and 30% relative humidity for 24 h. After drying, the
chitosan-based film obtained was cut into rectangular pads (7 cm × 5 cm).

Ethanolic extracts were obtained according to Vieira et al. [35]. Two different plants
were used: green tea (Camellia sinensis (L.) Kuntze) and rosemary (Rosmarinus officinalis L.),
both purchased from a local market in Lisbon (Portugal). The commercial dried plant leaves
were stored at 5 ◦C in the dark until use. For each extract, the plant material was mixed
with ethanol (96% vol.) in a 1:10 ratio (w/v). After vigorous stirring for 30 min protected
from light at room temperature, the mixture was filtered using a Whatman No. 1 filter
paper and a vacuum pump (Yuchengtech, AP-9925, Beijing, China ). To avoid degradation,
the ethanolic extracts of green tea (GTE) and rosemary (RSME) were stored in the dark at
4 ◦C for further use.

The active film-pads were then prepared by immersion of the rectangular pads into
GTE and RSME ethanolic extracts in sealed Petri dishes, overnight at 4 ◦C, followed by
drying at room temperature protected from light. The average pad thickness was around
215 μm, measured using a digital micrometer (APB-3D Mitutoyo, Kanagawa, Japan) [35].

2.3. Raspberry Fruits Preservation Using Packages with Active Antifungal Film-Pads

The fresh red raspberries (Rubus idaeus L., cv. ‘Kweli’) were acquired at commercial ma-
turity. Fruits were selected to be free from visible defects and injuries, to avoid interference
from natural infections before any packaging treatment.

The antifungal active film-pads were placed on the bottom of commercial packages
for red raspberries. Packages were trays, which were wrapped with a polylactic acid
(PLA) compostable film and heat-sealed, under normal atmospheric conditions, to promote
passive MAP conditions [1]. A total of 80 sealed trays were stored at 4 ◦C and 95% of
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relative humidity divided into four groups: trays without film-pads (Ctr); trays with
chitosan film-pads but without extracts incorporated (Ch); trays with chitosan film-pads
containing green tea extract (Ch + GTE); trays with chitosan film-pads containing rosemary
extract (Ch + RSME).

The fruits were analyzed over time (at 0, 3, 7, 14 days of storage at 4 ◦C), in terms of
surface color, weight loss, firmness, pH, total soluble solids, volatile acidity, total phenolic
content and antioxidant activity. The composition of the atmosphere inside fruit packages
was also measured over time. Five independent packages were analyzed for each group on
each day.

2.4. Analytical Methods
2.4.1. Composition of the Atmosphere inside the Packages

The concentration of carbon dioxide (CO2) and oxygen (O2) inside packages was
measured using a gas analyzer (Checkmate 9900, PBI Dansensor, Ringsted, Denmark).
An adhesive silicon septum was glued to the sampling point of packages to prevent gas
leakage during analysis. The needle of the gas analyzer was inserted through the septum
and results are expressed in percentages of O2 and CO2. Five packages per group were
analyzed on each test day.

2.4.2. Fungal Decay Incidence

Fungal decay was visually inspected after 3, 7 and 14 days of storage at 4 ◦C. Raspberry
fruit showing surface mycelia development was considered decayed. Fungal decay incidence
was quantified as the percentage of total fruits that showed surface mycelia development.

2.4.3. Weight Loss, Firmness and Surface Color

The weight loss (% from the original weight [36]) from each sealed tray was measured
using an electronic balance (TC-403, Denver Instrument Company, Vernon Hills, IL, USA).
The results are expressed as an average of five replicates per group for each test day.

A Texturometer (TA-XT2, Stable Micro System, Surrey, UK) with a 5 kg load cell and
equipped with a flat probe (37 mm diameter) was used to evaluate firmness in whole fresh
raspberries. A number of 15 fruits from each package (three packages, randomly chosen
from the total five packages used per group and test day) was assayed. Each fruit was
positioned under the probe and compressed to 80% deformation at a speed of 2 mm s−1.
All fruit samples were tempered at least for 6 h at 25 ◦C before measurements.

A Konica Minolta CTR-300 colorimeter (Minolta, Williams Drive Ramsey, NJ, USA)
was used to measure L* (lightness), a* (red-green) and b* (yellow-blue) color parameters
of raspberries. It was calibrated with a standard white plate, which was provided by the
manufacturer. The color was measured on the non-moldy fruits from each package (three
packages, randomly chosen from the total five packages used per group and test day).
Measurements were taken on the side of a slightly flattened whole fruit [36].

2.4.4. Total Soluble Solids Content, pH and Volatile Acidity

The total soluble solids (TSS), pH and volatile acidity were measured in a fruit pulp
produced by trituration of 15 fruits selected per tray (three packages, randomly chosen
from each group per test day), using an Ultra-Turrax blender (IKA T18 basic Ultra-Turrax,
Staufen, Germany).

The determination of TSS was performed using the clear juice obtained by pulp
filtration with a double layer of gauze. The TSS was measured with a refractometer (Atago,
Fisher Scientific, Ga., Bellevue, WA, USA). The pH values were measured using by a pH
meter (Russel, Moder RL) with the electrode being directly immersed in the pulp [37].

The measurement of volatile acidity was carried as described in ISO 6632-1981 [38]
with minor modifications. A mixture of the fruit pulp (10.0 g) and deionized water (10 mL)
was steam-distilled using an automatic distiller (Gerhardt, Königswinter, Germany). The
distillate was collected (250 mL), and the volatile compounds were neutralized with 0.1 M
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sodium hydroxide (Eka Pellets™, Amsterdam, The Netherlands) in the presence of 1% phe-
nolphthalein (Himedialabs, Esdoornlaan, DB Maarn, The Netherlands) as an indicator. The
consumption of 0.1 M sodium hydroxide represented the volatile acidity, being expressed
in mass of acetic acid per mass of raspberries (mg acetic acid 100 g−1).

2.4.5. Total Phenolic Content and Antioxidant Activity

For the quantification of total phenolic content and the antioxidant activity of packed
raspberry fruits, extracts were obtained using a modified method from Kopjar et al. [39].
Five grams of raspberry pulp was extracted with 15 mL of methanol/HCl (99/1, v/v). The
mixture of pulp and solvent was well mixed using a magnetic stirrer in the dark at 10 ◦C for
1 h. Then, the mixture was centrifuged at 14,881× g for 10 min at 4 ◦C and the supernatant
was recovered, obtaining a final volume of 50 mL. The extraction was repeated three times
for each group and test day. The supernatant was maintained at 4 ºC in the dark before
analytical determinations.

Total Phenolic Content (TPC)

TPC was analyzed by measuring the absorbance of the prepared extracts at a wave-
length of 280 nm (UNICAM, UV/Vis spectrometer-UV4, Waltham, MA, USA), as described
in other works in the literature [40,41]. Gallic acid (St. Louis, MO, EUA) was used as
standard, and a calibration curve was performed measuring the absorbance of different
gallic acid aqueous solutions (from 0 mg L−1 to 50 mg L−1). The TPC was expressed as
gallic acid equivalents (GAE) per mass of raspberry fresh weight (mg GAE 100 g−1).

Antioxidant Activity (AOA)

1,1–diphenyl-2-picrylhydrazyl (DPPH) Assay
The DPPH method was used as described by Huang et al. [42], with minor modifi-

cations. A mass of 24 mg of DPPH was dissolved in 100 mL of methanol to make a stock
solution. Before using, this stock solution was stored in the freezer for more than 2 h. A
working solution was prepared by mixing 10 mL of stock solution with 45 mL of methanol
to achieve an absorbance of less than 1.1 at 515 nm. An aliquot of 0.1 mL of extract was
added to 4.9 mL of DPPH working solution and the absorbance was measured after 40 min
(Abs sample). The analysis was carried out in triplicate. The blank consisted of 4.9 mL of
DPPH working solution with 0.1 mL of methanol (Abs blank). The RSA (radical scavenging
activity) was calculated by Equation (1).

RSA(%) =
Abs blank − Abs sample

Abs blank
× 100 (1)

Trolox was used as standard, and a calibration curve was performed correlating RSA
values with different Trolox concentrations (from 100–2000 μM). The results were expressed
as Trolox Equivalent Antioxidant Capacity (TEAC), as mmol Trolox per mass of fresh
raspberry (mmol Trolox 100 g−1).

FRAP Assay
The FRAP test was performed using a modified version of that used by Suárez

et al. [43]. A volume of 25 mL of acetate buffer 0.3 M was mixed with 2.5 mL of 2,4,6-Tris(2-
pyridyl)-s-triazine (TPTZ) 0.01 M and 2.5 mL of Iron(III) chloride hexahydrate (FeCl3·6H2O)
solution 0.02 M to produce the working FRAP mixture. An aliquot of 90 μL of extract
was added to a mixture of 270 μL of deionized water and 2.7 mL of the working FRAP
solution. The absorbance was measured at 595 nm after reaction in a water bath (37 ◦C)
for 40 min. The analysis was carried out in triplicate. Trolox was used as standard, and
a calibration curve was performed correlating the absorbance at 595 nm with different
Trolox concentrations (from 100–2000 μM). The results were expressed as Trolox Equivalent
Antioxidant Capacity (TEAC), as mmol Trolox per mass of fresh raspberry (mmol Trolox
100 g−1).
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2.5. Statistical Analysis

After checking the normal distribution, ANOVA and Tukey tests were used to assess
if there were significant differences between the data’s average values, for a significance
level of 0.05. Data analysis was performed using the software STATISTICA TM version 8.0
(StatSoft Inc., Tulsa, OK, USA).

3. Results and Discussion

3.1. Composition of the Atmosphere inside the Packages

The O2 and CO2 contents detected inside the packages for raspberries are reported in
Figure 1.

Figure 1. Changes in headspace gas composition: (a) O2 and (b) CO2 concentrations (%), of raspberry
(Rubus idaeus L. cv. ‘Kweli’) fruit packages (no film-pad_Ctr, �; with film-pad containing green tea
extract_Ch + GTE, �, rosemary extract_Ch + RSME �, only chitosan �), stored for 14 days at 4 ◦C
under passive MAP conditions. Vertical bars indicate standard deviation of five replicates. Means
with equal letters are not statistically different by Tukey’s test with 5% significance level.

The initial atmosphere gas composition (19% O2 and 1.25% CO2) changed in the
packages across all the packaging treatments applied. The exchange area (310.5 cm2)
through the film packages was constant, so the evolution of the atmosphere inside the
trays was passively created by the respiration rate of the fruits, the metabolic activity of
fungal development and the permeability of the film to O2 and CO2 [44], which are affected
by temperature [1]. Nevertheless, significant differences (p < 0.05) were observed when
comparing raspberry fruits in the presence of different film-pads.

The O2 content in control and in Ch samples (both treatments without the extracts
incorporated) were significantly much lower (p < 0.05) (Figure 1a) during storage, achieving
minimal levels around to 2.24% and 4.52%, respectively, at the end of 14 days of storage,
compared to the levels reached by the active film-pad samples Ch + GTE (10.91%) and
Ch + RSME (11.95%). Given that the raspberries are non-climacteric, the drop in O2 content
may be related to O2 consumption due to metabolic activity of fungal development [45].
Indeed, the control and Ch samples presented higher fungal incidence and decay compared
to Ch + GTE and Ch + RSME samples (Section 3.2), which were significantly (p < 0.05)
much lower. In these latter groups, possible interactions between antifungal agents from
GTE and RSME loaded on chitosan and the fruit surface existed, along with pads’ high
water absorption capacity [35], which could absorb and inhibit fungal droplet moisture.

CO2 contents were low in the first 3 days of refrigerated storage, without significant
differences (p > 0.05) between all package groups (Figure 1b). After the third day, the
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content increased quickly, and at seventh day, it increased with significant differences
(p < 0.05) between package groups. At the end of 14 days of storage, the CO2 content in
control samples packages reached the highest values (24.36%), followed by those with Ch
pads (21.24%), which were significantly (p < 0.05) different, compared to the lowest CO2
levels reached with Ch + GTE (12.35%) and Ch + RSME pads (11.21%). At this point, the
high CO2 atmosphere and minimal O2 levels reached in package samples without any
antifungal active film-pads inside became potentially harmful to fruit quality. According to
Dennis et al. [46], the induction of anaerobic respiration can cause multiple undesirable
changes in the fruits, including the development of off-flavors [47]. On the other hand,
the O2 and CO2 levels in package samples containing Ch + GTE and Ch + RSME pads
were around 10% and 10–20%, which are recommended as desirable to preserve fresh
raspberry quality [48]. Indeed, the fruit quality in the presence of the antifungal active
film-pads enhanced for 14 days of storage at low temperature. In contrast, fruits in package
samples that did not contain the active film-pads became not marketable by visual analysis
(Section 3.2).

3.2. Fungal Decay of the Raspberry Fruits

Raspberry fruit is highly perishable, due to high susceptibility to mechanical injury,
water loss, high metabolic activity and mold and rot growing. To determine the effective-
ness of the antimicrobial active film-pads for enhancing the fruit quality, fungal decay as
the primary determinant of quality was observed during the storage time and statistically
compared to the control samples (Figure 2).

Figure 2. Evolution of fungal decay (a) and appearance at 14 days of storage (b) of packaged
raspberry (Rubus idaeus L. cv. ‘Kweli’) fruits (no film-pad _Ctr; with film-pad containing green tea
extract_Ch + GTE, rosemary extract_Ch + RSME and only chitosan_Ch) stored for 14 days at 4 ◦C
under passive MAP conditions. Means with equal letters are not statistically different by Tukey’s test
with 5% significance level.

Fungal decay started quickly on the control samples, with 5% of fruits displaying
signs of infection at day 3 of storage, and 39.4% displaying signs of infection at 7 days
of storage at 4 ◦C. At the end of storage, we recorded 79.5% damage by mold spoilage
in fruits in control samples, which was significantly higher (p < 0.05) than that of the
other package groups (packages with film-pads) (Figure 2a). At this point, most of the
raspberries in control samples showed the development of fungus Botrytis cinerea ‘gray
mold’ mycelium and slightly brown spots (Figure 2b). The water vapor transmission
rate of the PLA film used to wrap the trays is low regarding the transpiration rate of
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fresh raspberry fruits [49]. Therefore, high relative humidity conditions prevailed in the
packages, causing condensation of water vapor and enhancing the conditions for fungal
growth (in the absence of antimicrobial agents), resulting in fruit spoilage. In the case of Ch
packages, the first signs of decay started to appear at day 7, showing 12.35% less infection
than control packages, and at the end of 14 days, differences were significantly much
higher (p < 0.05), showing 28.54% less decay. Chitosan was previously reported to have an
antifungal effect when applied on raspberries [50], as well as on other soft fruits such as
strawberries under cold storage [51,52]. Nevertheless, when fruits were packaged with the
antifungal active film-pads (Ch + GTE and Ch + RSME), the fungal incidence and decay
were observed only at the end of 14 days of storage, and differences were significantly
much higher (p < 0.05) than control samples, with 66.54% and 74.92% less fungal decay,
respectively. The Ch + RSME film-pad significantly (p < 0.05) reduced decay in raspberry
fruits to less than 5% of spoiled fruits, compared to 13% with Ch + GTE active film-pad
and 51% with Ch film-pad. The release of phenolic compounds from active film-pads
to raspberries upon direct contact between them limits fungal growth. Furthermore, as
some of the compounds of the extracts are volatile, their release and accumulation in the
internal package atmosphere may also have played an important role in the antifungal
activity. The suppressed spoilage decay over 14 days with Ch + GTE and Ch + RSME pads
compared to control samples may have important economic implications, as the shelf life
of raspberry fruits can be extended in the fresh market. Other reports have shown that
chitosan antifungal activity can be enhanced by the addition of bioactive compounds such
as lemon essential oil when applied to cold storage of soft fruits [53,54].

3.3. Weight Loss, Firmness, and Surface Color

As a result of their high water content (80–95%) and thin skin, raspberries present a
high tendency to decrease in mass due to water loss. The effect of the active film-pads on
raspberry fruits’ weight loss is depicted in Figure 3a.

Figure 3. Changes in weight loss (a) and firmness (b) of packaged raspberry (Rubus idaeus L. cv.
‘Kweli’) fruits (no film-pad _Ctr, �; with film-pad containing green tea extract_Ch + GTE, �, rosemary
extract_Ch + RSME �, only chitosan �), stored for 14 days at 4 ◦C under passive MAP conditions.
Vertical bars indicate standard deviation of five replicates. Means with equal letters are not statistically
different by Tukey’s test with 5% significance level.

The data indicate that the % loss across all treatments increased with increasing storage
period. No significant differences (p > 0.05) between the different film-pads tested were
observed during the 7 days of storage. On the other hand, the weight loss in control
samples sharply increased after the third day of storage, distancing from all the film-pad
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samples during storage and reaching the highest weight loss (10.24%), followed by Ch
film-pad (7.57%) at the end of 14 days of storage. In contrast, the fruits packaged with
the active film-pads Ch + GTE and Ch + RSME had the lowest weight loss (6.31% and
5.61%, respectively), which was significantly different from the Ch samples. Thus, the
study indicates that both active film-pads Ch + GTE and Ch + RSME, by repressing fungal
growth inside raspberry packages under cold storage (Section 3.2), retarded fruit tissue
deterioration, which simultaneously contributed to reduced fruit water loss, along with
changes in the respiration process (Section 3.1), the main metabolic process that is linked to
moisture loss [50].

Firmness maintenance is one of the most important physical attributes for the quality
of raspberries [50]. Significant differences (p < 0.05) between the film-pad samples and
the control samples were observed in the loss of firmness during storage (Figure 3b). The
firmness of control samples rapidly decreases after day 3, with a significant (p < 0.05) loss
in firmness of 61% at day 14 in relation to the initial fruit firmness at day 0. The fruits
packaged with Ch and Ch + GTE film-pads remained firmer over 7 days of storage, but
after this period, both treatments were not effective, and fruits suffered an average loss
in firmness at day 14 of 44.4% and 38.8%, respectively. Contrarily, when Ch + RSME was
applied inside packages, the fruits remained much firmer during the storage period, with
a lower loss in firmness (16.7%), significantly (p < 0.05) lower compared to that of fruits
of the other packages at the end of 14 days. The differences in fruit firmness between
type of packages may be related to moisture loss [55]. Indeed, raspberries packaged with
Ch + RSME pads showed the lowest average weight loss rate during the storage period
(Figure 3a), contributing to the maintenance of fruits’ tissue integrity.

The chromatic characteristics of raspberries packaged with the film-pads as the func-
tion of storage time are shown in Table 1.

Table 1. Changes in color values (L* and a*/b*) of packaged raspberry (Rubus idaeus L. cv. ‘Kweli’) fruits
(no film-pad _Ctr; with film-pad containing green tea extract_Ch + GTE, rosemary extract_Ch + RSME
and only chitosan_Ch) stored for 14 days at 4 ◦C under passive MAP conditions.

Type of Package
Storage Time (Days)

0 3 7 14

L* values
Ctr 27.37 ± 0.47 abA 27.47 ± 0.31 aA 26.54 ± 0.29 bB 26.28 ± 0.19 bcAB

Ch 27.37 ± 0.47 aA 27.44 ± 0.24 aA 26.89 ± 0.24 aAB 26.56 ± 0.18 aAB

Ch-GTE 27.37 ± 0.47 aA 27.36 ± 0.41 aA 27.23 ± 0.28 aA 26.75 ± 0.22 aA

Ch-RSME 27.37 ± 0.47 aA 27.56 ± 0.28 aA 27.24 ± 0.24 aA 27.10 ± 0.29 aA

a*/b* values
Ctr 2.17 ± 0.04 aA 2.24 ± 0.04 aA 2.13 ± 0.08 abA 2.01 ± 0.07 bB

Ch 2.17 ± 0.04 aA 2.21 ± 0.06 aA 2.16 ± 0.05 abA 2.05 ± 0.06 bB

Ch-GTE 2.17 ± 0.04 aA 2.19 ± 0.05 aA 2.22 ± 0.08 aA 2.20 ± 0.07 aA

Ch-RSME 2.17 ± 0.04 aA 2.23 ± 0.014 aA 2.20 ± 0.05 aA 2.24 ± 0.02 aA

Data are means ± SD of three replicates. Means in each row with the same letters (a–c) and means in each column
with the same letters (A,B) are not significantly different (p ≤ 0.05), according to Tukey’s test.

The CIELab color space was used, measuring three coordinates: L*, the lightness, as
well as a* and b*, which are the green-red and blue-yellow color components, respectively.
The a*/b* ratio has been used as a color index in various types of fresh fruits [56]. The
raspberry fruits before treatments presented a bright red color, and the initial L* and a*/b*
ratio values were 27.37 and 2.17, respectively. Furthermore, the external color derived from
anthocyanins is related to consumers’ perception of quality and is an important parameter
for visual ripeness and freshness assessments of raspberry [57]. Statistical analysis showed
that the interaction of package type and storage time was significant for L* and a*/b* ratio
parameters. L* values were constant with no significant differences (p > 0.05) for all package
types during the first three days of storage. After that, differences gradually became more
significant (p < 0.05), as raspberry fruits in control packages and in packages with Ch pads
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lost more of their luminosity (showed greater decreases in L*) than berries in Ch + GTE and
Ch + RSME packages, with L* values of 26.56 and 26.28, respectively, at the end of storage.
A decrease in the L* value reflected the darkening of fruits by anthocyanin accumulation
and indicated that the ripening process had occurred in the fruits [57]. Contrarily to
Briano et al. [1], we found no relation between the CO2 accumulation inside packages in
control samples and its effect on the maintenance of L* value. Furthermore, the raspberries
in Ch + RSME and Ch + GTE packages showed the highest L* value (27.10 and 26.75) at
the end of storage. According to Perdones et al. [54] and Duran et al. [58], high moisture
loss can be linked to the darkness on fruits. Indeed, raspberries from Ch + RSME and
Ch + GTE packages showed the lowest weight loss during storage (Figure 3a). During
storage, the color of fruits in control and Ch packages became less reddish on the seventh
day, suggesting the degradation of anthocyanins during the ripening process and browning
reactions that are typical of fruit senescence [57], and this trend was significantly (p < 0.05)
more evident at the end of 14 days of storage. Indeed, fruits in control in Ch packages
showed the lowest a*/b* ratio values of 2.01 and 2.05, respectively, typified by a red-yellow
color and a lower aesthetic appeal enhanced by fungal spoilage. In contrast, Ch + RSME
and Ch + GTE samples showed better color retention, with a more vivid red color, given
the higher a*/b* ratio values of 2.24 and 2.20, respectively, at the end of 14 days of storage,
which were not significantly (p > 0.05) different from the initial value observed at day 0.

3.4. Total Soluble Content, pH and Volatile Acidity

Total soluble solids (TSS) content is an important parameter that affects fruit quality
and consumer acceptability [59], and high values are required for good berry flavor [60].
The results obtained from the TSS analysis are presented in Table 2. TSS content in rasp-
berry fruits decreased gradually during storage time, and significant differences were
observed when comparing different package types. The TSS values of fruits packaged with
Ch + RSME pads slightly decreased from 9.53% at time 0 to 9.35% at day 3. The values
remained at 9.33 through 4 days followed by a decline to 8.53% at the end of storage.
Regarding the TSS values of fruits in Ch + GTE and Ch packages, although presenting
the same decreasing behavior of those packaged with Ch + RSME pads during storage
time, the values were significantly lower (p < 0.05), reaching values of 7.95% and 7.58%
for packages with Ch + GTE and Ch pads, respectively, at the end of storage. In addition,
the TSS content in control samples dropped sharply during storage and was significantly
different (p < 0.05) from the values of fruits packaged with Ch + RSME and Ch + GTE
pads, achieving the lowest value of 7.43% at 14 days of storage. This decrease in TSS can
be explained by the fact that the hydrolysis of sucrose to maintain physiological activity
was more rapid [59]. Indeed, the results showed that fruits from the control packages had
enhanced fungal growth and decay (Section 3.2) and presented the highest respiration rate
(Section 3.1), as well as the highest weight loss by transpiration (Section 3.3), during the
storage period, in comparison with the fruits packaged with active film-pads (particularly
with the Ch + RSME).

Changes in pH values of raspberries after packaged with different film-pads during
cold storage are also shown in Table 2. This parameter, which is related to the fruit
senescence [61], increased significantly during storage due to the utilization of organic
acids during respiration [62]. The pH difference between day 7 and day 14 was not
statistically significant (p > 0.05) for all package types. However, pH values of fruits of
control and Ch packages were significantly (p < 0.05) higher than those of fruits packaged
with Ch + GTE and Ch + RSME pads at day 7 and day 14, indicating that chitosan combined
with green tea and rosemary extracts can delay changes in the pH of raspberry fruits.

Volatile acidity (VA) is another important parameter related to sensory appreciation.
High VA values indicate the accumulation of acetic acid, which gives an off-flavor, such as
a vinegar or acidic flavor, as result from redox reactions of ethanol and acetaldehyde [63],
which are both by-products of the fermentative metabolism in over-ripe and senescent
fruits [64]. The VA values of raspberry fruits increased significantly (p < 0.05) during the
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refrigerated storage for all package types (Table 2). Indeed, the VA values in control and Ch
packages rapidly increased after day 3 and day 7, achieving the highest values of 0.415 and
0.235, respectively, at the end of storage. In contrast, the VA values for fruits packaged with
Ch + GTE and Ch + RSME pads had a slower increase after day 3 and day 7, achieving the
lowest values of 0.150 and 0.105, respectively.

Table 2. Changes in TSS, pH and volatile acidity values of packaged raspberry (Rubus idaeus L. cv.
‘Kweli’) fruits (no film-pad _Ctr; with film-pad containing green tea extract_Ch + GTE, rosemary
extract_Ch + RSME and only chitosan_Ch) stored for 14 days at 4 ◦C under passive MAP conditions.

Treatments
Storage Time (Days)

0 3 7 14

TSS values (%)
Ctr 9.53 ± 0.11 aA 8.90 ± 0.24 bB 8.48 ± 0.16 bC 7.43 ± 0.15 cC

Ch 9.53 ± 0.11 aA 8.78 ± 0.14 bB 8.76 ± 0.13b BC 7.58 ± 0.16 cC

Ch-GTE 9.53 ± 0.11 aA 9.00 ± 0.14 bB 8.87 ± 0.12 bB 7.95 ± 0.12 cB

Ch-RSME 9.53 ± 0.11 aA 9.35 ± 0.07 aA 9.33 ± 0.06 aA 8.53 ± 0.06 bA

pH values
Ctr 2.87 ± 0.01 cA 2.96 ± 0.01 bA 3.13 ± 0.02 aA 3.17 ± 0.02 aA

Ch 2.87 ± 0.01 cA 2.94 ± 0.02 bA 3.14 ± 0.02 aA 3.16 ± 0.04 aA

Ch-GTE 2.87 ± 0.01 cA 2.92 ± 0.03 bA 3.05 ± 0.01 aB 3.10 ± 0.02 aB

Ch-RSME 2.87 ± 0.01 bA 2.88 ± 0.01 bB 3.05 ± 0.01 aB 3.07 ± 0.01 aB

Volatile acidity values (mg acetic acid 100 g−1)
Ctr 0.059 ± 0.002 dA 0.074 ± 0.037 cA 0.150 ± 0.042 bA 0.415 ± 0.021 aA

Ch 0.059 ± 0.002 cA 0.068 ± 0.025 cA 0.120 ± 0.014 bAB 0.235 ± 0.024 aB

Ch-GTE 0.059 ± 0.002 bA 0.065 ± 0.014 bA 0.105 ± 0.021 aBC 0.150 ± 0.019 aC

Ch-RSME 0.059 ± 0.002 bA 0.059 ± 0.015 bA 0.075 ± 0.021 aC 0.105 ± 0.021 aD

Data are means ± SD of three replicates. Means in each row with the same letters (a–c) and means in each column
with the same letters (A–D) are not significantly different (p ≤ 0.05), according to Tukey’s test.

3.5. Total Phenolic Content and Antioxidant Activity

The initial total phenolic content (TPC) of raspberry fruits was 127 mg GAE 100 g−1,
and the respective antioxidant activity (AOA) was 41.4 mmol Trolox 100 g−1 with the
DPPH method and 2.0 mmol Trolox 100 g−1 with the FRAP method. Figure 4 represents
the changes in TPC and AOA of raspberries over the storage time at 4 ◦C, packaged with
the different film-pads.

 
Figure 4. Total phenolic content (a) and antioxidant activity (AOA) [by DPPH (b) and FRAP (c)
methods] of packaged raspberry (Rubus idaeus L. cv. ‘Kweli’) fruits (no film-pad_Ctr �; with film-pad
containing green tea extract_Ch + GTE �, rosemary extract_Ch + RSME �, only chitosan �), stored
for 14 days at 4 ◦C under passive MAP conditions. Vertical bars indicate standard deviation of three
replicates. TEAC: Trolox equivalent antioxidant capacity; GAE: gallic acid equivalents. Means with
equal letters are not statistically different by Tukey’s test with 5% significance level.
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As shown in Figure 4a, the TPC of raspberry fruits varied over time for all types
of packages used. The maximum retention of TPC was found for fruits packaged with
Ch + RSME pads (90.1%), followed by those of Ch + GTE packages (82.5%), at the end of
the 14th day. The TPC of fruits of control and Ch packages showed a sharp decline after
the third day of storage and the highest decrease (of 61.8% and 67.7%, respectively) at
the end of storage. At 7 and 14 days of storage, the retention of TPC of fruits packaged
with Ch + RSME and Ch + GTE pads was significantly (p < 0.05) different compared to
TPC of fruits from control and Ch packages. Yang et al. [65] found a link between TPC
values and the amount of several compounds, such as catechin and epicatechin, as well as
phenolic acids (e.g., gallic and caffeic acid), reported to be present in raspberries. Ponder
and Halmman [66] also reported the presence of myricetin, luteolin and kaempferol in these
fruits. The rapid decline in the TPC values in fruits from control and Ch packages may be
attributed to its higher respiration rate, resulting in the breakdown of total phenols [67],
which may be related to the high fungal incidence, beginning on the third day for control
packages and on the seventh day for Ch packages (Section 3.2), which progressively
increased thereafter, causing decay in the majority of fruits (79.5% and 51%, respectively) at
the end of storage, given the absence of the antifungal GTE and RSME in both cases.

The results of this work reveal a considerable variation in the AOA of raspberry
across the different packaging types. In the DPPH and FRAP assays, a similar trend was
observed for fruits from all the package types (Figure 4b,c). The highest AOA obtained with
DPPH and FRAP methods at the end of the storage period was recorded for fruits from
Ch + RSME packages (37.3 and 1.7 TEAC mmol Trolox 100 g−1, respectively), followed by
fruits from Ch + GTE packages (33.8 and 1.6 TEAC mmol Trolox 100 g−1). On the other
hand, the lowest AOA was observed for fruits from control (24.5 and 0.9 TEAC mmol
Trolox 100 g−1, respectively) and Ch packages (25.6 and 1.01 TEAC mmol Trolox 100 g−1,
respectively). As such, the antioxidant potential was found to be comparatively higher for
the fruits packaged with the active film-pads. From those, the Ch + RSME film-pad was
more effective in retaining the fruits’ AOA during storage. The presence of the active film-
pads inside raspberry fruit packages, by inhibiting fungal growth and spoilage (Section 3.2),
seems to enhance the effect of packaging conditions applied, slowing down the metabolism
in fruits during storage (Sections 3.1 and 3.3), thus minimizing the metabolism consumption
of phenolics and flavonoids [68]. Under storage, secondary metabolites such as phenolics
accumulate, causing an increase in the antioxidant levels [69].

Significant positive correlations (p < 0.05) were observed between TPC and AOA by
DPPH and FRAP methods (Figure 5).

Figure 5. Correlations between AOA measured by DPPH and FRAP methods (TEAC mmol Trolox
100 g−1) with TPC (mg GAE 100 g−1). For both correlations, all data of the study (all sample types
and all days of storage) were used.
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The strong correlations observed indicate that the AOA of raspberries is mainly due to
their composition in phenolic compounds. The different TEAC values obtained for the two
methods are attributed to the different types of reactions taking place. The DPPH approach
relies on radical scavenging, whereas the in the FRAP method, there is a reduction of
Fe3+ [70]. These findings are consistent with those previously published [71], indicating
that the FRAP and DPPH procedures are suitable for assessing antioxidant activity in
raspberry fruit extracts with suitable reproducibility.

4. Conclusions

In this work, packaging strategies composed of trays sealed with compostable poly-
lactic acid films and containing active film-pads made of chitosan with the incorporation
of green tea (Ch + GTE) and rosemary ethanolic extracts (Ch + RSME) were tested in
post-harvest preservation of raspberry fruits. The antifungal active film-pads tested in this
work successfully decreased raspberry fruit fungal incidence, maintaining overall quality,
as reflected in the fruits’ physicochemical properties during storage, thereby extending
the fruits’ shelf life up to 14 days. These results can be attributed to the active compounds
extracted from green tea and rosemary, acting as natural antifungal agents. At the end of
storage (day 14), raspberry fruits packaged with both active film-pads maintained the most
important qualitative and nutraceutical traits, close to those at harvest time, in comparison
with fruits packaged without film-pads. Still, fruits packaged with Ch + RSME pads could
be recommended, taking into account all the physical, chemical and microbial parameters
studied. This green active packaging strategy may be suitable for other soft fruits to in-
crease their marketability and as an effective substitute for non-biodegradable polymeric
materials, applicable for products with clean and natural labels.
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Abstract: Edible chitosan coatings with natural functional ingredients were used to preserve quality
attributes of fresh Barhi date fruit. Fruits were coated with chitosan and/or 1 and 2% olive cake
extract (OCE) or orange peel extract (OPE). Both coated and uncoated fruits were stored at 4 ◦C for
4 weeks. A slight decrease in the pH and increase in acidity with storage was observed. However,
when chitosan was mixed with OCE or OPE, an increase in pH was observed with a concomitant
decrease in acidity. The phenolic content of the samples was decreased with time. However, coating
the date with OCE or OPE significantly (p ≤ 0.05) increased the total phenolic with a concomitant
increase in radical scavenging activity. The textural properties, particularly hardness, were better
preserved in case of coated dates. The sensory evaluation data showed non-significant changes in
the acceptability of the Barhi dates throughout the storage period. Chitosan-coating significantly
(p ≤ 0.05) inhibited mold growth over time. Scanning electron microscope (SEM) imaging showed
difference among different coatings. According to principal component analysis (PCA), OCE and
OPE were found to have protective effects on fruit quality.

Keywords: Barhi dates; Phoenix dactylifera; chitosan; orange peel; olive cake; coating; quality attributes;
scanning electron microscopy; surface structure

1. Introduction

Date (Phoenix dactylifera) palm is one of the essential subsistence crops and a major
fruiting tree in the Middle East and some other countries [1]. This tree bears a climacteric
fruit which has certain characteristic physical stages while maturing due to the production
of ethylene. Date fruit ripening is associated with four maturation stages that are generally
recognized using Arabic terms. An immature fruit is having a hard texture and green color
and is considered at Kimri stage of it its maturity. A hard, yellow, and edible Barhi date is
considered to be in the Khalal stage; a soft, brown, and semi-ripe stage reflects the Rutab
stage of dates and a final soft, dark brown, and fully ripe date fruit is considered to reflect
the Tamar stage [2]. These different phases of date fruit maturation are also characterized by
their specific textural, sensory, and chemical characteristics [3,4]. Date fruits are consumed
in different stages of maturity, such as Khalal, Rutab, and Tamer stages, due to certain
organoleptic characteristics and consumer preferences [5]. Barhi is a seasonal date and is
cherished when at its Khalal stage (sweet taste and yellow color). Barhi dates have a short
span at this stage after harvest (August–October in Saudi Arabia) and change to a Rutab
stage quickly (approximately 1 week) if not preserved properly. The Khalal Barhi has high
importance from a market and consumer perspectives due to its high demand, characteristic
taste, and associated health benefits. These quality attributes of Barhi dates at a Khalal
stage may be due to bioactive compounds and certain flavor components. Due to these
reasons, it is important to study and establish techniques that can increase the shelf-life of
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Barhi at the Khalal stage and preserve its characteristics for a longer time [6]. Edible film
coating is a developing and frequently used technique in which a thin film layer of edible
materials is applied on fruit and vegetable surfaces. Coating can aid in the control of gas
exchange and transfer of moisture, thereby modifying the internal atmosphere, maintaining
quality, and prolonging the postharvest shelf life of fruit and vegetables [7,8]. There are
different types of materials for such coatings, including biodegradable polymers such as
polysaccharides, lipids, and proteins [9]. Chitosan is a polysaccharide material, derived
from nature, that is non-toxic, biodegradable, biocompatible, and antimicrobial, and has
good film-forming properties; thus, it is often used as coating material [10]. Generally,
natural products extracted from different types of plant by-products contain phenolic
substances with beneficial bioactivities, such as antimicrobial and antioxidant activity, and
hence, there is ongoing research on the use of these phytochemicals into chitosan films and
coating them on fresh agro-produce [11]. The current study was carried out to investigate
the effect of edible chitosan coatings with natural functional ingredients obtained from
orange peel and olive cake on the quality attributes of fresh Barhi date fruit. Evaluation
of different physicochemical attributes of Barhi dates (coated or uncoated) along with
characterization of surface structure using electron microscopy were also carried out.

2. Materials and Methods

2.1. Materials

Fresh Barhi dates were obtained from local dealers in Riyadh and Qassim provinces
during August–October 2021, and various trials were immediately carried out to date sam-
ples. The fruit samples were identified by experts in the College of Food and Agriculture for
the appropriate maturity at Khalal stage and then properly labeled. Fruits were inspected
and any damaged fruits were removed from the spikelet and only good quality fruits on
the spikelet were selected for further treatment and experiment. Fresh olives were obtained
from the local market and the oil was extracted using mechanical oil extractor (SUS 304,
SUS Machines, Shanghai, China) using the cold pressing technique. The remaining cake
material was dried and ground to powder form (moisture 11.32 ± 1.43%). Orange peels
were manually removed from the fresh oranges obtained from the local farm. Orange peels
were dried, and then ground to make the powder form (moisture 7.67 ± 1.85%). Both olive
cake and orange peel powders were stored at 4 ◦C before further use. All chemicals used
were of reagent grade.

2.2. By-Product Extracts’ Preparation

A known weight of olives cake and orange peel powders (50 g) was extracted in
distilled water at 70 ◦C for 30 min followed by cooling at room temperature and filtra-
tion to remove impurities. The filtrate was dried under vacuum at 50 ◦C using a rotary
evaporator and the extract was saved in sterilized bags and stored at −20 ◦C before use
for physico-chemical analysis. The extraction process was repeated for the filtered residue
and substantial quantities of both olive cakes extract (OCE) and orange peel extract (OPE)
were obtained. The extraction process was carried out at a low temperature to preserve the
phytochemical compounds in the extract [12,13].

2.3. Preparation of Coating Solution and Application

A stock solution of chitosan was prepared by dissolution of chitosan powder (2% w/v)
1% acetic acid along with 1% glycerol as a plasticizer. The OCE and OPE were added to
the chitosan solution at the ratios of 1% and 2.0%, mixed and homogenized in a blender
(Acapulco 30564, Palson Co., Kunshan, China) for 5 min until a smooth solution was
obtained [14]. Fresh Barhi date fruit was washed and allowed to dry at room temperature.
Once completely dried, each spikelet of date fruit was dipped in various coating solutions
for 5 min. Spikelets were carefully removed from the coating solution and kept on a sieved
stand to allow drying at room temperature for 2–3 h. A small plastic fan (CK2215, Clickon,
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Liwan, China) was also used to allow quicker drying of the coated dates. Afterward, dates
were removed from the spikelet and grouped into six batches:

• Batch A: Uncoated as a control;
• Batch B: Coated with chitosan (2%) solution;
• Batch C: Coated with chitosan (2%) and OCE (1%) solution;
• Batch D: Coated with chitosan (2%) and OCE (2%) solution;
• Batch E: Coated with chitosan (2%) and OPE (1%) solution;
• Batch F: Coated with chitosan (2%) and OPE (2%) solution.

Each batch was then packed in a polyethylene plastic container with 5–6 holes in the
lid and stored at 4 ◦ C for different periods (0, 7, 14, 21, and 28 days). Each batch was
prepared in triplicates.

2.4. Physicochemical Characterization

The moisture content was estimated using the oven drying method [15]. Water activity
was measured using a water activity meter (Aqualab CX3-TE, Labo-Scientifica, Parma,
Italy). After equilibration, the water activity value was recorded. The total soluble solids
(TSS) contents of the samples, either uncoated or coated (◦Brix) were determined a 20 ◦C
using a digital refractometer (DR 6000, A. Kruss Optronic GmbH, Hamburg, Germany), and
the ◦Brix value was calculated using the dilution factor. The pH determination included
homogenization of 5 g of sample with 50 mL of deionized distilled water followed by pH
measurements using a Corning 240 pH meter (Corning Scientific Products, New York, NY,
USA). A potentiometric titration method [15] using NaOH solution (0.1 N) with pH 8.1
was applied to measure the titratable acidity of the slurry made from date samples.

2.5. Microstructure Determination Using Scanning Electron Microscopy (SEM)

In order to carry out the SEM study, small cuttings of date fruit surfaces (coated and
uncoated) were obtained and freeze dried for 3 days. The surface morphology of coated
and uncoated date skin samples was studied and scanned using a field-emission scanning
electron microscope (JSM-7600, Jeol Ltd., Tokyo, Japan) at a resolution of 1000 [16]. It was
also equipped with energy dispersive spectroscopy or EDS. Previously dried samples were
coated with platinum for 35 s and the total layer thickness of the sample was 25 mm to
avoid sample charging under the electron beam. The imaging was done using secondary
electrons. The working distance was kept 4.5 mm and an accelerating voltage (15 kV) was
used during this study.

2.6. Total Phenolics Determination

The total phenolic content of the samples was determined by the method described by
Singleton and Rossi [17] using a Folin–Ciocalteu as the main reagent and gallic acid as a
standard, and the results were expressed in mg/100 g gallic acid equivalent (GAE).

2.7. Antioxidant Activity

The method of Lee et al. [18] was used to evaluate the anti-DPPH radical activities of
date fruit samples. One mL of the extract was diluted in methanol, then added mixed with
a 2 mL DPPH solution. Methanol was used as a control and the absorbance of the mixtures
was read with a spectrophotometer at 517 nm. The DPPH inhibition was estimated using
the formula:

DPPH inhibition (%) =

(Acontrol517 − Asample517

Acontrol517

)
× 100

where A is the absorbance recorded and DPPH inhibition was expressed in percentage.
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2.8. Color Measurement

The color evaluation of the samples was carried out using instrumental color method
before and during storage. A Hunter Lab colorimeter (Model No. Miniscan® XE plus
4500 L, Hunter Associates Laboratory, Inc., Reston, VA, USA) was used for this evaluation
as described previously [12].

2.9. Texture Measurement

The samples before and after storage were subjected to texture profile analysis using
a texture analyzer (Model CT3, Brookfield, Middleboro, MA, USA). The hardness (kg),
cohesiveness, and springiness (mm) were measured in triplicate using a two-cycle test.

2.10. Sensory Evaluation

Sensory analysis was carried out on the first day after coating and then after each
week of storage. Twenty semi-trained panelists (male, age range 20–35 years old) were
recruited for the evaluation of sensory attributes of date fruit samples using a five-point
hedonic scale. The serving of the samples was random using coded and panelists evaluated
the texture, color, taste, odor, and overall acceptability. The evaluation was based on the
scale of 1–5 (1 = extremely dislike, 5 = extremely like). The sensory evaluation studies were
carried out in in three sessions for each storage period (0, 7, 14, 21, and 28 days). The scores
were for each sample and each session were calculated as means before subjecting to data
analysis. A mean score in the range of 3 to 5 was considered acceptable.

2.11. Mold Counts

A pour plate method was applied for the total count of molds at 25 ◦C for 3–5 days
using enumeration (Yeast Extract Glucose Chloramphenicol Agar (YGC), Merck, Darmstadt,
Germany). Molds were counted aseptically which involved mixing 25 g of the samples
with 225 mL sterile Ringer solution in a Stomacher blender for 1 min.

2.12. Principal Component Analysis (PCA)

Coating treatment and storage times were evaluated, for their effects and interrelations
on the physicochemical properties of Barhi date samples, using principal component
analysis techniques in MultiPlot software [19].

2.13. Statistical Analysis

The experiments were carried out using a completely randomized block design with six
treatments (control, CH, 1% OCE + CH, 2% OCE + CH, 1% OPE + CH, and 2% OPE + CH)
in triplicates, and the physicochemical attributes were evaluated on five storage periods (0,
7, 14, 21, and 28 days). The measurements for each quality attribute were carried out in
triplicates. The entire blocks were triplicated independently. SAS software (SAS Institute,
Inc., Cary, NC, USA) was used to analyze the data obtained using two-way analysis of
variance (ANOVA) and Duncan’s Multiple Range Tests. The treatments and storage times
were considered as fixed effects and the replications of the experiments as random effects
in model studies. The comparison of sensory evaluation scores was carried out between
the treatments and storage times. A General Linear Model (GLM) and Duncan’s Multiple
Range Test were used for the comparison of means. The data from triplicate measurements
were presented as means and standard deviation (SD). The statistical significances were
defined at a probability value of ≤0.05.

3. Results and Discussion

3.1. Changes in Water Activity, Moisture, and Total Soluble Solids of Coated Fresh Barhi Dates

Table 1 shows changes in moisture, water activity, and total soluble solids of fresh
Barhi dates coated with chitosan and/or olive cake or orange peel extracts during cold
storage (4 ◦C). The moisture content of all samples remained above 50% irrespective of the
storage period and coating treatment, although it decreased significantly (p ≤ 0.05) with an
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increase in storage time. The coating treatments showed variable effects on the prevention
of moisture loss from the date surface. According to Iqbal et al. [20], moisture loss was
observed in date fruits during storage as they progressed from the Kimri to the Rutab
stage. Coatings were more effective in preventing moisture loss from dates at 4 ◦C, and
coatings experienced slightly less moisture loss during storage. Hoa et al. [21] found that
hydrophobic coatings were more effective than hydrophilic coatings in slowing the weight
loss of mango fruits during storage than hydrophilic coatings, which resulted in weight
losses comparable to uncoated controls. The water activity of the samples stored at 4 ◦C was
above 0.900 even after 28 days of storage. There were no insignificant differences among
different treatments; however, with time, the water activity of the samples during the first
two weeks was slightly high compared to those stored for 3 or 4 weeks. The reduction in
water activity of the date samples with time could be due to a reduction in moisture content.
Similarly, an increase in TSS was observed with storage time, which can be attributed to
the loss in the samples’ moisture content. TSS was varied between coating materials, with
1% OPE + CH coating providing the lowest percentage of TSS and the control sample
providing a higher value than the other treatments at week 4. The increase in TSS with
storage time implies that the fruits underwent anaerobic respiration, in which simple sugars
are broken down into alcohol and acetaldehyde [22], and the value of TSS as a predictor of
the transition from Khalal to Rutab is lost. Permeability in some coating materials, which
maintain aerobic respiration, was expected. Moreover, the differences between the storage
periods studied were large enough to be statistically significant. This increase could be
due to the conversion of some insoluble compounds into soluble compounds (for example,
protopectin to pectin) or to water loss from fruits. Thompson and Abboodi [23] found that
lower moisture content had a positive effect on the TSS percentage. The current findings
are consistent with those reported by Abd El-Moneim et al. [24], where it was reported
that the soluble solid contents of Zaghloul date palm cv. were the lowest at zero time, and
increased consistently with increasing cold storage period up to sixty days.

Table 1. Changes in water activity, moisture, and total soluble solids of fresh Barhi dates coated with
chitosan and/or olive cake or orange peel extracts during cold storage (4 ◦C).

Treatment
Storage Period (Days)

0 7 14 21 28

Moisture (%)
Uncoated 67.72 ± 1.03 aB 67.17 ± 2.01 aA 63.11 ± 1.66 bA 62.36 ± 0.97 cA 61.99 ± 2.88 dB

CH 67.39 ± 2.11 aB 65.56 ± 0.88 bB 63.38 ± 2.03 cA 61.90 ± 1.05 dB 61.67 ± 1.67 dB
1% OCE + CH 66.81 ± 1.55 aB 66.25 ± 0.87 aB 63.17 ± 3.01 bA 62.64 ± 1.44 cA 61.35 ± 1.27 dB
2% OCE + CH 67.89 ± 0.99 aB 66.26 ± 1.01 bB 62.44 ± 1.44 cB 61.63 ± 2.07 dB 62.61 ± 2.04 cA
1% OPE + CH 69.07 ± 1.07 aA 65.26 ± 1.09 bC 62.57 ± 1.62 cB 62.31 ± 2.01 cA 62.01 ± 1.77 cA
2% OPE + CH 67.55 ± 1.23 aB 66.47 ± 2.01 bB 63.03 ± 1.67 cA 62.43 ± 3.07 cA 61.14 ± 2.15 dB

Water activity (aw)
Uncoated 0.940 ± 0.11 0.928 ± 0.08 0.915 ± 0.06 0.909 ± 0.01 0.905 ± 0.07

CH 0.946 ± 0.12 0.932 ± 0.03 0.911 ± 0.05 0.905 ± 0.04 0.904 ± 0.13
1% OCE + CH 0.934 ± 0.22 0.926 ± 0.04 0.913 ± 0.22 0.916 ± 0.02 0.906 ± 0.23
2% OCE + CH 0.943 ± 0.31 0.938 ± 0.12 0.912 ± 0.34 0.904 ± 0.13 0.901 ± 0.17
1% OPE + CH 0.935 ± 0.07 0.929 ± 0.21 0.911 ± 0.24 0.909 ± 0.16 0.900 ± 0.04
2% OPE + CH 0.940 ± 0.03 0.932 ± 0.09 0.917 ± 0.06 0.909 ± 0.13 0.903 ± 0.07

Total soluble solids (%)
Uncoated 25.40 ± 1.07 eA 27.20 ± 1.13 dA 29.20 ± 2.02 cA 33.20 ± 2.33 bA 35.80 ± 1.09 aA

CH 25.00 ± 0.98 eA 26.50 ± 1.09 dB 28.34 ± 1.04 cB 29.46 ± 1.23 bB 30.71 ± 2.01 aB
1% OCE + CH 22.20 ± 0.77 dC 22.58 ± 2.01 dE 26.50 ± 1.22 cC 28.45 ± 1.19 bC 29.66 ± 1.67 aC
2% OCE + CH 23.00 ± 0.68 cB 23.64 ± 0.99 cD 25.40 ± 0.88 bD 25.65 ± 2.05 bE 28.90 ± 1.45 aD
1% OPE + CH 21.80 ± 0.69 dC 21.86 ± 0.89 dE 28.76 ± 0.79 cB 29.33 ± 2.07 bB 30.58 ± 1.84 aB
2% OPE + CH 23.40 ± 0.59 eB 24.56 ± 1.05 dC 26.40 ± 0.97 cC 27.66 ± 1.16 bD 28.83 ± 1.58 aD

Values are means of triplicate samples (±SD). Means not sharing common lowercase letters in a row or capital let-
ters in a column are significantly different at p ≤ 0.05 as assessed by Duncan’s Multiple Range Test. CH = Chitosan,
OCE = Olive cake extract, OPE = Orange peel extract.
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3.2. Changes in pH, Acidity, Total Phenolics, and Antioxidant Activity (DPPH Inhibition) of
Coated Fresh Barhi Dates

Table 2 shows changes in pH, acidity, total phenolics, and antioxidant activity of fresh
Barhi dates coated with chitosan and/or olive cake or orange peel extracts during cold
storage (4 ◦C). Regardless of coating materials, the results showed that a slight decrease in
the pH and increase in acidity was observed. However, when chitosan was mixed with
olive cake or orange peel extracts, an increase in pH was observed with a concomitant
decrease in acidity regardless of the storage time.

Table 2. Changes in pH, acidity, total phenolics, and antioxidant activity of fresh Barhi dates coated
with chitosan and/or olive cake or orange peel extracts during cold storage (4 ◦C).

Treatment
Storage Period (Days)

0 7 14 21 28

pH
Uncoated 6.39 ± 0.21 a 6.12 ± 0.82 a 5.89 ± 0.72 ab 5.22 ± 0.41 bBC 4.23 ± 0.63 cB

CH 6.35 ± 0.08 a 6.22 ± 0.67 a 6.13 ± 0.66 a 5.78 ± 0.46 abB 5.12 ± 0.55 bA
1% OCE + CH 6.33 ± 0.11 a 6.39 ± 0.54 a 5.98 ± 0.47 a 5.24 ± 0..91 bAB 5.11 ± 0.71 bA
2% OCE + CH 6.34 ± 0.26 a 6.41 ± 0.44 a 6.12 ± 0.48 a 5.89 ± 0.28 abA 5.69 ± 0.88 bA
1% OPE + CH 6.17 ± 0.56 a 6.52 ± 0.35 a 6.21 ± 0.29 a 6.12 ± 0.51 aA 5.46 ± 0.38 bA
2% OPE + CH 6.34 ± 0.61 a 6.68 ± 0.49 a 6.25 ± 0.34 a 6.12 ± 0.43 aA 5.79 ± 0.39 aA

Titratable acidity (% malic acid)
Uncoated 0.096 ± 0.002 b 0.172 ± 0.02 abA 0.199 ± 0.012 aA 0.236 ± 0.031 aA 0.257 ± 0.013 aA

CH 0.109 ± 0.01 b 0.131 ± 0.004 bB 0.157 ± 0.013 bB 0.187 ± 0.007 aA 0.203 ± 0.021 aA
1% OCE + CH 0.110 ± 0.02 b 0.129 ± 0.012 bB 0.179 ± 0.006 aA 0.213 ± 0.021 aA 0.232 ± 0.022 aA
2% OCE + CH 0.111 ± 0.003 b 0.125 ± 0.031 bB 0.156 ± 0.003 aB 0.186 ± 0.002 aA 0.202 ± 0.011 aA
1% OPE + CH 0.104 ± 0.001 b 0.130 ± 0.001 aB 0.145 ± 0.005 aB 0.173 ± 0.0024 aA 0.188 ± 0.033 aA
2% OPE + CH 0.104 ± 0.004 b 0.116 ± 0.003 bB 0.114 ± 0.014 aB 0.136 ± 0.0021 aB 0.148 ± 0.002 aB

Total phenolics (mg GAE/g)
Uncoated 7.18 ± 0.31 aE 5.516 ± 0.12 bF 3.854 ± 0.19 cF 3.458 ± 0.51 cF 2.842 ± 0.11 dF

CH 8.37 ± 0.42 aD 6.705 ± 0.36 bE 5.050 ± 0.21 cE 4.968 ± 0.38 cE 4.125 ± 0.23 dE
1% OCE + CH 9.54 ± 0.45 aC 7.989 ± 0.42 bD 6.442 ± 0.23 cD 5.460 ± 0.46 dD 5.147 ± 0.31 dD
2% OCE + CH 10.19 ± 0.62 aB 8.550 ± 0.45 bC 7.897 ± 0.33 cC 6.987 ± 0.52 dC 6.789 ± 0.41 dC
1% OPE + CH 10.76 ± 0.57 aB 9.408 ± 0.61 bB 8.057 ± 0.37 cB 7.458 ± 0.43 cdB 7.244 ± 0.55 dB
2% OPE + CH 13.10 ± 0.72 aA 11.564 ± 0.39 bA 10.036 ± 0.61 cA 9.546 ± 0.37 cA 9.785 ± 0.67 cA

DPPH inhibition (%)
Uncoated 43.782 ± 1.22 bD 54.00 ± 0.88 aE 31.69 ± 0.71 cE 15.26 ± 0.95 eF 20.15 ± 0.48 dF

CH 42.760 ± 0.98 bE 54.60 ± 0.78 aE 29.90 ± 0.84 cF 24.25 ± 0.48 dE 22.15 ± 0.39 eE
1% OCE + CH 48.722 ± 2.01 bC 60.65 ± 0.77 aD 38.07 ± 0.87 cD 35.25 ± 0.69 dD 26.25 ± 0.55 eD
2% OCE + CH 78.250 ± 1.34 aA 71.72 ± 0.65 bC 66.25 ± 1.32 cB 55.24 ± 0.75 dC 48.25 ± 0.43 eC
1% OPE + CH 70.102 ± 1.83 bB 82.03 ± 1.03 aB 60.86 ± 1.56 cC 59.58 ± 1.11 dB 58.36 ± 0.57 eB
2% OPE + CH 77.683 ± 0.93 bA 89.61 ± 1.13 aA 65.33 ± 1.72 cA 62.58 ± 2.01 dA 60.45 ± 0.92 eA

Values are means of triplicate samples (±SD). Means not sharing lowercase letters in a row or capital letters in
a column are significantly different at p ≤ 0.05 as assessed by Duncan’s Multiple Range Test. CH = Chitosan,
OCE = Olive cake extract, OPE = Orange peel extract.

The study’s data revealed that increasing the storage period increased the acidity of
Barhi fruits at different rates for all studied treatments, but most of the studied coating
treatments had lower decreasing rates compared to the control sample until the fifth week
of storage. The findings are consistent with those reported by Abd El-Moneim et al. [24] on
Zaghloul date fruits during the orange season. This was most likely since the film formed
by materials altered the fruit’s endogenous CO2 and O2 concentrations, causing ripening
to be delayed. The effect of edible coating on acidity loss has been observed in chitosan-
and alginate-coated peaches [25], as well as in avocado coated with methylcellulose [26].
Because organic acids are substrates for many reactions during aerobic respiration in plant
cells, the effect of coating on acidity retention could be due to the lower respiration rate
found in coated fruits.
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As shown in Table 2, the phenolic contents of the control dates were lower than that of
the coated samples. The rise in phenolic compounds was due to the presence of phenolic
compounds in the extracts obtained from olive cake and orange peel, as these by-products
are considered to be rich in phenolic compounds. During the first week of storage, the dates
coated using OPE had higher total phenolics than other samples. Variations were observed
during the storage of the samples; however, the phenolic compounds of Barhi date alone
remained lower than in other samples. Some interesting results were obtained for the
coated samples. It was observed that the phenolic compounds of date samples coated with
OPE decreased slightly with storage although they were initially higher than the samples
coated with OCE, which may be attributed to the stability of phenolic compounds in the
coating materials, prepared using olive cake phytochemicals. However, as it has been
established already that phenolic compounds are important phytochemicals having various
health beneficial properties as well as the ability to prevent microbial spoilage, it seems
that the use of olive cake and orange peel extracts can significantly increase the contents of
these compounds in coated Barhi dates.

Consistent with the results of total phenolic compounds, the radical scavenging activity
of uncoated dates was lower than those of chitosan, OCE + chitosan, and OPE + chitosan-
coated dates. This is evidence that coating materials used in this study improve the
functional properties of Barhi dates. The radical activity of all samples was decreased with
the storage time, but coated fruits still exhibited higher radical scavenging activities as
compared to control samples. The radical scavenging activity seems to be less affected by
the storage temperature although low-temperature storage or refrigeration is recommended
for all types of fresh fruits and vegetables. The above reported results were consistent
and well correlated in terms of the bioactive compounds of dates and antioxidant activity
results similar to other fruits such as grapes [13]. The declining trend in phenols and
antioxidant compounds may be attributed to enzymatic oxidation (polyphenol oxidase and
peroxidase) during storage [27]. Both OCE and OPE are expected to contribute significantly
to the occurrence of various type of antioxidants, phytochemicals and bioactive compounds,
which are capable of preserving oxidations reactions, reduce microbial growth, and enhance
health benefits, as reported earlier [12,16]

3.3. Changes in Color and Texture of Coated Fresh Barhi Dates

The results of the color are presented in Table 3, where L* indicates whiteness or bright-
ness/darkness, a* redness/greenness, and b* yellowness/blueness. In terms of L* values, it
can be observed that the lightness or brightness of the date color decreased with the storage
time for both coated and uncoated dates, which indicated that the dates were brighter at
the start of the storage time, whereas this decreased with the progression of the storage
time. The brightness of the samples on the first day showed insignificant differences;
however, a naked eye observation revealed that the dates coated with a mixture of OCE and
chitosan were brighter in appearance as compared to the other samples and coated dates.
However, this visual difference was not detected during the instrumental measurement of
color values.
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The a* values for the control sample were decreased with time and fluctuated in
treated samples and the differences were varied between treatments. The b* values were
decreased with the storage time, particularly on the 28th day of storage, showing a decrease
in the yellowness of the dates. The treatment seemed to have invariable effects on the color
values; for example, the brightness seemed to be better preserved in coated dates stored at
4 ◦C. Overall coating with OCE extract has positive effects on the color values of dates. The
decrease in b* values indicates that the yellowing of the samples was significantly lower
in the coated fruit when compared to the control sample. The lower change in b values
was most likely due to the retention of fruit pigments, with Maskan [28] reporting that a
lower b* value might be due to the hydrolysis of chlorophyll and carotenoid pigments,
non-enzymatic Maillard browning, and formation of brown pigments. Coatings have been
found to mitigate the effects of such interactions. It has been reported that changes in the
brightness of fruits can be used to predict fruit browning [29]. Surface coating of the fruits
with chitosan and/or OCE and OPE reduced the rate of loss in the brightness of the fruits by
lowering the rate of loss in L values, and it was discovered that as the concentration of OCE
or OPE increased, the rate of loss in L value decreased. The findings revealed that coating
preserved the brightness of the fruits by giving them a shiny appearance. According to
Eissa [30], chitosan coating reduces oxidative enzyme activity, such as polyphenol-oxidase,
peroxidase, catalase, and laccase, which are associated with discoloration. As a result, the
changes in color parameters of the control samples in this study were more pronounced
than those of the coated samples. In a study by Jiang and Li [31], it was determined that
chitosan coating inhibits the growth of some fungi and delays further decay of stored
longan fruit. Similarly, chitosan coating appears to reduce the pH of mushrooms during
storage, as reported by Eissa [30]. This is an indication that chitosan coating reduces
pathogen development and accordingly could be partially useful in delaying discoloration
and browning during storage.

The results of textural analyses of the date samples were shown in Table 3. The
hardness, cohesiveness, and springiness of date fruits were decreased with storage time
with a significant reduction observed in hardness. However, coating of the date samples
alleviates the effect of storage on date texture. The loss of firmness is an important criterion
that indicates the quality of the date during storage. The chitosan and/or OCE and OPE
mixture coating improved the texture of the date significantly. The firmness of all samples
decreased with storage, but chitosan and/or OCE and OPE-coated dates retained their
firmness longer than the control sample. At the end of the third week, both the control and
coated samples experienced rapid firmness loss, with the control samples experiencing the
most rapid changes. According to Mannozzi et al. [32], who studied the effect of edible
coatings on the quality of blueberry fruits during shelf-life, the higher firmness values
of the coated date are likely due to the presence of the coating agent, which provides
structural rigidity at the product’s surface. Date softening during storage is determined by
cell structure deterioration, cell wall composition, and intracellular materials, as reported
for guava by Hong et al. [33]. The firmness of chitosan and/or OCE and OPE-treated dates
may be retained due to a reduction in respiration and other maturation processes during
storage as a result of covering the date’s cuticle and lentils with the materials’ coating. The
observed firmness loss is consistent with the findings of Hong et al. [33], who investigated
the effect of chitosan coating on guava.

3.4. Sensory Evaluation of Coated Fresh Barhi Dates Samples

Samples were coded anonymously and the fruit was evaluated for texture, color, taste,
odor, astringency, and overall acceptability using a five-point hedonic scale, where one
denotes “disliked extremely” and five reflects “liked extremely”. The results of the sensory
evaluation are presented in Table 4. The sensory evaluation data showed non-significant
changes in acceptability and sensory properties of the Barhi dates due to different coating
materials throughout the storage period. The overall acceptability of control or those coated
with 2% OCE or 1% OPE and 2% chitosan were closer to each other. However, the sensory
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properties of all the samples seemed to get a low score but were not significant with the
advent of storage time. Dates stored at 4 ◦C were fairly acceptable until the end of the
storage period and showed fairly high acceptability compared to control samples, revealing
a positive effect of coating materials on the color, texture, and sensory quality of Barhi
dates. Abu-Shama [34] investigated the effect of edible coatings on the fruit quality of the
Barhi date cultivar and concluded that all edible coating treatments studied had little to no
effect on the organoleptic characteristics of Barhi date fruits, implying that these treatments
could be used to extend the shelf life of Barhi date fruits.

3.5. Changes in Molds of Coated Fresh Barhi Dates

Figure 1 shows molds (cfu/g) of fresh Barhi dates coated with chitosan and/or olive
cake or orange peel extracts during cold storage (4 ◦C). There was a significant increase in
the fungal content of the control dates during storage. However, in chitosan-coated date
molds increased during the first week, and thereafter, dropped significantly, but in other
coating materials, they were significantly lower than in the control samples. Molds had a
maximum value of 170 cfu/g on day 28 for the control samples, while coated date had a
value of 10 cfu/g at the same storage time. The increase in simple sugars and decrease in
moisture content of the fruits during date maturation create a better microenvironment for
fungal growth [35]. In comparison to the control samples, the results showed that chitosan
and/or OCE and OPE-containing coatings performed best at 4 ◦C in terms of keeping
fungal numbers under control. Differences could be attributed to molds’ inability to use
sugars as a substrate [35]. Furthermore, it appeared that the preservation of simple sugars
in coated samples inhibited fungal growth. According to Lasram et al. [36], all coatings
were more effective in retarding fungal growth at 3 ◦C than at 25 ◦C because the lower
temperature was suboptimal for fungal growth and metabolism.
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Figure 1. Mold (CFU/g) of fresh Barhi dates coated with chitosan and/or olive cake or orange peel
extracts during cold storage (4 ◦C). CH, Chitosan; OCE, Olive cake extract; OPE, Orange peel extract.
Columns from left to right (storage period, days), 0 (green), 7 (yellow), 14 (blue), 21 (purple), and
28 (brown).
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3.6. Surface Characteristics of Coated and Uncoated Date Fruit

The surface and cross-section microstructures of coated dates with chitosan (2%) alone,
chitosan (2%) and OCE (1–2%), and chitosan (2%) and OPE (1–2%) were examined using
a scanning electron microscope and compared with those of uncoated date fruit surfaces.
The visualization of the structural characteristics of coated date fruit and that of fresh date
fruit surface was carried out for the first time (to the best of our knowledge). Figure 2A
shows the scanning electron microscope (SEM) images (resolution ×1000) of fresh Barhi
dates (without coating). The fruit surface was rough due to the natural structure of the date
fruit surface and can be due to the cellulose and pectin network on the surface of the fruit.
These natural openings may be helping in the transfer of gases and may also in some cases
aid in the ripening process. Chitosan, which is normally used in the development of edible
coatings, was coated alone (2% solution) and the SEM studies of chitosan-coated date fruit
surface (Figure 2B) showed that the cracks that appeared naturally on the fruit surfaces
were covered and the surface of the fruit became smooth. The coating material (chitosan
2%) was modified with OCE (1–2%) and the SEM studies (Figure 2C,D) showed that the
fruit surface became very smooth, particularly when the OCE concentration was 2% in the
coating solution. It appears that the OCE 1% chitosan solution might be less viscous than
the OCE 2% chitosan solution, which might have completely covered the rough surface
structures. SEM studies (Figure 2E,F) of citrus peel extract in edible chitosan coating
showed a less smooth surface and some cracks were visible somewhat similar to cracks that
appeared when fruits were coated with chitosan alone. Hence, the SEM studies showed
that olive cake extract produced the best coating smoothness, and this can be attributed to
the presence of certain fatty materials in the extracts that can also help in improving the
surface color. Tran et al. [11] also studied the characteristics of the chitosan coating film
after the incorporation of plant essential oils and observed that chitosan alone showed a
smooth (observed by SEM) and homogeneous surface, whereas essential oils made the
membrane less uniform, and the higher the content of essential oil, the less homogeneous
the surface was. This might have been due to the addition of essential oils in the membrane
matrix, which broke down the continuous structure of the polymer matrix [37]. However,
our findings were not in agreement with those of Tran et al. [11], as both the addition of
OCE and OPE caused smoothness of the chitosan coating.

3.7. Principal Component Analysis (PCA) of Physical Properties of Coated Fresh Barhi Dates

To assess the combined effects of treatments on the physical properties of Barhi date,
PCA was conducted, and the results are shown in Figure 3. The results indicated a high
contribution of the PC1 (65.14%) to the total variability of the plotted components (80.05%)
followed by PC2 (14.91%). In the biplot, the cosine of the angle between the vectors of the
traits indicated the correlations between them, in which acute, obtuse or straight, or straight
angles indicate positive, negative, and no correlations, respectively [38]. Highly positive
correlations were seen among color attributes (L, b, and a), moisture and water activity, and
texture attributes (hardness, cohesiveness, and springiness), whereas these attributes were
negatively correlated with TSS and redness (a). Three clusters of the treatments were seen
based on their effect on the physical properties of Barhi dates. The first group (upper right
of the graph, black circle symbol) is characterized by a high level of TSS, and this group is
composed of the samples untreated (negative control), CH-coated (positive control), and 1
and 2% OCE-coated Barhi dates stored at 4 ◦C for longer time (21 and 28 days). The high
TSS of these samples during prolonged storage indicates rapid decomposition of intact
matters of the dates by enzymatic or microbial action and thereby releasing more soluble
materials. The second group (right of the graph, red square symbol) is characterized by
higher levels of redness (a) than other groups. This group was composed of negative and
positive control samples stored at 4 ◦C for 7 and 14 days, CH-coated with 1% OCE stored
at 4 ◦C for 7 and 14 days, and CH-coated with OPE (1 and 2%) stored at 4 ◦C for 7, 14, 21,
and 28 days. The third group (left of the graph, blue tringle symbol) is characterized by
higher levels of color attributes (L, b, and a), moisture, water activity, and texture attributes
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(hardness, cohesiveness, and springiness) than the other groups. This group was composed
of the fresh samples (0 day) of positive and negative controls, and those treated with
different concentrations of OCE and OPE indicating that storage at different temperatures
and durations adversely affected these attributes. However, the effect of the storage time
and temperature were less in the samples treated with OCE and OPE compared to positive
and negative controls, suggesting the protective effects of OCE and OPE.

 
Figure 2. Scanning electron microscopy images (resolution × 1000) of Barhi date surfaces when fresh
(A) and coated using 2% chitosan (B), 1% olive cake extract and 2% chitosan (C), 2% olive cake extract
and 2% chitosan (D), 1% orange peel extract and 2% chitosan (E), and 2% orange peel extract and 2%
chitosan (F).
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Figure 3. HJ biplot of Barhi dates coated chitosan fortified with 1 and 2 % orange peel extract (OPE)
and olive cake extract (OCE). T1, T2, T3, T4, and T5 = negative control (uncoated dates); T6, T7, T8,
T9, and T10 = positive control (chitosan-coated dates); T11, T12, T13, T14, and T15 = coated dates
fortified with 1% olive cake extract; T16, T17, T18, T19, and T20 = coated dates fortified with 2% olive
cake extract; T21, T22, T23, T24, and T25 = coated dates fortified with 1% orange peel extract; T26,
T27, T28, T29, and T30 = coated dates fortified with 2% orange peel extract stored for 0, 7, 14, 21, and
28 days, respectively.

4. Conclusions

The current study found that all coating materials increased the shelf life of Barhi
date fruits when compared to the control sample. However, when chitosan was combined
with OCE and OPE, a pronounced effect was observed. Furthermore, all coating materials
increased TSS, were more effective in preventing moisture and firmness loss during storage,
did not affect the sensory characteristics of Barhi date fruits, and were extremely effective in
preventing fungal growth. SEM image showed that the surface of coated and the uncoated
date differed with OCE producing the best smooth coating. Based on these findings, it
is possible to conclude that all coating materials tested may be useful in extending the
shelf life and maintaining the quality of Barhi date fruits. The PCA analysis showed that
the effect of the storage time and temperature were less in the samples treated with OCE
and OPE compared to positive and negative controls suggesting the protective effects of
OCE and OPE. Further studies demonstrating the effects of storing these fruits at room
temperature may also provide valuable information for the preservation of Barhi dates.
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Abstract: The effect of an edible pectin-based coating supplemented with a lemon byproduct extract
on the quality attributes of fresh-cut carrots was studied. Color, hardness, microbial growth, respira-
tory activity, and antioxidant properties of fresh-cut carrots were studied during 14 days of storage
at 4 ◦C. The application of a pectin-based coating containing a lemon byproduct extract preserved
carrots’ physiological parameters, reduced their physiological activity and, thus, delayed senescence.
This aspect was also confirmed by the reduced O2 consumption of the coated carrots due to the
slowing down of the product’s metabolic reactions. Moreover, coated carrots were characterized by
limited changes in colour (ΔE < 3) and white-blush development on both cortical tissue and vascular
cylinder, and the presence of calcium chloride in the coating formulation helped to maintain carrots’
hardness throughout storage. In addition, treatment with pectin-based coating and lemon byproduct
extract improved microbiological stability of fresh-cut carrots, showing the lowest value of total
bacterial count immediately after treatment (2.58 log CFU g−1). This kind of treatment also resulted
in a significant preservation of valuable compounds (17.22 mg GAE 100 g−1) and antioxidant activity
level (289.49 μM Trolox 100 g−1), reducing the wounding stress induced by processing operations for
at least ten days.

Keywords: pectin-based coating; quality attributes; fresh-cut carrot; respiratory activity; carotenoids
and phenolic compounds; lemon byproduct; antioxidant

1. Introduction

Consumption of fresh fruit and vegetables is known to be beneficial to human health.
In this context, carrot consumption is becoming ever more popular thanks to their nutri-
tional value. Carrots represent a good source of bioactive compounds, namely, fibre and
antioxidants such as carotenoids, phenolic compounds, and vitamin C [1,2]. However, like
other fresh fruit and vegetables, they are highly perishable. During post-harvest handling
and storage, significant losses of vitamins and other phytonutrients can occur, depending
on the nutrient, genotype, physical damage, temperature and storage conditions [3]. The
colour and appearance of minimally processed carrots are critical quality attributes. Their
characteristic bright orange colour may be rapidly lost due to dehydration and the devel-
opment of white blush on the surface, hence reducing their acceptability [4,5]. Maintaining
the overall quality of minimally processed fruit and vegetables becomes even more difficult.
Therefore, fresh-cut fruit and vegetables have become a challenging problem among food
scientists and technologists, over the years [6].

In this respect, the application of techniques such as the dipping of minimally pro-
cessed carrots in acid solutions demonstrated to be an efficient approach to preserve their
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quality, limit colour changing and microbial growth, reduce enzymatic activity and increase
the preservation of total carotenoid content [5].

Moreover, polysaccharide edible coatings have proven to be a valid strategy to boost
food appearance and extend the shelf-life of fresh-cut fruits and vegetables. Coatings can
form a semi-permeable barrier to gasses and be potential carriers of additives to help in
preserving or improving the quality of produce [6]. Polysaccharide-based edible coat-
ings can help to prolong the shelf life of fresh fruits and vegetables by slowing down
decay processes associated to water loss [7]. Among polysaccharides, pectins are valuable
compounds for coating formulations thanks to their ability to create rigid and stable gels,
enabling effective food applications [8–11]. Pectins are α-1,4 bonded D-galacturonic acid
polymers characterized by the presence of hydrophobic groups, consisting of methyl es-
ter, acetyl, and protein residues, that promote the absorption of organic lipid substances,
hence contributing to their emulsifying capacity [12]. In particular, the hydrocolloidal and
polyelectrolyte properties of pectins define their unique capacities, such as high water
retention in colloidal systems and their stabilization, and aptitude to plasticize with glyc-
erol [13]. According to their content of methyl esters or the degree of esterification (DE),
pectins are divided into high methoxyl (DE > 50%) or low methoxyl (DE < 50%), showing a
significant influence on solubility and gel-formation characteristics [14]. In coating formu-
lations, low-methoxyl pectins are generally used, mainly because of their ability to develop
strong gels or insoluble polymers when multivalent metal cations, such as calcium, are
present [15–17]. Overall, edible coatings are applied on fruit and vegetables due to their
ability to reduce respiration and senescence, retain moisture and slow down colour changes
throughout storage [6,18]. Several authors have studied the incorporation of additives,
namely, antioxidant, antimicrobial and antibrowning compounds or texture enhancers,
into edible coating formulations, making them a valid option for decreasing physiological
postharvest deterioration rate in minimally processed fruits and vegetables [19–22]. The
application of plant byproducts and extracts is regarded as a way of incorporating these
active compounds to fresh-cut fruit and vegetables while maintaining a label free from syn-
thetic additives. In this regard, lemon byproducts, consisting of lemon peel, pulp and seeds,
represent a natural source of minerals, organic acids, dietary fibre and phenolic compounds,
such as phenolic acids and flavonoids (flavanones, flavonols, flavones), characterised by
antioxidant, anti-inflammatory and antimicrobial properties [23–28]. Among these bioac-
tive compounds, flavanones and flavones are the most plentiful flavonoids, followed by
neohesperidin, naringin, rutin and apigenin. Other compounds identified in lemon peels
are furocoumarins and coumarins. The highest quantity of phenolic acids is found in lemon
seeds, the only waste characterised by the presence of gallic acid, protocatechic acid and
p-cumaric acid, as well as obacunone, a compound belonging to the class of limonoids [29].
In view of the antioxidant and antimicrobial activities exhibited by these compounds, the
goal of this study was to determine the effect of an edible pectin-based coating supple-
mented with a lemon byproduct extract on the quality attributes of fresh-cut carrots. This
approach would contribute to the shelf-life extension of the ready-to-eat commodity, while
valorising the potential of a byproduct generated from the citrus industry.

2. Materials and Methods

2.1. Chemical and Reagents

Food-grade low-methoxyl pectin (~30% esterified) (Sigma–Aldrich Chemic, Steinhein,
Germany) was the carbohydrate biopolymer used to prepare the coating formulations.
Glycerol (Merck, Whitehouse Station, NJ, USA) was used as plasticizer. Calcium chlo-
ride (Sigma–Aldrich Chemic, Steinhein, Germany) was added to promote pectin gela-
tion by crosslinking. Folin-Ciocalteu reagent and ethanol were purchased from Scharlau
S.L. (Barcelona, Spain); sodium carbonate was purchased from Fisher Scientific Scharlau
Chemie (Loughborough, UK). DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2’-azino-bis
acid (3- ethylbenzothiazolin-6-sulfonic acid), gallic acid and Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) were bought from Sigma-Aldrich (St. Louis, MO,
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USA). Sodium hydroxide was acquired from Acros Organics (New Jersey, NJ, USA).
Methanol was acquired from J.T. Baker S.A. (Sowińskiego, Poland). Acetone was pur-
chased from Fisher Chemical (Loughborough, UK). Phenolphthalein was bought from
POCH S.A. (Sowińskiego, Poland). PCA, GCA and buffer peptone water were purchased
from Biokar Diagnostics (Beauvais, France). Sodium hypochlorite was purchased from
Productes Sant Mateu (Barcelona, Spain).

2.2. Lemon Extract (LE)

Lemon byproducts (Citrus limon (L.) Osbeck), consisting of peels, pulp and seeds,
obtained after the extraction of lemon juice and essential oils, were provided by Agrumaria
Reggina company, situated in Reggio Calabria (Italy). The lemon byproduct extract (LE)
used in this study was obtained by an aqueous extraction at 70 ◦C for 30 min, as reported
and characterised by Imeneo et al. [30].

2.3. Preparation of the Dipping and Coating Solutions

Carrots (Daucus carota cv. Nantes) were purchased in a local supermarket in Lleida
(Spain). The carrots were carried to the laboratory of the University of Lleida and imme-
diately processed for this study. Whole carrots (length of 17 ± 3 cm) were sanitized in a
200 μL L−1 NaClO solution for 2 min. Sanitized carrots were rinsed with tap water and the
excess of water was blotted away at room temperature. Carrots were peeled and afterwards
cut lengthwise into two parts and then transversely in two semi-discs (diameter 28 ± 2,
height 20 ± 2 mm).

A portion of the carrot pieces (W + LE) was dipped in an aqueous solution containing
LE (1%, v/v). Other carrot pieces were coated using a pectin-based coating (PC), prepared
in accordance with Oms-Oliu et al. [15] description. The coating solution was prepared by
dissolving pectin (2%, w/v) powder in distilled water and heating at 70 ◦C while stirring,
until the solution became clear. Glycerol (1.5%, w/v) was added as a plasticizer to the
pectin solution and the carrot pieces were dipped into it for 2 min. Excess coating material
was drained for 1 min. Subsequently, carrot pieces were dipped for 2 min into a calcium-
chloride aqueous solution (2%, w/v) with the addition of LE (1%, v/v) for crosslinking
pectin (PC + LE).

Treatments without the addition of LE (W and PC) were prepared as control references.
Then, 100 g of carrots were placed in manually closed, side-perforated polyethylene

terephthalate trays (150 mL) and stored at 4 ± 1 ◦C in the dark until they were withdrawn
for analyses after 1, 3, 7, 10 and 14 days of storage.

Two trays of each treatment condition were taken at each monitoring time to carry out
repetition of analyses.

2.4. Physicochemical Properties

Titratable acidity (% of citric acid) and pH (pH meter Crison micropH 2000, Crison
Instruments S.A., Alella, Barcelona, Spain) were evaluated according to AOAC meth-
ods [31,32].

Total soluble solids (◦Brix) were determined through the measurement of the refraction
index with a digital refractometer (PR-32, 3412-J01, Atago Company Ltd., Tokyo, Japan) at
25 ◦C.

Dry matter (%) of carrot pieces was quantified according to AOAC method [33], by
calculating loss weight at 70 ◦C until constant values were reached.

• Colour

Colour values of cortical tissue (external side) and vascular cylinder (internal side)
were measured with a colorimeter (Minolta Chroma Meter Model CR-400, Minolta Sensing
Inc., Osaka, Japan). Ten readings were performed on each replicate. Total colour difference
(ΔE), as reported by Thompson [34], and the whiteness index (WI), according to Piscopo
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et al. [5], were determined, considering CIELab coordinates in freshly cut carrot pieces and
the values obtained at each day of monitoring according to the equations below:

ΔE =

√[
(L − L0)

2 + (a − a0)
2 + (b − b0)

2
]

(1)

WI = 100 −
√
[(100 − L2) + a2 + b2] (2)

where L0, a0, and b0 are the values measured on the 1st day, and L, a and b relate to data
measured at each sampling time.

• Hardness

Hardness of cortical tissue and vascular cylinder of carrots was measured with a TA-
XT2 texture analyser (Stable Micro Systems Ltd., Surrey, UK), fitted with a 4-mm-diameter
cylinder steel probe, which went through the carrot surface for 10 mm at a constant speed
of 5 mm·s−1 and automatic return. The probe movement was orthogonal to the carrot
tissue. Hardness (N s−1) was defined as the area under the curve between the graphic
depicting force vs time [35]. Five randomly withdrawn carrot pieces were analysed per
treatment and sampling time.

2.5. Microbiological Analysis

Total aerobic bacterial counts (TBC) were evaluated throughout storage. Two replicate
packages were analysed per treatment and sampling time and two counts were obtained
from each one. Under sterile conditions, 10 g of carrot pieces were homogenized for 3 min
with 90 mL of 0.1% sterile peptone water using a Stomacher Lab Blender 400 (Seward
Medical, London, UK). Serial dilutions of the homogenates were placed on plate count agar
(PCA; Biokar Diagnostics. Beauvais, France) and incubated at 35 ± 1 ◦C for 48 h for TBC
determination. The results were expressed as log CFU g1 [36].

2.6. Respiratory Activity

A Micro-GC gas analyser (Model CP 2002, Chrompack International, Middelburg, The
Netherlands) characterised by a thermal conductivity detector was applied to evaluate
the respiratory activity of carrot pieces. A variation of the procedure reported by López-
Gómez et al. [37] was used. At each monitoring time, 50 g of carrots were placed in airtight
containers of 250 mL and stored at 4 ◦C for 3 h. Subsequently, 1.7 mL of gas was collected
from the headspace with a syringe via a rubber septum. Carbon dioxide production
(RRCO2) and oxygen consumption (RRO2) were reported as mg kg−1 h−1, as described by
Tappi et al. [38].

2.7. Extraction and Determination of Total Phenolic and Content and Antioxidant Activity

The extraction of phenolic compounds was carried out as reported by Formica-Oliveira
et al. [39], with minor modifications. A portion of 5 g of carrot was homogenised with
20 mL of methanol with an Ultra-Turrax T25 (IKA®-Werke GmbH & Co., Staufen, Germany)
for 2 min. Homogenates were centrifuged at 13,500× g and 4 ◦C for 20 min (Centrifuge
AVANTITM J-25, Beckman Instruments Inc., Fullerton, CA, USA). The supernatants were
collected and then filtered through Whatman no. 1 filter.

The total phenolic content (TPC) was determined following the Folin–Ciocalteu proce-
dure tailored to 96-well microplates [2]. After an aliquot of 30 μL of methanolic extract was
introduced into a microplate, 150 μL of 10% (v/v) Folin–Ciocalteu reagent and 120 μL of
Na2CO3 7.5% (w/v) were added. After incubating for 90 min at room temperature in dark-
ness, the absorbance at 765 nm was determined with a microplate reader (Thermo Scientific
Multiskan GO, Vantaa, Finland). The results were expressed as mg of gallic acid equivalents
per 100 g (mg 100 g−1) on a fresh-weight basis. Phenolic compounds extraction was carried
out twice per treatment repetition and fourfold spectrophotometrically determined.
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Total carotenoids content (TCC) was determined spectrophotometrically (CECIL CE
2021; Cecil Instruments Ltd., Cambridge, UK) as described by González-Casado et al. [40],
with slight modifications. An aliquot of fresh-cut carrots (2 g) was homogenised with 25 mL
of acetone:ethanol (1:1, v/v) with an Ultra-Turrax T25 (IKA® WERKE, Germany). Sample
was extracted in the dark, filtered through Whatman No. 4 filter paper, and washed with
the acetone:ethanol solution until the residue was colourless. Samples were adjusted to
100 mL, and the absorbance was read at 470 nm versus a blank of acetone:ethanol. TCC
was determined by the equation below:

Total Carotenoids Content =
A470·V·104

A1%
1cm·G

(3)

where A470 is the absorbance at 470 nm, V is the total volume of extract (mL), A1%
1cm is the

extinction coefficient of a mixture of carotenoids established as 2500 by Gross [41] and G is
the sample weight (g). Total carotenoids were expressed as mg per 100 g of fresh weight
(mg TCC 100 g−1).

The antioxidant activity of fresh-cut carrots was determined by DPPH and ABTS as-
says, using a 96-well microplate reader (Thermo Scientific Multiskan GO, Vantaa, Finland).

The determination of free radical scavenging effect on 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical was performed as reported by Ribas-Agustí et al. [35] with some modifica-
tions. An aliquot of 20 μL of methanolic extract (Section 2.7) was placed into a microplate
and 280 μL of a 6 × 10−5 M methanolic solution of DPPH were added. The homogenate was
kept in darkness for 30 min under continuous stirring and the absorption of the samples
was measured at 515 nm against a blank of methanol without DPPH. A calibration curve
was built with Trolox (from 6 to 30 μM). Results were expressed as μM Trolox equivalents
per 100 g (μmol 100 g−1) on a fresh-weight basis.

The ABTS (2,2’-azino-bis acid 3-ethylbenzothiazolin-6-sulfonic acid) assay was carried
out as reported by Re at al. [42]. An aliquot of 40 μL of methanolic extract (Section 2.7) was
placed into a microplate and 260 μL of ABTS ethanol solution were added. The homogenate
was kept in darkness for 6 min under continuous stirring and the absorption of the samples
was measured at 734 nm against a blank of ethanol without ABTS. A calibration curve was
built with Trolox (from 30 to 120 μM). The results were expressed as μM Trolox equivalents
per 100 g (μmol 100 g−1) on a fresh-weight basis.

2.8. Statistical Analysis

All the experimental results were expressed as mean value (n = 4) ± standard deviation
(mean ± SD). Significance of the results and statistical differences were analysed using
SPSS Software (Version 15.0, SPSS Inc., Chicago, IL, USA). One-way analysis of variance
(ANOVA) and several multiple comparisons, by Tukey’s post-hoc test, were conducted
to identify individual significant differences (p < 0.05). The Pearson’s correlation test was
performed to determine correlation coefficients (r) among polyphenolic compounds and
antioxidant assays.

3. Results and Discussion

3.1. Physicochemical Properties

Physicochemical characterisation results of uncoated (W and W + LE) and coated (PC
and PC + LE) fresh-cut carrots are reported in Table 1.
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Table 1. Changes in acidity, pH, total soluble solids (Brix◦) and dry matter of uncoated and coated
fresh-cut carrots during 14 days of storage (4 ◦C).

Storage Time (Day)

1 3 7 10 14

Acidity Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD
W 0.10 ± 0.00 ab,A 0.07 ± 0.01 C 0.07 ± 0.01 b,BC 0.08 ± 0.01 b,B 0.10 ± 0.00 a,A

W + LE 0.10 ± 0.01 ab,A 0.07 ± 0.00 BC 0.11 ± 0.00 a,A 0.08 ± 0.00 b,AB 0.05 ± 0.02 b,C

PC 0.11 ± 0.00 a,A 0.08 ± 0.01 B 0.08 ± 0.00 b,B 0.12 ± 0.03 a,A 0.07 ±0.00 ab,B

PC + LE 0.09 ± 0.01 b 0.07 ± 0.01 0.09 ± 0.01 a,b 0.07 ± 0.01 b 0.09 ± 0.02 a

Significance * ns ** ** **

pH
W 6.34 ± 0.04 BC 6.32 ± 0.03 C 6.43 ± 0.01 AB 6.6 ± 0.03 a,A 6.49 ± 0.10 a,B

W + LE 6.27 ± 0.09 6.46 ± 0.10 6.54 ± 0.08 6.51 ± 0.25 a 6.43 ± 0.00 a

PC 6.31 ± 0.05 A 6.38 ± 0.01 A 6.40 ± 0.06 A 6.04 ± 0.26 b,B 6.21 ± 0.00 b,AB

PC + LE 6.31 ± 0.01 C 6.29 ± 0.16 C 6.52 ± 0.13 B 6.73 ± 0.06 a,A 6.24 ± 0.06 b,C

Significance ns ns ns ** **

Soluble solids
content (◦Brix)

W 3.6 ± 0.14 d 3.25 ± 0.07 c 3.60 ± 0.57 c 3.70 ± 0.28 c 3.90 ± 0.99 b

W + LE 5.65 ± 0.21 b,A 5.20 ± 0.42 b,AB 5.00 ± 0.42 b,B 5.65 ± 0.07 b,A 5.60 ± 0.28 a,A

PC 5.35 ± 0.07 c 5.40 ± 0.14 b 4.90 ± 0.42 b 5.30 ± 0.28 b 5.35 ± 1.34 a,b

PC + LE 6.4 ± 0.14 a,A 6.05 ± 0.07 a,C 6.25 ± 0.07 a,ABC 6.35 ± 0.21 a,AB 6.10 ± 0.14 a,BC

Significance ** ** ** ** **

Dry matter
W 9.24 ± 0.18 b 9.94 ± 0.94 a 9.99 ± 1.15 9.60 ± 0.45 ab 9.50 ± 0.07

W + LE 10.47 ± 0.78 a 9.71 ± 0.21 a 10.48 ± 1.76 10.11 ± 0.32 a 9.19 ± 0.41
PC 10.96 ± 0.50 a,A 9.73 ± 0.10 a,B 9.18 ± 0.18 B 9.41 ± 0.03 b,B 9.31 ± 0.84 B

PC + LE 9.20 ± 0.36 b 8.68 ± 0.28 b 8.73 ± 0.68 9.55 ± 0.50 ab 9.22 ± 1.53
Significance ** ** ns * ns

Values are the mean of four determinations ± SD (n = 4). Different superscript letters within a row or column indi-
cate statistically significant differences between uncoated and coated fresh-cut carrots. Lower case letters denote
differences among treatments for a set treatment time. Upper case letters denote differences among treatment
times for a set treatment. Absence of letters indicate non statistically significant differences. ** Significance at
p < 0.01; * Significance at p < 0.05; ns, not significant. W, carrots dipped in water; W + LE, carrots dipped in water
+ LE solution; PC, carrots coated with a pectin-based coating; PC + LE, carrots coated with a pectin-based coating
with LE.

The application of a pectin-based coating containing lemon byproduct extract (PC + LE)
on minimally processed carrots helped to preserve their physiological parameters, helping
to the maintain higher total soluble solids and acidity values during refrigerated storage
at 4 ◦C. This is suggestive of reduced physiological activity in the coated product [43].
Immediately after treatment, PC + LE carrots showed the lowest acidity values, compared
to other fresh-cut carrots. The combination of the lemon byproduct extract and pectin-based
coating favoured a relevant preservation of the acidity levels, showing no significant changes
(p > 0.05) throughout storage. In addition, PC + LE carrots exhibited the highest soluble
solids content (◦Brix) from the first to the last day of storage, with a very slight decreasing
trend over time. Physiological parameters, such as titratable acidity, pH and sugar content,
are good indicators of fruit maturation and senescence. In this regard, the coatings success-
fully demonstrated their potential in slowing down the natural physiological behaviour
of fruits and vegetables, retarding metabolic reactions and, thus, senescence, thanks to the
different gas permeability of the coating and its influence on the vegetables’ respiratory
activity [6,44]. Moreover, thanks to its content in bioactive compounds, the simultane-
ous presence of LE also contributed to delaying changes induced by stressful conditions
concomitant with minimal carrots processing, such as the metabolism of soluble sugars.

Colour changes were monitored over time by determining CIELab parameters (lightness,
L *; green-red chromaticity, a *; and blue-yellow chromaticity, b *) and total colour difference
(Table 2), on both cortical tissue and vascular cylinder of uncoated and coated fresh-cut carrots.
Total colour difference (ΔE) values throughout storage were significantly (p < 0.05) reduced
by the application of a pectin-based coating and a lemon byproduct extract.
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Table 2. Total colour difference (ΔE) of uncoated and coated fresh-cut carrots throughout 14 days of
storage (4 ◦C).

ΔE

Storage Time (Day)

1 3 7 10 14

Cortical
Tissue

Vascular
Cylinder

Cortical
Tissue

Vascular
Cylinder

Cortical
Tissue

Vascular
Cylinder

Cortical
Tissue

Vascular
Cylinder

Cortical
Tissue

Vascular
Cylinder

W 3.63 ± 0.56
a

7.09 ± 0.53
ab,B

5.85 ± 1.24
a

11.31 ±
1.48 a,A

5.60 ± 1.27
a

9.67 ± 1.42
a,A

5.83 ± 2.04
a

9.84 ± 1.52
A

5.47 ± 0.94
a

9.62 ± 1.72
a,A

W + LE 3.01 ± 0.30
ab

6.49 ± 1.35
a,B

2.33 ± 0.93
b

13.87 ±
2.00 a,A

2.87 ± 0.04
b

9.01 ± 1.88
a,AB

3.53 ± 1.26
a,b

7.89 ± 2.35
B

2.33 ± 0.91
b

9.57 ± 1.67
a,AB

PC 2.20 ± 0.64
bc

3.17 ± 0.56
ab

2.07 ± 0.56
b

6.21 ± 0.70
b

1.42 ± 0.61
b

4.41 ± 1.26
b

1.66 ± 0.58
b 5.93 ± 2.58 1.63 ± 0.69

b
6.14 ± 2.06

a,b

PC + LE 1.63 ± 0.19
c,B

1.74 ± 0.66
b,B

3.06 ± 0.26
b,A

2.07 ± 0.71
c,AB

1.00 ± 0.28
b,B

3.02 ± 0.19
b,AB

1.22 ± 0.07
b,B

4.38 ± 1.78
A

2.65 ± 0.36
b,A

3.76 ± 0.28
b,AB

Sign. ** * ** ** ** ** ** ns ** **

Values are reported as mean ± standard deviation (n = 10). Different superscript letters within a row or column
indicate statistically significant differences between uncoated and coated fresh-cut carrots. Lower case letters
denote differences among treatments for a set treatment time. Upper case letters denote differences among treat-
ment times for a set treatment. Absence of letters indicate non statistically significant differences. Abbreviations:
**; *; ns; Sign.; W; W + LE; PC; PC + LE (see Table 1).

As shown in Table 2, coated carrots were characterized by the lowest ΔE values on
both cortical tissue and vascular cylinder immediately after treatment (day 1). Moreover,
the combination of the pectin coating and lemon byproducts extract (PC + LE) limited
colour changes throughout storage (ΔE < 3). It is remarkable that total-colour-difference
values greater than 3 denote differences that are easily noticeable by the human eye [45].
In contrast, uncoated carrots underwent colour changes (ΔE > 3) over storage that are
noticeable by the human eye in both cortical and vascular cylinder tissues. Interestingly,
W + LE-treated carrots were characterised by significantly lower ΔE values (p < 0.05)
compared to W-treated carrots, which can be attributed to the antibrowning effect of the
lemon extract.

The coating application was related to a significant (p < 0.05) greater stability of
lightness (L *) values and with higher a * and b * values throughout storage in comparison
to uncoated carrots (data not reported). The higher L * values observed in W and W + LE
carrots could be related to the biosynthesis of lignin in wounded carrot tissues by enzymes
stimulated during minimal processing operations, such as phenylalanine ammonia lyase
(PAL) [46]. As reported by several authors [47–50], PAL promotes surface discoloration by
increasing levels of soluble phenolics required for lignin biosynthesis and its activity could
increase due to wound-induced stimulation throughout storage.

In this study, the presence of the pectin-based coating and LE on carrots’ surfaces
appears to have contributed to the retention of colour over time on both the cortical tissue
and vascular cylinder, by counteracting the enzymatic action stimulated by abiotic stress.

As shown in Figure 1, coating treatments significantly (p < 0.05) affected the develop-
ment of white blush on fresh-cut carrots during storage. The WI values of coated carrots
were significantly lower than those of the uncoated ones, throughout the evaluated storage
period. In all the fresh-cut carrots, vascular cylinder surfaces exhibited higher WI values
than cortical surfaces over time, which is consistent with the observed ΔE values (Table 2).
PC and PC + LE carrots did not suffer an increase in WI throughout storage, recording
constant values on both cortical tissue and vascular cylinder. Comparable findings were
also noted by Vargas et al. [51] for carrot slices, who reported that a chitosan coating sig-
nificantly reduced the development of white blush on carrots’ surfaces. In contrast, an
increase in WI values was observed in the vascular cylinder surfaces of uncoated carrots (W
and W + LE) from the third day of storage onwards. Moreover, the addition of the lemon
byproduct extract into the pectin-coating formulation did not show any influence on the
development of white blush throughout storage.
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Figure 1. Changes in whiteness index (WI) values of uncoated and coated fresh-cut carrots on cortical
tissue and vascular cylinder throughout 14 days of storage (4 ◦C). Abbreviations: W; W + LE; PC;
PC + LE (see Table 1).

In this study, the increase in white-blush development was significantly (p < 0.05)
retarded by the application of the pectin-based coating. Considering that the main reason
for carrot white discoloration is surface dehydration, the edible coating delayed whitening
by working as a surface moisturizer [52,53]. Hence, acting as a humectant thanks to
its hydrophilic nature, pectin keeps the surface of peeled carrots moist to retard white
discolouration (Figure 2).

  

Figure 2. Representative photograph of white blush in vascular cylinder (on the left) and cortical
tissue (on the right) of uncoated and coated fresh-cut carrots on the 14th day of storage at 4 ◦C. From
left to right: W; W + LE; PC; PC + LE (abbreviations, see Table 1).

Regarding texture (Figure 3), the coated fresh-cut carrots showed similar (p > 0.05)
hardness values in both cortical tissue and vascular cylinder throughout storage. This
contrasts with uncoated carrots, whose texture values significantly (p < 0.05) differed, with
vascular cylinders softer than cortical tissues. This difference between tissues, observed
from day 1 in W and W + LE carrots, was consistent throughout storage.
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Figure 3. Hardness changes throughout storage of fresh-cut carrots (cortical and vascular cylinder
tissues) as affected by pectin coating and the addition of a lemon byproduct extract. Abbreviations:
W; W + LE; PC; PC + LE (see Table 1).

The use of calcium chloride in the coating formulation in combination with LE seems
to be a determinant factor in maintaining the hardness of fresh-cut carrots. Various authors
described the positive impact of incorporating calcium chloride into coating formulations
on the retention of hardness in fresh-cut fruits [15,54–56]. However, the presence of LE
helped, as well, to preserve the hardness of carrots, probably thanks to the extract’s action
in counteracting the activity of specific enzymes such as polygalacturonase. Hardness loss,
in fact, may be related with the deterioration of compounds responsible for vegetable struc-
tural rigidity, primarily insoluble pectin and protopectin. In maturation, pectinesterase and
polygalacturonase activities intensify, producing the solubilisation of pectin substances [57].
In addition, the observed decrease in hardness of the fresh-cut carrots may be linked not
only to the action of pectinolytic enzymes, but also to the increased activity of glycolytic
enzymes, which contribute to the hydrolysis of hemicellulose and other cell wall compo-
nents and which might be activated as a defence mechanism in cases of microbiological
attack and/or injury [58]. The structural integrity of carrot tissues could also be related to
the highest soluble solids content observed for PC + LE carrots (Table 2). In fact, although
soluble sugars are known to be a signal of the regulation of various mechanisms associated
to growth, development and metabolic responses in plants, they also operate as metabolic
resources and structural elements of cells [59].

3.2. Microbial Growth

The results of microbiological analyses are reported in Figure 4. Microbial counts on
PC + LE significantly differed from those observed in carrots subjected to other treatments.
PC + LE carrots showed the lowest value of TBC (2.58 ± 0.06 log CFU g−1) immediately
after treatment. Microbial counts for treatments without the incorporation of LE were
significantly (p < 0.01) higher (3.66 ± 0.31 and 3.81 ± 0.44 log CFU g−1, for W and PC
carrots, respectively). After the first day of storage, PC + LE continued to exhibit the lowest
TBC values (p < 0.01) for at least one week. Our results agree with those obtained by
Amanatidou et al. [60], who studied the effect of an alginate-based coating added with
0.1% of citric acid on sliced carrots stored at 8 ◦C under modified atmosphere conditions.
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The authors reported that the combination of 0.1% citric acid and 2% CaCl2 in coating
formulations significantly reduced the initial total microbiota for at least 1 log CFU g−1

during up to 8 days of storage.
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Figure 4. Growth of total bacterial load on uncoated and coated fresh-cut carrots throughout 14 days
of storage (4 ◦C). Abbreviations: W; W + LE; PC; PC + LE (see Table 1).

The inclusion of natural antioxidants and antimicrobials to the pectin-based coating,
by means of the incorporation of LE, decisively led to the shelf-life extension of fresh-cut
carrots. This effect could be related to the presence of phenolic compounds dispersed
within the pectin matrix of the coating, which allowed them to be progressively released
to the carrot surface over storage [61]. As reported by Budiati et al. [62] and Ivasenko
et al. [63], compounds such as apigenin and gallic acid, detected in lemon byproduct
extracts, are characterised by an intense antibacterial activity, by limiting microbial adhesion
and deactivationg bacterial enzymes and cell transport proteins. In addition, hardness
decay may be, as well, related to the proliferation of pectolytic Pseudomonas [60]. In
fact, the higher and more stable texture values observed for PC + LE (Figure 3) correlate
well with lower total bacterial counts, which could be associated to reduced bacterial
enzymatic activities.

3.3. Respiratory Activity

The effect of treatments on the respiratory activity of fresh-cut carrots, expressed as
oxygen consumption (RRO2) and carbon dioxide production (RRCO2), is shown in Figure 5.

Significant differences (p < 0.05) in terms of O2 consumption and CO2 production were
found between treated carrots immediately after treatment. Particularly, coated fresh-cut
carrots (PC and PC + LE) showed the lowest values of RRO2 (Figure 5a). Furthermore,
an increasing trend was observed for RRO2 values over storage, with the highest values
observed for W-treated carrots. The reduced oxygen consumption in coated fresh-cut
carrots is probably attributable to the slowing down of the product’s metabolic reactions,
which would result in a better preservation of physicochemical parameters. On the other
hand, regarding RRCO2 (Figure 5b), all treatments showed an initial increase in values
followed by a decrease after the 7th day of storage.
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Figure 5. (a) Oxygen consumption values (RRO2) of uncoated and coated fresh-cut carrots throughout
14 days of storage at 4 ◦C; (b) carbon dioxide production values (RRCO2) of uncoated and coated
fresh-cut carrots throughout 14 days of storage at 4 ◦C. Abbreviations: W; W + LE; PC; PC + LE (see
Table 1).

Variations in respiration rates furnish information of the general metabolic activity
of carrot tissues as affected by postharvest and minimal processing conditions [37]. As
reported by Tappi et al. [38], the inhibition of respiration relative to O2 consumed did not al-
ways match a significant decrease in CO2 production (RRCO2). This contrasting behaviour
could be caused by the stress generated during processing and coating operations, which
promoted a slight increase in CO2 production. However, the application of the lemon
byproduct extract in the coating formulation does not appear to have had any significant
impact on the respiration rate of fresh-cut carrots.

In addition, the coating itself could behave as a barrier to gas transport and prolong
the commercial shelf-life of fresh products by modifying their internal atmosphere [51].
At the same time, the increase in the respiration process observed in coated carrots could
be associated to modifications in the barrier properties of the coating matrix, which may
be stimulated by the high values of carrots’ water activity when stored in chilling con-
ditions [64]. The changes in respiratory rates could also be linked to vegetable-tissue
stress induced by minimal processing operations, such as trimming, peeling and cutting,
or the application of the coating matrix, which generates stressful conditions [4]. How-
ever, the presence of the pectin-based coating encouraged a significant reduction in the
respiration rate of fresh-cut carrots for at least one week of storage compared to the con-
trol W, most likely as a consequence of the interaction of calcium ions with pectin and
plant-cell-wall components.

3.4. Bioactive Compounds Content and Antioxidant Activity

The total carotenoids content (TCC) of fresh-cut carrots, as affected by the coating
treatments, is reported in Figure 6. The highest total carotenoid content was found in
just-processed carrots subjected to treatments with the incorporation of LE, with values
of 16.83 ± 0.67 and 13.29 ± 0.75 mg TCC 100 g−1 for W + LE and PC + LE, respectively.
Among them, PC + LE showed constant values in TCC for one week of storage. This
aspect confirms the simultaneous protective effect of the coating and the extract on the
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stability of carotenoids over time, a parameter that could be related to the minimal colour
variation found in PBC + LE (Table 2). Changes in colour can be linked to dehydration
and discolouration of the carrots’ surfaces, together with the oxidation of carotenoids [51].
In fact, the main cause of carotenoid losses in vegetables is the oxidation of carotenoids,
due to their highly unsaturated structure, which can occur by the spontaneous reaction
of vegetable tissues in the presence of oxygen and other environmental factors such as
light [65]. After the first week, a progressive decrease in TCC was observed until the last
day of storage, except for W and PC, which showed an increment in total carotenoid content
after the 10th day of storage.

 

0
2
4
6
8

10
12
14
16
18
20

1 3 7 10 14 1 3 7 10 14 1 3 7 10 14 1 3 7 10 14

W W + LE PC PC + LE

To
ta

l C
ar

ot
en

oi
ds

 C
on

te
nt

(m
g 

TC
C

 1
00

 g
1 )

Time (day)

Figure 6. Total carotenoids content of uncoated and coated fresh-cut carrots throughout 14 days of
storage (4 ◦C). Abbreviations: W; W + LE; PC; PC + LE (see Table 1).

Total phenolic content (TPC) and antioxidant activity values (Figure 7) exhibited a
similar trend to that observed for TCC, especially in fresh-cut carrots with added LE. The
incorporation of the lemon byproduct extract into the pectin-based coating formulation
assured a greater stability of the bioactive composition of the carrots during storage. TPC
values clearly denote a protecting effect of the coating against oxidative phenomena [61].
Hence, treatments incorporating the lemon byproduct extract (PC + LE and W + LE)
allowed maintaining a higher total polyphenols content than control samples (W and PC),
until the 10th day of storage. This contrasts with the values observed for W and PC carrots,
which noticeably decreased during the first week of storage. However, on the 10th day,
treatments without the incorporation of LE showed a significant increase in TPC as well as
antioxidant activity values, as also observed by Ranjitha et al. [66].

This phenomenon may be ascribed to the onset of metabolic pathways leading to
the production of phenolic compounds, as a part of the plant defence mechanisms [61].
An increase in TPC is one of the most widely studied events in response to wounding in
several fresh-cut products, which has been further confirmed in the case of carrots. Namely,
an increase in TPC and TCC might also be related to the wound-induced stimulation of
the plant enzyme phenylalanine ammonia lyase (PAL), which transforms L-phenilalanine
into trans-cinnamic acid, which acts as a precursor for different phenylpropanoids, such
as lignin [66]. In this regard, several authors assign development of a superficial white
blush to lignin synthesis in reply to cellular injuries, where lignin performs as a new
barrier [51,67,68]. This is consistent with total-colour-difference (Table 2) and whiteness-
index (Figure 1) results. However, the application of the edible coatings added with LE
was effective in preserving the the TPC and antioxidant activity of coated carrots, which is
related to the contents of different compounds, such as polyphenols and carotenoids. A
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high positive correlation between TCC and DPPH assays was found for W + LE carrots
(r = 0.90) and PC + LE (r = 0.83), which agrees with the well-established relationship
between the protective affect exerted by the lemon byproduct extract on carotenoids. As
reported by de Oliveira et al. [43], the application of coatings could reduce the loss of
phenolic compounds and preserve coated fruit and vegetables from oxidative damage and
the accumulation of free radicals, thanks to their contribution in slowing down enzymatic
activity and, thus, retarding changes in colour and other physicochemical parameters
associated to senescence [69].
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Figure 7. Total phenolic content (TPC) and expression of antioxidant activity (ABTS and DPPH
assays) of uncoated and coated fresh-cut carrots throughout 14 days of storage (4 ◦C). Abbreviations:
W; W + LE; PC; PC + LE (see Table 1).

4. Conclusions

The results of this study demonstrate that a pectin-based edible coating could be a
simple and affordable technique for carrying bioactive compounds, such as those contained
in the lemon byproduct extract, with considerable applicability in minimally processed
carrots to improve the nutritional value and quality attributes of these fresh goods.

In fact, fresh-cut carrots treated with a pectin-based coating and lemon byproduct
extract were characterized by a good preservation of physiological parameters and limited
changes in colour (ΔE < 3) and white-blush development on both cortical tissue and
vascular cylinder throughout the storage period. The application of the pectin-based
coating with the lemon byproduct extract ensured that carrots maintained stable structural
integrity throughout the 14 days of storage at 4 ◦C, thanks to the reduction in enzymatic
bacterial activity. This kind of treatment on minimally processed carrots also resulted in
higher levels of carotenoids, phenolic compounds and antioxidant activity, as evident from
higher ABTS and DPPH radical scavenging activity values.

This strategy represents an interesting option to decrease the rate of the physiological
postharvest decay of fresh-cut carrots, slowing down the respiration process and senescence
throughout storage and, at the same time, could be considered a valid approach to valorise a
food industry byproduct. In this regard, edible coatings have proven to be promising carrier
systems for bioactive ingredients that can improve food functional properties, representing
the ideal choice for fruit and vegetables to maintain quality attributes for a longer shelf-life.
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Abstract: Volatile compounds, quality traits (total phenols and antioxidant capacity) and High-
performance liquid chromatography (HPLC)-isolated polyphenols of strawberries, variety Sabrosa,
commercially referred to as “Candonga”, harvested at three different times (H1, H2 and H3) and
at two different ripening stages, namely half-red (Half-red-H1, Half-red-H2 and Half-red-H3) and
red (Red-H1, Red-H2 and Red-H3) were evaluated. Dominant anthocyanins, namely cyanidin-3-
O-glucoside, pelargonidin-3-O-glucoside and pelargonidin-3-O-rutinoside, as well as p-coumaryl
hexoside increased during harvesting, differently from flavonoids, such as quercetin-3-O-glucoside,
kaempferol-3-O-glucoronide and quercetin 3-O-glucoronide, that declined. Samples clustered in
different quadrants of the principal component analysis (PCA) performed on volatiles, quality
traits and phenolic compounds, highlighting that only the red samples were directly correlated to
volatile components, as volatiles clearly increased both in number and amount during ripening. In
particular, volatiles with a positive impact on the consumers’ acceptance, including butyl butyrate,
ethyl hexanoate, hexyl acetate, nonanal, terpenes and lactones, were positively associated with the
Red-H1 and Red-H2 strawberries, while volatiles with negative coefficients related to consumer
liking, including isopropyl butyrate, isoamyl butyrate and mesifurane directly correlated with the
Red-H3 samples. Accordingly, strawberries harvested at Red-H1 and Red-H2 ripening stages could
be preferred by the consumers compared to the Red-H3 fruit. Altogether, these results could help
to individuate quality traits as putative markers of the ripening stage, and optimize the process of
post-harvesting ripening to preserve or improve the desirable aromatic characteristics of strawberries.

Keywords: Fragaria × ananassa Duch.; Sabrosa; ripening stage; headspace solid phase microextraction
(HS SPME GC/MS); HPLC-MS/MS principal component analysis

1. Introduction

Strawberry (Fragaria × ananassa Duch.) belongs to the Rosaceae family, and is one
of the most commonly consumed berry fruit and cash crops worldwide, with more than
2000 varieties [1]. Because of the high content of ellagic acid (EA) and its precursors,
strawberries are considered functional foods [1].

The functional traits of the strawberry originate from to the combination of vitamin C
and other antioxidant components, primarily flavonoids, anthocyanins and EA. In spite
of their relative low content (0.001–0.01% of fresh fruit weight), the volatile organic com-
pounds (VOCs) are the main responsible for the strawberries’ flavor, which is a crucial
factor in determining the consumer’s preference and the sensory quality of the fruit [2–4].
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Strawberry fruit can be considered a typical example of a complex fruit aroma, since several
hundred VOCs concur to determine the flavor of fresh strawberries [4].

Qualitative and quantitative profiles of strawberry VOCs stem partially from genetic
traits and growth-dependent activation of specific metabolic pathways, so that they show
specific patterns and distinctive volatile components depending on the cultivar and degree
of ripening [5]. Thus, aroma can be a fingerprint to distinguish among varieties and stage
of fruit development [3].

The content of VOCs increases during the maturation in climacteric fruits, and a
similar effect could be expected in non-climacteric fruit as well, such as the strawberry [3].

Harvesting fruit before it is fully ripe is a common practice for many fruits in the
supply chain, as it allows to complete ripening in post-harvest storage [6].

Clearly, the maturity stage affects the consumer liking of these fruits, including straw-
berries, as a consequence of the changes affecting the volatile profile [7].

Monitoring the VOCs pattern during the maturation process could offer specific
markers for establishing the optimal harvest time, ensuring a standardized aroma to con-
sumers as well as maximizing quality and phytosanitary characteristics, thus contributing
to minimizing post-harvest losses [5]. Volatile esters are the compounds most associated
with strawberry fruit ripening, although VOCs belonging to different classes could be
considered markers of maturity, varying with the cultivar [3].

Among the phenolic compounds, anthocyanins are responsible for the bright red
color of the strawberries. They are the most abundant phenolic compounds in most of the
27 cultivars analyzed by Aaby et al. [8], and are known to possess health benefits. The
anthocyanins also vary with cultivars, and steadily increase during ripening, as assessed
by analyzing the number of strawberry cultivars [8].

The present study aimed at evaluating for the first time the changes in fruit quality
traits, content of VOCs and phenolic compounds in strawberry samples of the variety
Sabrosa, commercially referred to as “Candonga”. Strawberries were collected at two
different ripening stages (half-red and red) in three different harvesting times. The goal
was to gain information about the modification at a metabolite level occurring during
strawberry maturation and the contributing individuate putative molecular markers, in
order to optimize the selection of the timing of harvest.

2. Materials and Methods

2.1. Plant Material

“Candonga” strawberries (Fragaria × ananassa Duch. var. Sabrosa) were harvested
by Apofruit (Scanzano Jonico, Italy) on 21 May (first harvest time, H1), 27 May (second
harvest time, H2) and 1 June (third harvest time, H3) at two different ripening stages,
namely half-red (in ripening phase, fully expanded and 50% red, indicated as Half-red-H1,
Half-red-H2 and Half-red-H3) and red (in ripening phase, fully expanded and 100% red,
indicated as Red-H1, Red-H2 and Red-H3), according to visual criteria (Figure 1).

Half-red and red strawberries showed soluble solids at harvest of about 8.8 ± 0.7 and
9.8 ± 0.2 ◦Brix, respectively. At each harvest time, fruit berries were packed into PET trays
(Cartonpack spa, Rutigliano, Ba) (about 500 g for each tray) and transported in refrigerated
conditions (4 ± 1 ◦C) to the Consiglio Nazionale delle Ricerche (CNR) laboratories, and
were analyzed within 3 h since harvesting. Here, strawberries were visually inspected and
selected to choose fruits free of physical or biological damage. Respiration rate titratable
acidity, total soluble solids, pH, color parameters, antioxidant activity, total phenols, HPLC-
separated individual phenolic compounds and VOCs were evaluated at each harvest time
and for each ripening stage.
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Figure 1. “Candonga” strawberries (var. Sabrosa) harvested at two different ripening stages, namely
half-red (in ripening phase, fully expanded and 50% red, indicated as Half-red-H1, Half-red-H2 and
Half-red-H3) and red (in ripening phase, fully expanded and 100% red, indicated as Red-H1, Red-H2
and Red-H3).

2.2. Reagents and Chemicals

Chemicals, standards and reagents were from Sigma-Aldrich (St. Louis, MO, USA).
Folin–Ciocalteu’s phenol reagent was purchased from Merck (Darmstadt, Germany). Ultra-
pure water (resistivity at 25 ◦C of 18 MΩ cm) was from a Millipore Milli-Q purification
system (Millipore Corp., Bedford, MA, USA), while helium at a purity of 99.999% (Rivoira,
Milan, Italy) was used as GC carrier gas. The HS-SPME fibers and the glass vials were
purchased from Supelco (Bellofonte, PA, USA); the capillary GC-MS column High Polarity
(HP)-Innowax (30 m × 0.25 mm × 0.5 μm) was acquired from Agilent J&W (Agilent
Technologies Inc., Santa Clara, CA, USA).

2.3. Respiration Rate

The respiration rate of strawberries was measured at 8 ◦C using a closed system,
according to the method reported by Kader [9]. In particular, for each ripening stage
and replicate (n = 3), about 500 g of sample were put into 3.6 L sealed plastic jar (one
jar for each replicate) where CO2 was allowed to accumulate up to 0.1% of the standard
concentration of the CO2. The time taken to get to this value was detected by measuring
the CO2 amounts at regular intervals of time. The CO2 analysis was conducted by injecting
1 mL of gas sample from the headspace of the plastic jars through a rubber septum into
a gas chromatograph (p200 micro GC-Agilent, Santa Clara, CA, USA) fitted with dual
columns and a thermal conductivity detector. CO2 was analyzed with a retention time
of 16 s and a total run time of 120 s using a 10 m porous polymer (PPU) column (Agilent,
Santa Clara, CA, USA) at a constant temperature of 70 ◦C. Respiration rate was reported as
mL CO2/kg h.
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2.4. Total Soluble Solids, Titratable Acidity and pH

For each replicate and at each ripening stage, about 100 g of strawberries was homog-
enized to obtain the fruit juice which was used to assay total soluble solids (TSS), titratable
acidity (TA) and pH. The TSS content was determined using a digital refractometer (DBR35-
XS Instruments, Carpi, Italy) and results were expressed in ◦Brix.

The pH of the fruit juice was determined using a pH meter (PH-Burette 24-Crison
Instrument, Barcelona, Spain) and the titratable acidity (% citric acid) was measured
by titration using 0.1 M NaOH to the final pH 8.1, revealed with phenolphthalein as
the indicator.

2.5. Antioxidant Activity and Total Phenolic Content

The analyses of the antioxidant activity (AA) and the total phenolic content (TPC) of
strawberry samples were carried out on samples extracted as follows: for each replicate and
at each ripening stage, 5 g of strawberries (chopped into small pieces) was homogenized in
20 mL methanol/water solution (80:20 v/v) for 2 min, using a homogenizer (T-25 digital
ULTRA-TURRAX®-IKA, Staufen, Germany) and then centrifuged (Prism C2500-R, Labnet,
Edison, NJ, USA) at 15,000 rpm for 5 min at 4 ◦C. The extracts were collected and stored at
−20 ◦C before the analysis.

The AA was measured on the methanol extract using the DPPH (1,1-diphenyl-2-
picrylhydrazyl) assay as described by Cefola et al. [10]. The absorbance was measured at
515 nm after 40 min in the dark, using a spectrophotometer (UV-1800, Shimadzu, Kyoto,
Japan). The results were expressed as mg of Trolox per 100 g of fw (fresh weight) using a
Trolox calibration curve (82–625 μM; R2 = 0.999).

The TPC was determined according to Fadda et al. [11]. In detail, 100 μL of each
extract was mixed into 1.58 mL of water, 100 μL of Folin–Ciocalteu’s reagent and 300 μL of
sodium carbonate solution (200 g/L). The resulting absorbance was measured at 765 nm
after 2 h in the dark and the results were expressed as mg of gallic acid equivalents (GAE)
per 100 g of fw. The calibration curve of gallic acid was prepared with five points, from
50 to 500 μg/mL, with R2 = 0.998.

2.6. Analysis of Polyphenols Compounds
2.6.1. Reversed Phase-High Performance Liquid Chromatographic-Diode Array Detector
(RP-HPLC-DAD) Semi-Quantitative Determination of Polyphenols

Strawberry methanolic (80%, v/v) extracts, prepared as described above (Par. 2.5),
were ten-fold diluted with aqueous 0.1% (v/v) trifluoroacetic acid (TFA) and 100 μL of
the diluted sample was separated using a modular HP 1100 chromatographer (Agilent
Technologies, Paolo Alto, CA, USA) equipped with a 250 × 2.0 mm i.d. C18 reversed-phase
column, 4 mm particle diameter (Jupiter Phenomenex, Torrance, CA, USA) held at 37 ◦C in
a thermostatic oven. HPLC runs were performed at a constant flow rate of 0.2 mL/min
applying the following gradient of solvent B: isocratic elution at 5% B for 5 min, 5–60%
linear gradient of B for 5–65 min and 60–100% B at 65–70 min. Eluent A and B were 0.1%
TFA in HPLC-grade water and 0.1% TFA in acetonitrile, respectively. Samples were run
in triplicate and monitored at wavelengths λ = 520, 360, 320 and 280 nm using a diode
array detector (DAD), also acquiring a UV-Vis spectrum every second in the 200–700 nm
range. A home-prepared multicomponent standard solution containing 15 (poly)phenols
among which were gallic acid, p-coumaric acid, quercetin 3-O-glucoside, rutin, EA and
quercetin and kaempferol aglycones (all from Sigma-Aldrich, St. Louis, MI, USA), was
used to confirm or exclude the assignment of some phenolic compounds. Flavonoids
were semi-quantified by plotting the area of peaks integrated at 360 nm on an external
calibration curve built with standard rutin at a known concentration in the 0.10–5.00 μg/mL
range (R2 = 0.99). Antocyanins and p-coumaryl-hexoside were semi-quantified based on
calibration curves built with cyanidin-3-O-glucoside and p-coumaric acid with absorbance
at 520 and 320 nm, respectively. Data were processed using the ChemStation software
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(version A.10) purchased with the chromatograph. Analyses were carried out in triplicate
and peak area values were averaged.

2.6.2. Nanoflow HPLC-ESI MS/MS Analysis

Identification of the phenolic compounds were confirmed by nanoflow-HPLC ESI
MS/MS analysis, which was performed using an Ultimate 3000 ultra-high performance
liquid chromatography instrument (Dionex/Thermo Scientific, San Jose, CA, USA), online
coupled with a Q Exactive Orbitrap (Thermo Scientific) mass spectrometer, using previously
detailed conditions [12]. The mass spectrometer switched between positive and negative
ionization polarity in 1 s and scanned the 120–1200 m/z range, and operated in data-
dependent acquisition for MS/MS, fragmenting up to 5 most intense signals in 1 s with
10 s of dynamic exclusion. Spectra were elaborated using the Xcalibur Software 3.1 version
(Thermo Scientific).

2.7. Volatile Organic Compounds (VOCs) Analysis
2.7.1. Sample Preparation and HS SPME Procedure

The HS SPME conditions of analysis were optimized assaying strawberry samples
obtained from a local supermarket. Profiling of VOCs was performed by HS SPME/GC-MS
according to Zorrilla-Fontanesi et al. [13], but utilizing a DVB/CAR/PDMS (50/30 mm)
fiber, with 50 ◦C as the extraction temperature and 20 min as the extraction time. Concern-
ing the sample preparation, 1 g of “Candonga” strawberry sample was put into a 20 mL
screw-on cap HS vial and mixed into 0.3 g of NaCl. To ensure the analytical reproducibility,
1.5 μL each sample was spiked with 20 ppm of 2-octanol taken from a stock solution, used
as the internal standard (IS). Vials were then sealed with a Teflon septum and an aluminum
cap (Chromacol, Hertfordshire, UK) and stirred. The equilibration time and temperature
were 10 min and 40 ◦C, respectively. The extraction and injection phases were automatically
performed using an autosampler MPS 2 (Gerstel, Mülheim, Germany). Afterwards, the
HS-SPME fiber was automatically introduced into the vial’s septum for 20 min to allow
VOCs to be adsorbed onto the fiber surface.

2.7.2. Gas Chromatography-Quadrupole Mass Spectrometry Analysis (GC-qMS)

VOC analysis was performed using a gas chromatograph model GC 7890A coupled
to a mass spectrometer 5975 C (system from Agilent Technologies, CA, USA). The HS
SPME fiber was inserted for 10 min into the injector port of the GC instrument. VOCs
were thermally desorbed and directly transferred to a capillary column HP-Innowax. Oven
temperature conditions were initially set at 50 ◦C for 3 min, then increased to 160 ◦C at
5 ◦C min−1, held at 160 ◦C for 1 min, ramped to 250 ◦C at 10 ◦C min−1 and stable at
250 ◦C for 2 min. VOCs were analyzed at an ionization energy of 70 eV and detected
by mass selective detector. The detector operated in a mass range between 30 and 300 u
with a scanning speed of 2.7 scans/s. VOCs were identified by mass spectra through
matching with the standard NIST05/Wiley07 libraries, by comparing the retention indices
(RI) (as Kovats indices) with literature data and pure standards when available. Each
sample was analyzed in triplicate with a randomized sequence in which blanks were also
recorded. For each volatile component, the peak area was calculated from the total ion
chromatogram (TIC) and semi-quantified by relative comparison with the peak area of the
IS (Relative Peak Area, RPA%).

2.8. Statistical Data Analysis

For each harvest, the effect of the ripening stage (half-red or red) on respiration rate,
TA, TSS, pH, AA, TPC and VOCs was evaluated by performing a one-way Analysis of
variance (ANOVA)for p ≤ 0.05. The mean values (n = 3) were separated using the least
significant difference (LSD) test (p ≤ 0.05), and Statgraphics Centurion (version 18.1.12,
Warrenton, VA, USA) was used for statistical analyses.
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To highlight the VOCs correlated to half-red and red strawberries, a principal compo-
nent analysis (PCA) was carried out using the software Statistica version 6.0. (Statsoft Inc.,
Tulsa, OK, USA).

3. Results and Discussion

3.1. Quality Traits in Half-Red and Red Strawberries

Respiration rate did not significantly differ between the two ripening stages, pre-
senting values of about 15.10 ± 1.3 mL CO2 kg−1 h−1, in line with those observed in the
classification reported by Kader [14] (Table 1). As concerns the physical parameters, the
one-way ANOVA showed statistically significant different values (p ≤ 0.0001) between the
ripening stages at H1, H2 and H3. In detail, TA in red strawberries was lower than that
detected in half-red samples in all harvest times. These results were consistent with the
lower pH values detected in half-red strawberries compared to those of the red samples
at all the harvest times (Table 1). The decrease in TA with the consequent increase in pH
during the ripening has been previously explained by the conversion of organic acids
into sugars in the course of the respiration process [15]. The ripening stage significantly
influenced TSS at each harvest time, showing higher values (13.8, 14.5 and 4.4% more in
H1, H2 and H3, respectively) in red samples than in half-red ones (Table 1). Similar results
of TA, pH and TSS have been already reported by Correia et al. [16] and Aguero et al. [17]
in “Candonga” strawberries harvested in spring at full ripening.

Table 1. Physical and chemical parameters measured in strawberries cv “Sabrosa” at two different ripening stages (half-red
or red) and at three harvest times (H1, H2, H3).

Parameters

Harvest Time

H1 H2 H3

Ripening Stage

Red Half-Red p Red Half-Red p Red Half-Red p

Respiration rate (mL CO2 kg−1 h−1) 16.74 14.70 ns 15.33 13.61 ns 16.50 14.00 ns
Titratable acidity (% citric acid) 0.78 b 0.99 a **** 0.86 b 1.00 a **** 0.76 b 0.97 a ****

pH 3.56 a 3.31 b **** 3.44 a 3.27 b *** 3.54 a 3.46 b *
Total soluble solids (◦Brix) 9.61 a 8.37 b *** 9.83 a 8.50 b **** 10.17 a 9.73 b **

Antioxidant activity (mg Trolox 100 g−1 fw) 314.72 a 345.06 b *** 308.12 b 339.11 a * 287.5 b 347.25 a ***
Total phenols (mg GAE 100 g−1 fw ) 175.91 a 207.29 b * 191.46 b 218.05 a * 183.42 b 207.84 a *

For each parameter the mean values followed by different letters (a, b) are significantly different (p ≤ 0.05) according to least significant
difference (LSD) test. Significance: ns = not significant; **** significant for p ≤ 0.0001; *** significant for p ≤ 0.001; ** significant for p ≤ 0.01;
* significant for p ≤ 0.05. GAE is Gallic Acid Equivalent.

The ripening stage of the strawberries significantly influenced AA, as half-red samples
presented higher values (345.06 ± 4.2 mg Trolox 100 g−1 fw) than red berries (287.46 ± 14.2 mg
Trolox 100 g−1 fw), considering the mean of the three harvest times (Table 1). These findings
are in line with previous determination of DPPH radical scavenging capacity [18,19].

Analysis of TPC conducted on the strawberry samples at all the three harvest times
mirrored the trend of AA, confirming that the AA values are directly related to the TPC,
as already recorded in several fruit and vegetable crops [20–22]. Specifically, the half-red
fruits displayed a TPC of 13.9% higher than the one detected on the red samples (Table 1),
according to previous reports [18,19].

3.2. Phenolic Compounds in Half-Red and Red Strawberries

The comprehensive pattern of polyphenols in the strawberry appears very complex,
as compounds belonging to several classes, including hydroxycinnamic acid derivatives,
flavonoids, and anthocyanins are variously represented. Despite numerous studies carried
out to characterize strawberry metabolites, the current inventory of phenolic compounds
emerging from the literature is controversial because of the large number of variety of
cultivars available and the diversity of analytical methods employed. Nevertheless, the
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fraction is substantially dominated by a few compounds, whereas a multitude of other
metabolites occur at a minor abundance [23,24]. The RP-HPLC separation of phenolic com-
pounds in strawberry methanol extracts has been monitored at multiple wavelengths.
Typical RP-HPLC chromatograms of extracts from red (left A) and half-red (right B)
“Candonga” strawberries are shown in Figure 2. In particular, in Figure 2, the HPLC
chromatograms recorded at 280 nm for the general detection of phenolic compounds, at
360 nm for the selective detection of flavonoids and EA and at 520 nm for the diagnostic
detection of anthocyanins are compared. The main HPLC peaks were assigned in Table 2,
based on the converging indications coming from previous identification of strawberry
phenolics [23–25] UV-Vis spectra acquired with the DAD, high-resolution MS and MS/MS
spectra. In agreement with previous data, p-coumaryl-hexoside (peak 1, P1) was the most
abundant hydroxycinnamic acid derivative of strawberry, better detected at 320 nm (not
shown) because of the characteristic absorbance band centered at 315 nm. In half-red
strawberries, P1 was 3-/4-fold lower than in the red samples. Similar to other strawberry
cultivars, the anthocyanin profile of the strawberry is substantially conserved among the
cultivars [25]. Pelargonidin-3-O-rutinoside (P4) was the prevalent anthocyanin both in red
and half-red strawberry samples, followed by less abundant pelargonidin-3-O-glucoside
(P3) and cyanidin-3-O-glucoside (P2). However, the concentration of anthocyanins in
unripe fruits was nearly half than the red counterpart. The chromatogram at 360 nm was
dominated by quercetin-3-O-glucuronide (P7), which was more abundant in Half-red-H1
and Half-red-H2 than in the ripened counterpart. Strawberries have been generally de-
scribed as fruits rich in EA; however, the content of free EA can vary in a wide range,
depending on the cultivar as well as on a series of abiotic factors [26]. In the current straw-
berry samples, free EA was detected at concentrations lower than the limit of quantification,
co-eluting with kaempferol-3-O-glucoside (peak 6, P6), as also confirmed with a separate
injection of pure EA. MS and MS/MS analysis allowed to establish the presence of free
EA and assess that it was slightly more intense in half-red than in ripe strawberry [25]
(data not shown). No glycosylated derivatives of EA were detected among the main com-
pounds by RP-HPLC, while EA conjugates (i.e., pentoside and hexoside) were detected
both in half-red and red strawberry by ion extraction in the MS runs (data not shown).
Several minor signals of relatively high molecular weight compounds detected by LC-
MS were likely ellagitannins that could be converted into EA by processing or chemical
hydrolysis [25]. A detailed characterization of strawberry ellagitannins is challenging and
requires dedicated investigations [24,27].

Table 2. Assignment and semi-quantitative determination of phenolic compounds measured in strawberries cv “Sabrosa”
at two different ripening stages (half-red or red) and at three harvest times (H1, H2, H3).

Polyphenols Code
H1 H2 H3

Half-Red Red p Half-Red Red p Half-Red Red p

p-coumaryl hexoside P1 9.6 b 28.5 a **** 11.4 b 25.9 a **** 12.7 b 29.0 a ****
cyanidin-3-O-glucoside P2 1.8 b 3.3 a **** 2.0 b 3.8 a *** 1.5 b 3.1 a ***

pelargonidin 3-O-glucoside P3 25.1 b 48.7 a **** 19.8 b 42.6 a **** 22.4 b 43.6 a ****
pelargonidin 3-O-rutinoside P4 3.1 b 5.6 a **** 2.4 b 4.5 a *** 3.5 b 5.1 a ***

quercetin-3-O-glucoside P5 5.1 a 4.2 b **** 4.1 a 3.6 b * 3.3 a 3.2 b *
kaempferol-3-O-glucoside P6 2.1 b 2.3 a * 2.5 a 2.1 b *** 2.1 b 2.3 a *
quercetin-3-O-glucuronide P7 20.2 a 17.0 b *** 18.6 a 15.8 b **** 12.5 b 14.1 a ***

kaempferol-3-O-glucuronide P8 2.9 b 3.1 a ** 3.0 b 3.4 a ** 2.5 b 2.8 a **

For each parameter the mean values followed by different letters (a, b) are significantly different (p ≤ 0.05) according to least significant
difference (LSD) test. Significance: ns = not significant; **** significant for p ≤ 0.0001; *** significant for p ≤ 0.001; ** significant for p ≤ 0.01;
* significant for p ≤ 0.05.

The semi-quantitative figures determined for the individual phenolic compounds
were in line with most of the previous determinations reported by other authors [8].
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Figure 2. RP-HPLC chromatograms of extracts from red (left) and half-red (right) “Candonga”
strawberries. Numbers (1–8) above the peaks correspond, respectively, to the codes P1–P8 reported
on Table 2.

3.3. VOCs Compounds in Half-Red and Red Strawberries
3.3.1. Comparative Determination of VOCs in the “Candonga” Strawberry Samples at Two
Different Ripening Stages

Overall, fifty-seven volatile compounds were identified by HS-SPME GC-MS analysis
in the “Candonga” strawberry samples at two different ripening stages (half-red and
red), and at three different harvest times which consisted of esters (26), aldehydes (5),
alcohols (5), acids (9), terpenes (5), furanones (3), lactones (3) and others (1).

One-way ANOVA performed on the semi-quantitative data (RPA%) evidenced sig-
nificant qualitative and quantitative changes in the profile of VOCs over the course of the
two maturation stages, as reported in Table 3. On the other hand, Table S1 includes the
abbreviation code, the experimental and literature Kovats indexes and the identification
methods for the assigned VOCs.

According to previous studies, ester compounds, responsible for the strawberry
fruity and floral aroma, were the most abundant chemical class, with 18 and 26 different
components accounting for about 37% and 49% of all the volatile compounds detected
in the half-red and red fruit, respectively [3]. The majority of these esters have been
previously reported in “Candonga” strawberries [28,29]. The most representative esters in
half-red strawberries were methyl butyrate (E2) (37%), methyl hexanoate (E9) (27%) and
trans-2-hexen-1-ol acetate (E16) (20%), which increased up to about 40% of the total amount
of esters in the red fruit. At ripening, together with γ-decalactone (L2), E16 became the
component with the highest concentrations, individually constituting nearly 20% of the
total content of the VOCs. These findings suggest that E16 and L2 could be considered as
key indicators of full maturity in this variety (Table 3).
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Butyl acetate (E6), methyl pentanoate (E7), ethyl pentanoate (E8), butyl butyrate
(E10), ethyl hexanoate (E11), isoamyl butyrate (E12), octyl isobutyrate (E23) and octyl
2-methylbutyrate (E24) were detected only in red berries (Table 3). In fruit, enzymatic
biosynthesis of volatile esters through the esterification of alcohols and acyl-CoA, derived
from both fatty acid and amino acid metabolism, occurs during the late ripening steps [30].
The enzyme responsible for the final step of ester formation is alcohol acyltransferase
(AAT), which in strawberries can exhibit a 16-fold increase from the half-red to the full red
ripeness degree [31]. A consistent correlation occurs among the expression of an AAT gene,
AAT activity and concentrations of some volatile esters [31]. The availability of substrates
for the biosynthesis of volatile esters is believed to be a limiting step in the production of
esters, leading to different flavor profiles at each ripeness stage [30–32].

Five aldehyde compounds were common to the half-red and red stages, although
occurring at a significantly higher concentration in full red berries (Table 3). The formation
of C6 aldehydes originates from the lipid oxidation pathway, which involves lipoxygenase
(LOX) and hydroperoxide lyase (HPL) enzymes. During ripening, the content of the two
C6 aldehydes, namely hexanal (Ald1) and 2-hexenal (Ald 2), increases, paralleling the
25–200% increment in the activity of LOX and HPL enzymes and the availability of total
linolenic acid as the precursor, which rises up to 200% [32].

Nonanal (Ald3) and decanal (Ald5), arising from the autoxidation of oleic acid, and
benzaldehydes (Ald4), deriving from Strecker degradation of aromatic amino acids, in-
crease during oxidative processes [33].

Gene expression studies reported the existence of a specific enzyme, O-methyltransferase,
that is responsible for the synthesis of mesifurane (F1). Additionally, a Fragaria × ananassa
quinine oxidoreductase (FaQR) was documented to be involved in the formation of furaneol
(F2). F1 and F2 increased considerably during ripening of strawberries, as the enzymes
belonging to their biosynthetic pathway showed the maximum activity at the full red stage,
allowing potential targets to engineer the strawberry flavor from breeding populations [31].

3.3.2. Selection of the VOCs Correlated to Ripening Stage of Strawberry by Principal
Component Analysis

Principal component analysis (PCA) took into account AA, TPC, the semi-quantitative
data of both individual phenolic compounds (Table 2) and VOCs (Table 3), to infer possible
significant associations of strawberries at the two different ripening stages (half-red or red)
and at the three harvesting times (Figure 3).

The two components accounted for 94.8% of the variation in the dataset, since PC1
and PC2 explained 90.3% and 4.5% of the total variance, respectively. In the PCA plot,
all red samples (Red-H1, Red-H2 and Red-H3) appeared in the left part of the score
plot, while all the half-red strawberries (Half-red-H1, Half-red-H2 and Half-red-H3) were
positioned on the right part of the graph, revealing a different distribution of the samples
in the PCA quadrants (Figure 3A). Specifically, Half-red-H1 and Half-red-H2 samples
clustered closely in the bottom right part of the plot, having positive PC1 and negative PC2
values (Figure 3A). These samples showed a significant correlation with three phenolic
compounds (P5, P6 and P7) and with AC (Figure 3B). The direct association of Half-
red-H1 and Half-red-H2 samples with the P5, P6 and P7 metabolites likely reflects the
decline in the synthesis of flavonoids during the last stage of ripening, as demonstrated
for other fruits. The decrease in flavonoids might correspond to their utilization for the
downstream biosynthesis of other metabolites, or to the covalent association with other
cellular components [34]. Furthermore, a higher contribution of flavonoids compared to
other classes of phenolic compounds could explain the correlation with AA.

On the contrary, Half-red-H3 fruit presented positive PC1 and PC2 scores (Figure 3A)
and appeared statistically associated only with TPC (Figure 3B).

The strawberry samples classified as Red-H1 and Red-H2, with negative PC1 and
PC2 scores, were grouped closely in the bottom left part of the PCA plot (Figure 3A) and
covaried with the same volatile metabolites: 39 VOCs comprising 14 esters (E9, E10, E13,
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E15, E16, E17, E18, E19 E20, E21, E23, E24, E25, E26), 4 aldehydes (Ald2, Ald3, Ald4, Ald5),
3 alcohols (Al1, Al2, Al4), 8 acids (Ac1, Ac2, Ac3, Ac5, Ac6, Ac7, Ac8, Ac9), 4 terpenes
(T1, T3, T4, T5), 2 furanones (F2, F3), 3 lactones (L1, L2, L3) 1 other (O1) and 3 phenolic
compounds (P2, P3 and P8) (Figure 3B).

In the PCA score plot, Red-H3 strawberries presented negative PC1 and positive PC2,
and were placed in the high left section of the PCA plot (Figure 3A). This sample showed a
significant correlation with 2 phenolic compounds (P1 and P4) and 18 VOCs, including 12
esters (E1, E2, E3, E4, E5, E6, E7, E8, E11, E12, E14, E22), 1 aldehydes (Ald1), 2 alcohols (Al3
and Al5), 2-methylbutyric acid (Ac4), β-farnesene (T2) and mesifurane (F1) (Figure 3B).

The correlation of anthocyanins (P2-P4) with red samples reflects the evident ac-
cumulation of these metabolites during ripening, which has been determined for the
strawberry on a biosynthetic basis [35]. Interestingly, the increased production of P1
(i.e., p-coumaryl-glucoside, a conjugated monolignol) parallels the decline in flavonoids,
since the p-coumaroyl-CoA precursor is common to the metabolic routes leading to either
flavonoid or monolignol biosynthetic pathways. Thus, the downregulation of the flavonoid
pathway corresponds to increased levels of monolignols deriving from the conversion of
p-coumaroyl-CoA [36].

PCA clearly highlighted that only the red samples (Red-H1, Red-H2 and Red-H3)
were directly correlated to volatile components (Figure 3B), in agreement with previous
reports demonstrating a considerable increase both in number and content of VOCs during
the ripening of strawberries [3,30–32]. In particular, Red-H1 and Red-H2 samples were
statistically associated with a higher number of volatile metabolites (39) compared to
Red-H3 strawberries (18) (Figure 3B).
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Red-H3
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Figure 3. Principal component analysis (PCA) score (A) and loading (B) plots.

Ester compounds were the most affected by fruit ripening, and they actually charac-
terize mature berries as they are responsible for fruity aromas. Nevertheless, only some
of them may be useful as indicators of full ripeness [3]. Among the 14 esters positively
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associated with the Red-H1 and Red-H2 samples, trans-2-hexen-1-ol acetate (E16) and
trans-2-hexenyl butyrate (E20) were the most abundant esters at the red stage (Table 3),
while methyl hexanoate (E9) has been considered as a volatile marker related to the de-
gree of maturity in different strawberry cultivars. Moreover, since it has been reported
to be show its highest content in the full red strawberry, E9 has been closely associated
with the flavor of mature strawberries [3]. On the other hand, methyl octanoate (E17)
has been tentatively identified in the “Candonga” strawberries as responsible for the
tropical/pineapple/citrus/green odor [29]. Finally, hexyl acetate (E13) has been previ-
ously described among the main contributors to the overall appreciation of strawberry
quality [37].

Red-H1 and Red-H2 samples were statistically correlated to the aldehydes Ald2, Ald3,
Ald4, Ald5 (Table 3; Figure 3B). Specifically, nonanal (Ald3) and benzaldehyde (Ald4) have
been recently identified as volatiles, which enhance sweetness independently of the sugar
content together with γ-decalactone (L2) and γ-dodecalactone (L3), which are among the
three lactones directly correlated to the Red-H1 and Red-H2 samples (Figure 3B) [38,39].
Specifically, γ-decalactone (L2) gives the major contribution to the desirable “fruity”,
“sweet” or “peach-like” aroma in strawberries [40]. In general, several lactone compounds
are commonly described as key odorants, determining the pleasant and fruity notes to
strawberries [28].

Considering the nine carboxylic acids (Ac1, Ac2, Ac3, Ac5, Ac6, Ac7, Ac8 and Ac9)
positively associated to the Red-H1 and Red-H2 samples, hexanoic acid (Ac5) was among
the highest abundant odorants in strawberries at the red stage (Table 3). Ac5 has been
identified as a key aroma compound of strawberry fruit [37].

Concerning the terpenes group, linalool (T1) also increased with ripeness (Table 3).
To this purpose, previous studies pointed at this terpene as an indicator to measure the
ripeness stage of fresh strawberry fruits, offering a valuable indication of ideal harvest tim-
ing. Nevertheless, it is important to underline that these findings might not be transferable
to other cultivars [5].

Finally, among the volatile metabolites positively related to the Red-H1 and Red-H2
strawberries, there was furaneol (F2) already reported in several strawberry varieties,
including “Candonga” [29]. F2 is considered a key aroma volatile in strawberry; it in-
creases with ripening, conferring the characteristic caramel-like, sweet, floral, and fruity
odor [29,41].

Regarding the 12 esters directly correlated to the Red-H3 strawberries (Figure 3B),
methyl butyrate (E2), ethyl butyrate (E4), ethyl pentanoate (E8) and ethyl hexanoate (E11)
have been reported as prominent components in several strawberry cultivars and histori-
cally recognized as crucial to the characteristic fruity notes of mature strawberries [41,42].

Among the volatile metabolites positively associated with the Red-H3 samples, there
were also octanol (Al5), previously reported in fruits at late stages of maturation, and
mesifurane (F1), which is known to increase during the fruit ripening imparting a particular
caramel or cotton candy-like odor in red strawberries [5,37].

Recent studies have established that specific VOCs can enhance both the flavor and the
sweetness perception in fresh strawberries, evaluating the overall acceptance of strawberry
fruit by the statistical correlations among sensory attributes, such as ‘sweet’ and ‘aromatic’,
assessed by a consumers’ panel, and analytical data, including the VOCs profile [38,42].
Regardless of the sugar-acid balance, VOCs with a positive impact on the consumers’
acceptance generally are some esters, including E10, E11 and E13, some aldehydes, such as
Ald3, terpenes and lactones, which in our study were positively associated with the Red-H1
and Red-H2 strawberries, while negative coefficients related to liking occur with branched
esters, including E5 and E12, and mesifurane (F1), which are directly correlated to the
Red-H3 samples (Figure 3B) [38,42]. According to these findings, the Red-H1 and Red-H2
harvesting times could be preferred by the consumers compared to the Red-H3 fruit.
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4. Conclusions

In this study, the changes in fruit quality traits, content of VOCs and phenolic com-
pounds in strawberries (cv Sabrosa), commercially referred to as “Candonga”, were eval-
uated at three consecutive harvesting times. Fruits collected at different times did not
present significant differences among the determined qualitative traits, which, on the other
hand, significantly differentiated the two ripening stages. Multivariate analysis carried
out considering all the chemical data highlighted that Red-H1 and Red-H2 samples were
similar to each other, while Red-H3 significantly differed, probably indicating overripe or
an early stage of fruit involution. Some volatiles with a positive impact on the consumers’
preference, including E10, E11, E13, Ald3, terpenes and lactones, were positively associated
with the Red-H1 and Red-H2 samples, while volatiles with a detrimental contribution to
the aroma traits, such as E5, E12 and F1, were directly correlated to the Red-H3 samples.
However, although no univocal optimal patterns of volatile metabolites can be associated
with a high level of acceptance, and taking into account that the contribution of indi-
vidual VOCs to a typical aroma relies on both the aroma threshold value (ATV) and its
concentration, a correlation between sensory parameters and the VOC patterns could help
discover associations within the multiple factors of complex biosystems, such as fruit. For
these reasons, the characterization of the VOCs related to the sensory perception of red or
half-red samples of “Candonga” strawberries requires the integration with forthcoming
experiments based on sensorial perception by a panel test.

In conclusion, the explorative results reported here might be of interest for producers,
to identify putative markers useful for the objective assessment of the ripening stage, to
optimize the strawberry harvest with the final aim to meet consumers’ liking.
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Abstract: Electronic nose (e-nose), attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy and image analysis (IA) were used to discriminate the ripening stage (half-red or red)
of strawberries (cv Sabrosa, commercially named Candonga), harvested at three different times
(H1, H2 and H3). Principal component analysis (PCA) performed on the e-nose, ATR-FTIR and
IA data allowed us to clearly discriminate samples based on the ripening stage, as in the score
space they clustered in distinct regions of the plot. Moreover, a correlation analysis between the
e-nose sensor and 57 volatile organic compounds (VOCs), which were overall detected in all the
investigated fruit samples by headspace solid-phase microextraction coupled to gas chromatography-
mass spectrometry (HS-SPME/GC-MS), allowed us to distinguish half-red and red strawberries, as
the e-nose sensors gave distinct responses to samples with different flavours. Three suitable broad
bands were individuated by PCA in the ATR-FTIR spectra to discriminate half-red and red samples:
the band centred at 3295 cm−1 is generated by compounds that decline, whereas those at 1717 cm−1

and at 1026 cm−1 stem from compounds that accumulate during ripening. Among the chemical
parameters (titratable acidity, total phenols, antioxidant activity and total soluble solid) assayed
in this study, only titratable acidity was somehow correlated to ATR-FTIR and IA patterns. Thus,
ATR-FTIR spectroscopy and IA might be exploited to rapidly assess titratable acidity, which is an
objective indicator of the ripening stage.

Keywords: Fragaria × ananassa Duch.; e-nose; ATR-FTIR; image analysis; multivariate analysis

1. Introduction

Strawberries (Fragaria × ananassa Duch.) are worldwide popular fruits, highly appre-
ciated for their colour, delicious taste, pleasant flavour and for their richness in nutrients,
including flavonoids, anthocyanins, vitamin C and ellagic acid [1–5].

Usually, strawberries can be harvested at several ripening stages defined by colour
changes, as red colour break, half-red and full red, depending on the final uses of the
fruit [6]. However, since strawberries are non-climacteric fruits, it is necessary to harvest
them at the optimum ripening stage to achieve the maximum quality in terms of taste,
colour, consistency, size and shape.
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Strawberry odour, which is strictly related to the consumer’s preference and to the
sensory quality of the fruit, is the result of a complex mixture of multiple volatile organic
compounds (VOCs) [4,5,7]. The profile of VOCs rapidly changes during ripening, but
it is also affected by several other factors, including cultivar and pre- and postharvest
handlings [7,8].

Currently, the harvest time is principally evaluated by counting the days after flow-
ering, as well as by subjective tasting or visual evaluation of fruit colour, texture or plant
canopy structure. All these methods on their own or in combination lack accuracy and
objective evaluation [9]. Chromatographic techniques (i.e., gas chromatography) coupled
with different detectors (e.g., mass spectrometer) are suitable analytical techniques to esti-
mate fruit ripeness and quality on a molecular basis. Although these tools present several
advantages in terms of reliability, selectivity and ability to detect the classes of compounds
contained in the sample, in general they are destructive, time consuming, expensive, require
skilled personnel, polluting and unable to analyse the entire batch of products, since only a
small more or less representative sample of fruits can be inspected [6].

In recent years, time-/cost-effective, non-destructive, contactless, user-friendly and
green non-targeted methods have been increasingly introduced to perform fingerprinting
studies aimed at monitoring the degree of ripening and the quality traits of fruit on an
objective basis. The practical advantages of these methods consist of minimizing potential
losses for growers and packers, as well as fast decay for the end consumer. The quality
parameters or the index of ripening assessed by non-destructive methods can also be
designed to predict the optimal harvest time [9].

Fourier transform infrared (FTIR) spectroscopy [10–12], image analysis (IA) [13–15]
and electronic nose (e-nose) [16,17] are among the main approaches that have been de-
veloped to assess real time the state of ripeness and the internal and external quality
appearance of fruit.

Specifically, IA technique has proved to be a successful contactless tool in the quality
assessment of fruits and vegetables. This technology acquires images of the whole visible
surface of the products, extracts the most discriminative external features (shape, colour
and defects) and processes the data by regression or classification models and algorithms
to predict chemical and physical properties of the samples [18].

For example, IA and machine learning techniques have been used to recognize mature
strawberries from shape and colour characteristics extracted from the images acquired [14].
Moreover, ref. [19] proposed an innovative low-cost computer vision based on convolu-
tional neural networks for strawberry detection to implement and develop a contactless
and non-destructive robot for fruit harvesting.

Fruity aroma is another key indicator of strawberry quality, which is strictly related
to the fruit ripeness. VOCs and phenolic compounds have been recently profiled in “Can-
donga” strawberries, comparing fruits harvested at half-red and red ripening stages [20].
Some VOCs, namely butyl butyrate, ethyl hexanoate, hexyl acetate, nonanal, terpenes and
lactones, were individuated as putative markers of the maturity phase at harvest.

E-nose represents one of the most promising, fast, easy-to-handle, low cost and non-
destructive methods, as an alternative to conventional ones (i.e., headspace solid-phase
microextraction (HS SPME) sampling followed by gas chromatography-mass spectrometry
(GC-MS)) for the detection of food odour, aimed at discriminating and classifying food
matrices with different aroma fingerprints. E-nose devices comprise an array of chemical
sensors, which offer selectivity toward varying classes of VOCs, collecting aroma infor-
mation of a sample as a whole. This technique can simulate the human olfactory sense
and generate fingerprints of VOCs in real time [21]. E-nose sensory data combined with
suitable chemometric tools have been successfully applied to detect changes in VOC con-
tent in several food matrices for several purposes, including food quality, safety and fraud
detection as well as to discriminate the fruit based on its degree of ripening [7,21–23].

E-nose equipped with metal oxide gas sensors was successfully employed to charac-
terize the volatile patterns of Festival and Florida Radiance strawberry cultivars at five
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ripening stages: white, half red, three-quarter red, full ripe and overripe [16]. Results of this
study could provide data reproducibility of 90% (±10%), demonstrating the potentiality
of this technology to monitor strawberry maturity and fruit quality. Ref. [17] reported the
use of a new self-developed e-nose system to detect strawberry freshness during posthar-
vest. This system consisted of different metal oxide semiconductor sensors linked to a
data acquisition system and to a computer with pattern recognition software. The e-nose
response values detected during the storage were used to build both a partial least squares
(PLS) discriminant analysis and a support vector machine (SVM) model, demonstrating
that SVM was a better model than the PLS one, providing an accuracy of 96.3% and 94.9%
for the training and testing sets, respectively.

FTIR coupled with chemometrics has been extensively explored as a powerful, rapid
and time-/cost-effective analytical technique for studying the chemical composition of fruit,
also offering specific information about their dynamic changes. More recently, attenuated
total reflection (ATR)-FTIR techniques have been exploited to simultaneously determine
attributes of quality, bioactive compounds and antioxidant capacity of ten strawberries
cultivars harvested at seven different stages of ripening [12]. FTIR has also been successfully
exploited to monitor strawberry spoilage [10].

In this research paper, the applicability of rapid and non-destructive techniques, in-
cluding e-nose, ATR-FTIR and IA, combined with chemometric methods, for the fast and
reliable discrimination of two ripening stages (half-red and red) in “Candonga” strawber-
ries, the most cultivated in Europe, was investigated. The final aim was to establish the
most suitable rapid methods for assessing strawberry ripening, through correlation with
one or more objective quality indicators of ripening (VOCs, titratable acidity (TA), total
phenols (TP), antioxidant activity (AA) and total soluble solid (TSS)).

2. Materials and Methods

2.1. Plant Material

Candonga strawberries (Fragaria × ananassa Duch.) var. Sabrosa (Planitalia s.r.l.,
Policoro, Italy), packed into PET trays (Carton Pack SpA, Rutigliano, Italy), were provided
by a cooperative company of fresh fruit (Apofruit Italia Soc. Coop., Scanzano Jonico, Italy)
at three different consecutive harvest times, on 21 May, 27 May and 1 June, indicated as H1,
H2 and H3, respectively, and at two maturity stages, thereinafter indicated as half-red (in
ripening phase, fully expanded and 50% red) and red (in ripening phase, fully expanded
and 100% red), consistent with the visual criteria reported by [20] (Figure S1). Total soluble
solids and titratable acidity at harvest were about 8.8 ± 0.7 ◦Brix and 0.9% for half-red
strawberries and 9.8 ± 0.2 ◦Brix and 0.7% for red ones. The same samples have been
previously subjected to the analysis of VOCs and individual phenolic compounds and to
the determination of several chemical parameters, including titratable acidity (TA), total
phenols (TP), antioxidant activity (AA) and total soluble solid (TSS) as reported in [20]. In
this work, these samples have been analysed by e-nose, ATR-FTIR and IA.

2.2. Electronic Nose (E-Nose)

Comprehensive profiles of VOCs from the headspace of “Candonga” strawberry
samples were obtained using a commercial portable electronic nose (e-nose, PEN 3, Airsense
Analytics Inc., Schwerin, Germany, including the Win Muster software). The sensor array
was fitted out with 10 metal oxide semiconductor (MOS) sensors characterized by different
thicknesses and chemical compositions, to offer selectivity toward different classes of
volatile, as described by [24]. Owing to the high operative temperatures (200–500 ◦C),
VOCs delivered to the surface of the sensors were completely converted to carbon dioxide
and water, causing a variation in the resistance. The response of the MOS sensors, revealed
as resistivity (O), was established on the changes in conductivity, due to the adsorption
of gas molecules, and on the subsequent surface reactions. For sample preparation, 4 g
of each sample were placed in 45 mL airtight glass vials and closed with a screw cap
with poly (1,1,2,2-tetrafluoroethylene) (PTFE)/silicone septum. To get the headspace
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equilibrium, each vial was held for 30 min at 30 ◦C and detections were performed at
a temperature of 22 ± 2 ◦C and a relative humidity (RH) of 50 ± 5%. To minimize the
drift in MOS sensors, each sampling involved a measurement process of 80 s to get the
stable signals followed by a 70 s cleaning process to normalize the sensor responses, in
line with preliminary experiments. The sample gas was driven into the sensor chamber
at a flow rate of 400 mL/min. For each sample, analyses were carried out in 11 technical
replicates and the signals per second were collected. The signals of each sensor were
expressed by the ratio G/G0, where G and G0 indicate the conductance of the sensors
exposed to sample gas and to the clean gas, respectively. Successively, to clean the system
between two sequential analyses, a second pump transports the filtered air to the sensor
array for 400 s with a flow rate of 600 mL/min. E-nose data were registered by the pattern
recognition software (WinMuster, v.1.6., Airsense Analytics GmbH, Schwerin, Germany)
and the average response of each sensor in the range 70–75 s (area under the curve) was
submitted to statistical data analysis.

2.3. Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectroscopy

Sets of at least 10 strawberries of each maturity stage were randomly sampled, ho-
mogenized with a blender, frozen in dry ice and finally lyophilized. The resulting solids
were finely powdered using a ceramic mortar. ATR-FTIR spectra of powders were ac-
quired using a Spectrum 400 spectrophotometer (PerkinElmer, Waltham, MA, USA), with a
Deuterated Triglycine Sulfate (DTGS) detector. The sampling station was equipped with
an overhead ATR accessory. The spectra were recorded in the 650–4000 cm−1 region at
32 scans/spectrum range and with resolution of 4 cm−1. Analyses were performed in trip-
licate and averaged spectra were processed using the PE Spectrum software (PerkinElmer,
Milan, Italy, version 10.5.1).

2.4. Image Analysis (IA)

At each harvest time and for each maturity stage (half-red or red), a lot containing
12 strawberries for each replicate was imaged using a Digital Camera AP-3200T-PGE
(JAI Ltd., Yokohama, Japan) positioned inside a Photo studio box HPB-60D (HAVOX®,
Vendôme, France). In total, for each maturity stage, four replicates were considered, for
a total of 48 berries. The camera sensor was composed of three CMOS RGB-sensors,
delivering a spatial resolution of 3.2 MPixels @12 frame/second and a colour depth of
24 bit/pixel. The objective used was a 12 mm focal and F1.8 (KOWA Lens mod. LM12NC3
1/2) allowing a field of view (FOV) of (35 × 30 cm). Illumination was provided by two
led ramps with 120 lamps (HAVOX HPB-60, 5500K, 13,000 ± 100 lumen CRI 93+). A
ColourChecker Passport Photo 2 (X-rite Italy srl, Prato Italy) with 24 patches of known
colour was placed in the camera FOV as the chromatic reference.

Images were pre-processed and analysed using the Image Processing Toolbox of
Matlab software R2021b (MathWorks Inc., Natick, MA, USA). The algorithm enabled us to
acquire the raw images and pre-process them by cropping the unnecessary image border
and separating the three colour-components, red, green and blue (RGB), from the original
raw images. The background was thresholded using the R image, since having the highest
contrast with the black background. The coarse segmentation of the strawberries was
carried out by a threshold method [25]. On the obtained binary images, a morphological
filter was applied to erode the strawberry edge and a flood filling operation was performed
to overcome the thresholding defects. Using this primary mask, a secondary segmentation
was performed to individuate the green and red areas. To this topic an enhanced image
was obtained by subtracting the G image to R image. The R image was thresholded and a
secondary mask was gained, obtaining the red area. The green area was simply obtained
by subtracting the secondary to the primary mask. Finally, the pixel count of each area was
performed to calculate the red and green percentage area.
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2.5. Total Soluble Solids, Titratable Acidity, Antioxidant Activity and Total Phenols

Total soluble solids (TSS) and titratable acidity (TA) were measured on about 100 g of
homogenized strawberries (for each replicate and maturity stage) as reported by [20].

For each replicate and at each ripening stage, about 100 g of strawberries were homog-
enized to obtain the fruit juice on which the measurements of pH have been performed.
The TSS content was determined using a digital refractometer (DBR35-XS Instruments,
Carpi, Italy) and results were expressed in ◦Brix.

The analysis of antioxidant activity (AA) and the total phenols (TP) was performed
with the spectrophotometric method previously described by [20] using a spectrophotome-
ter UV-1800, (Shimadzu, Kyoto, Japan).

In detail, antioxidants were extracted in 20 mL methanol/water solution (80:20 v/v)
for 2 min, using a homogenizer (T-25 digital ULTRA-TURRAX®—IKA, Staufen, Ger-
many). Then, AA was measured on the methanol extract using the DPPH (1,1-diphenyl-2-
picrylhydrazyl) assay, while TP were determined by Folin–Ciocalteu’s method.

2.6. Analysis of Volatile Compounds (VOCs)

Identification and semi-quantification of VOCs was carried out by HS-SPME/GC-MS
as previously reported by [20] using a DVB/CAR/PDMS (50/30 μm) fibre and 50 ◦C and
20 min as extraction temperature and time, respectively. VOC analysis was performed by
using the GC system, model GC 7890A, Agilent (Agilent Technologies, CA, USA), coupled
to the mass spectrometer 5975C (Agilent). Semi-quantitative data of each volatile (relative
peak area, RPA%) were measured in respect to the peak area of 2-octanol, used as the
internal standard [20]. Peak areas of the identified VOCs were calculated from the total ion
chromatogram (TIC).

2.7. Statistical Data Analysis

Data were investigated by univariate and multivariate data analysis. In detail, in
univariate data analysis a linear mixed effect model (LME), in which the maturity stage
was assumed as the fixed factor and the technical replicate as the random factor, was
considered, in order to evaluate the effect of the maturity stage. False discovery rate
(FDR) was controlled by the Benjamini–Hochberg procedure assuming a level δ = 0.05.
Moreover, the receiver operating characteristic (ROC) curve was used as a tool to estimate
the capability to distinguish the maturity stage based on the data. Multivariate data analysis
was based on principal component analysis (PCA) [26].

The correlations among e-nose responses and VOCs and between chemical data and
IA and ATR-FTIR data were explored by correlation analysis. In particular, the correlation
matrices based on the Pearson correlation coefficient were explored by heatmap, using
a hierarchical clustering procedure that used Euclidean distance and Ward’s method. A
significance level α = 0.05 was assumed for the correlation coefficients. The optimal number
of clusters was determined by silhouette analysis. Data analysis was carried out by in house
R-function executed using the R 4.0.4 platform (R Foundation for Statistical Computing,
Vienna, Austria).

3. Results and Discussion

3.1. E-Nose Discrimination of the Ripening Stage of “Candonga” Strawberries and Correlation
Analysis with VOC Pattern

Four lots of 12 “Candonga” strawberries were obtained pooling the fruit collected
for each harvest time (H1, H2 and H3) at the two different ripening stages (half-red and
red), obtaining a total of 12 samples for the half-red and 12 samples for the red fruit.
Since 11 technical replicates were performed for each sample, a data set composed of
264 observations and 10 variables (sensor responses) was investigated by univariate data
analysis and the results are reported in Table 1. All sensors, except for S4 and S10, resulted
in us being able to distinguish the two maturity stages.
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Table 1. Univariate data analysis: ID indicates the sensor name, in columns half-red and red the
median (5th–95th) percentile is reported for the two maturity stages, p is the p-value of the factor
maturity stage obtained by LME, FC is the fold change calculated as the ratio between the median of
red and the median of half-red, AUC is the area under the ROC curve and CI 95% is the confidence
interval of AUC at the level of 95%.

ID Half-Red Red p FC AUC CI 95%

S1 0.439
[0.415–0.456]

0.408
[0.364–0.429] <0.001 0.929 0.946 0.922–0.969

S2 3.812
[3.416–4.185]

4.710
[3.924–5.541] <0.001 0.809 1.236 0.950–0.989

S3 0.430
[0.409–0.443]

0.389
[0.359–0.414] <0.001 1.105 0.905 0.942–0.98

S4 1.075
[1.061–1.084]

1.077
[1.067–1.085] 0.40 0.998 1.002 0.506–0.646

S5 0.421
[0.398–0.443]

0.380
[0.356–0.406] <0.001 1.108 0.903 0.940–0.98

S6 3.907
[3.691–4.225]

4.198
[3.845–4.669] 0.003 0.931 1.074 0.810–0.903

S7 1.322
[1.234–1.445]

1.930
[1.506–2.198] <0.001 0.685 1.460 1.000–1.000

S8 5.713
[5.349–6.303]

6.370
[5.671–6.974] <0.001 0.897 1.115 0.847–0.924

S9 1.800
[1.642–1.95]

2.283
[2.042–2.555] <0.001 0.788 1.269 1.000–1.000

S10 1.196
[1.160–1.224]

1.204
[1.172–1.226] 0.40 0.994 1.006 0.526–0.669

The same data set (264 observations and 10 variables) was mean centred and investi-
gated by PCA. A model with two principal components with R2 = 0.95 and Q2 = 0.81 was
obtained. In particular, in the score scatter plot of the model shown in Figure 1, where
half-red samples are indicated in green and red samples are reported in red, the data varia-
tion due to technical replicates (indicated by the circles) was smaller than the biological
variability (the medians of the technical replicates of the same sample are indicated by the
triangles). Moreover, the samples at different ripening stages were easily classified into two
groups based on their degree of ripeness (red and half-red). Interestingly, half-red samples
were spread over a smaller area than the region of the plot relevant to the red strawberries.
This result indicates a larger variability among the red than the half-red fruit.

The PCA results indicated that there was a potential relationship among the e-nose
signals and the ripeness of fruit, as the e-nose device responded sensitively and selec-
tively to the modification in the patterns of aroma VOCs from strawberries at different
ripening stages.

Overall, 57 volatile compounds were previously identified by HS-SPME/GC-MS
analysis of the “Candonga” strawberry samples at two different ripening stages (half-red
and red) and at three different harvest times (H1, H2 and H3) (Table S1) [20]. As reported
by [20], PCA performed on volatiles, quality traits and phenolic com-pounds highlighted
that only the red samples were directly correlated to volatile components, as VOCs clearly
increased both in number and amount during ripening. In particular, volatiles with positive
impact on the consumers’ acceptance, including butyl butyrate, ethyl hexanoate, hexyl
acetate, nonanal, terpenes and lactones, were positively associated to the red-H1 and
red-H2 strawberries, while volatiles with negative coefficients related to consumer liking,
including isopropyl butyrate, isoamyl butyrate and mesifurane, were directly correlated to
the red-H3 samples

All these VOCs were correlated with the data obtained by e-nose on the same fruit
samples. The heatmap representing the correlation between VOCs and e-nose is reported
in Figure 2.

196



Foods 2022, 11, 1534

 
Figure 1. PCA model of the e-nose data: circles represent the observations (technical replicates),
while triangles indicate the medians of the technical replicates of the same sample; the green colour is
used for observations belonging to the half-red group and the red colour for those of the red group.

Figure 2. Heatmap: a different colour code was used to represent the clusters discovered by cluster
analysis; ρ is the Pearson correlation coefficient.

Cluster analysis allowed us to gather the VOCs in two groups and the e-nose sensors
in three clusters. Specifically, the first group consisted of all the VOCs with the exception
of 2-methylbutanoic acid (Ac4) and mesifurane (F1), which formed the second cluster
(Figure 2). On the other hand, the first group of the e-nose sensors included S2, S6, S7,
S8 and S9, the second involved S1, S3 and S5 and the third cluster contained S4 and S10.
Specifically, the first group of VOCs exhibited a highly positive association with the sensors
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S2 (broad range), S6 (broad-methane), S7 (sensitive to many terpenes), S8 (broad-alcohol)
and S9 (responsive to sulphur and aromatic metabolites) and a highly inverse correlation
with the sensors S1 (sensitive to aromatic compounds), S3 (sensitive to ammonia and
aromatic compounds) and S5 (sensitive to hydrocarbons and aromatic compounds). The
correlations with the sensors S4 (sensitive to hydrogen) and S10 (sensitive to methane)
were negligible, in agreement with the univariate data analysis (Table 1). Moreover, the
sensors of the first cluster (S2, S6, S7, S8 and S9) presented a higher response to the red
fruit, which may be caused by the increase in methane and alcohol, in line with previous
studies [16]. On the other hand, the sensors of the second cluster (S1, S3 and S5) showed a
higher signal to the half-red samples, allowing us to discriminate between the two ripening
stages (Table 1, Figure 2).

The compounds Ac4 and F1 were positively correlated to the sensors S7 and S9
(Figure 2), and their correlation coefficient showed smaller absolute values with respect to
the other VOCs, maintaining the same sign. Interestingly, in our previous study these two
compounds showed a significant correlation only with red-H3 strawberries [20]. Specif-
ically, mesifurane (F1), which is known to increase during fruit ripening and to confer
caramel or cotton candy-like notes to ripe strawberries, has been reported to have a negative
impact on the consumers’ acceptance [27]. Overall, our results highlighted that e-nose re-
sponses were in line with HS-SPME/GC-MS analysis. In addition, e-nose sensors were able
to discriminate “Candonga” strawberries at the two different ripening stages by differently
reacting to specific VOCs from the different fruit samples.

3.2. ATR-FTIR Discrimination of the Ripening Stage of “Candonga” Strawberries and Correlation
Analysis with Chemical Data

Spectral sub-ranges identifying the main strawberry constituents could be detected
within the exemplary ATR-FTIR full range spectra (4000–600 cm−1) of half-red and red
samples (Figure 3A). The broad band centred at 3295 cm−1 and those at 2928 and 2891 cm−1

corresponded to the νOH and νCH vibrational modes, respectively. The band at 1717 cm−1,
which is diagnostic of the νC=O vibrational mode of esters or organic acids, revealed the
methyl galacturonates of strawberry pectins. The bands at around 1400 cm−1 arose from
the δCH2 vibrational modes [11].

A magnified view of the spectral region in the fingerprint section (1200 and 800 cm−1)
containing the specific bands of sugars is shown in Figure 3B. The main vibrational modes
in this region include the δC–O–C of the glycosidic linkage, δCOH, and νC–C. Clearly,
this region is characterized by overlapping bands resulting from the contribution of all the
different carbohydrates [11]. The various intensity of the bands, which emerges with
stronger evidence from the second derivative of spectra in the 1200–800 cm−1 range
(Figure 3C), reflected the dynamic concentration changes of the various sugars during
strawberry ripening.

Six different samples of “Candonga” strawberries were obtained pooling the collected
fruits for each harvest time and the two different ripening stages, gaining a total of three
samples for the half-red and three samples for the red fruit. Five technical replicates
were performed for each sample obtaining a data set composed of 30 observations and
3401 variables (wavenumber). The PCA model obtained after standard normal variate
(SNV) transformation and by mean centring the data showed two principal components
with R2 = 0.947 and Q2 = 0.941. The score scatter plot of the model is reported in Figure 4A.
PCA1, explaining the 79.8% of the total variance, discriminates the samples belonging to the
half-red group from those of the red group. As a result, the loading of the first component
can be investigated to discover the IR spectral regions capable to distinguish the two groups.
Specifically, Figure 4B allows us to observe that the average spectrum is coloured according
to the loading value. Moreover, the broad band centred at 3295 cm−1, the band at 1717 cm−1

and the band at 1026 cm−1 were the most related to ripening. The compounds responsible
for the signals of the first band decrease their concentration during fruit ripening, while
the others increase their concentration along with strawberry maturation. The broad band
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centred at 3295 cm−1 corresponds to the νOH vibrational mode of organic acids, while the
band 1717 cm−1 can be ascribed to the νC=O vibrational mode of esters or organic acids.
Moreover, the 1200 to 900 cm−1 spectral range, which includes the band at 1026 cm−1, is
known as the “fingerprint region” of sugars [11]. The main vibrational modes absorbing in
this region correspond to the δC–O–C of the glycosidic linkage, the δCOH, and the νC–C
of sugars and organic acids, both affected by the ripening stage of strawberries. Indeed,
during fruit ripening the concentration of organic acids tends to drop, while that of sugars
(sucrose, glucose and fructose) is likely to increase [28].

Figure 3. (Panel (A)): Typical ATR-FTIR spectrum in the 4000–600 cm−1 range of freeze-dried red (red
line) and half-red (green line) strawberries. (Panel (B)): Magnified view of the spectral fingerprint
region (1200–800 cm−1), dominated by vibrational modes of sugars. (Panel (C)): Second derivative of
spectra in the 1200–800 cm−1.
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Figure 4. PCA model of the ATR-FTIR data: score scatter plot (panel (A)) and average profile of the
SNV data coloured according to the first loading vector (panel (B)); in panel A, circles represent the
technical replicates, triangles indicate the medians of the technical replicates of the same sample
and green is used for observations belonging to the half-red group while red is used for those of the
red group.

The relationships between ATR-FTIR data and the chemical parameters including TA,
TP, AA and TSS, detected as reported in [20] (Table S2), were assessed by the heatmap of
Figure 5. Two clusters were discovered for the chemical data. Specifically, TA, TP and AA
behave similarly being positively correlated to the IR signals in the regions 3650–2700 cm−1

and 1500–600 cm−1, while TSS showed an opposite trend. Only TA resulted to be signifi-
cantly correlated to the ATR-FTIR data and, in particular, to the two bands in the region
3650–2700 cm−1 and with the peaks in the regions 1500–1280 cm−1 and 1160–700 cm−1.
In other words, TA resulted to be the chemical attribute more related to IR data and the
IR spectra mirrored the behaviour of TA. Generally, TA decreases during ripening due to
the conversion of organic acids into sugars [29], and it is an objective indicator of maturity
stage. Consequently, its prediction by ATR-FTIR might be a valid solution for a fast and
non-destructive assessment of the ripening stage in strawberries.
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Figure 5. Correlations between ATR-FTIR and chemical data: heatmap; a different colour code was
used to represent the clusters discovered by cluster analysis; ρ is the Pearson correlation coefficient;
in the bottom, the average IR spectrum is reported.

3.3. Image Analysis Discrimination of the Ripening Stage of “Candonga” Strawberries and
Correlation Analysis with Chemical Data

Four samples of 12 “Candonga” strawberries were obtained pooling the collected fruit
at each harvest time and at two different ripening stages, achieving a total of 12 samples
for the half-red and 12 samples for the red fruit. Eight technical replicates were performed
for each sample obtaining a data set composed of 192 observations and five variables
(measuring colour attributes). All colour parameters obtained by strawberry image analysis
allowed us to significantly discriminate the half-red and the red samples, as reported in
Table 2.

Table 2. Univariate data analysis of image data: ID indicates the feature name, in columns half-red
and red the median (5th–95th) percentile is reported for the two maturity stages, p is the p-value of
the factor maturity stage obtained by LME, FC is the fold change calculated as the ratio between the
median of red and the median of half-red, AUC is the area under the ROC curve and CI 95% is the
confidence interval of AUC at the level of 95%.

ID Half-Red Red p FC AUC CI

L* 15.71
[13.61–16.81]

10.58
[9.78–11.40] <0.001 0.676 1.00 1.00–1.00

a* 25.78
[23.28–27.46]

20.23
[19.02–21.58] <0.001 0.787 1.00 1.00–1.00

b* 16.40
[14.03–17.72]

10.16
[9.14–11.31] <0.001 0.621 1.00 1.00–1.00

Chroma 30.51
[27.23–32.56]

22.62
[21.20–24.36] <0.001 0.741 1.00 1.00–1.00

Hue-angle 0.56 [0.53–0.59] 0.46 [0.44–0.48] <0.001 0.826 1.00 1.00–1.00

Indeed, for all the colour parameters considered the half-red samples showed median
values significantly higher than red ones at each harvest time (fold changes greater than 1).
This result is clearly visible also looking at the score scatter plot obtained by PCA analysis
(autoscaled data, two principal components, R2 = 0.999), using as variable the colour
data (Figure 6). Red and half-red strawberries clustered in two different regions, at the
right-hand side and at the left-hand side along the first component, respectively.
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Figure 6. PCA model of the image data: circles represent the observations (technical replicates),
while triangles indicate the medians of the technical replicates of the same sample; green is used for
observations belonging to the half-red group and red for those of the red group.

The relationships between image data and the chemical attributes (TA, TP, AA and TSS)
were explored by heatmap (Figure 7). As in the case of ATR-FTIR data, two clusters were
discovered for the chemical data. Specifically, TA, TP and AA behave similarly being positively
correlated to the colour parameters, while TSS showed an opposite trend, being negatively
correlated to the colour parameters. On the other hand, the colour parameters were grouped
into two clusters, one formed by Chroma and a* and the other including b*, L* and Hue-
angle. Only TA resulted to be significantly correlated to the image data that mirrored its trend.
The development of fruit colour during ripening is considered a maturity index and when
its intensity increases, the ripening attributes also improve. As the fruit colour development
enhances, the TSS content increases proportionately. On the contrary, the trend of the fruit
acidity decreases with the enhancement of the colour of fruit during ripening [30]. This result
suggests that the prediction of TA by the colour parameters obtained by IA of the strawberry
represent a valid method to rapidly assess the ripening stage.

Figure 7. Correlations between image data and chemical data: heatmap; a different colour code was
used to represent the clusters discovered by cluster analysis; ρ is the Pearson correlation coefficient.
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4. Conclusions

E-nose, ATR-FTIR and image analysis were used as rapid and non-destructive tech-
niques to discriminate the ripening stage (half-red or red) of strawberries cv Sabrosa,
commercially named Candonga, harvested at three different times. The correlation analysis
between e-nose sensor responses and VOC data demonstrated that HS-SPME/MS-e-nose
experimental data contain enough information to allow the discrimination of strawberry
samples based on their degree of ripening. Moreover, among the chemical indicators of
ripening, TA was correlated to both ATR-FTIR and IA data. Since TA usually decreases
during ripening, its assessment by ATR-FTIR or IA might provide a suitable indicator for a
fast and non-destructive evaluation of the ripening stage in strawberries.

Further investigations to improve the results obtained herein, performed using a larger
sample size and cultivars as well as samples of different strawberry crop seasons, will be
carried out with the aim to build predictive models of ripening, which can offer several
advantages in terms of rapidity, low cost and easy-to-handle analysis for the industries
of the sector. Models built considering multiple techniques (i.e., ATR-FTIR and IA) will
also be considered in the perspective of improving the reliability of the models. The final
goal is to obtain significant models usable in portable devices for a real-time and on-site
prediction of the most suitable harvest time.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11111534/s1, Table S1: Volatiles compounds obtained in
strawberries cv Sabrosa, commercially named Candonga at two different ripening stages (half-red
and red) and at three harvest times (H1, H2 and H3); Table S2: Chemical parameters measured in
strawberries cv Sabrosa, commercially named Candonga, at two different ripening stages (half-red
and red) and at three harvest times (H1, H2 and H3); Figure S1. Half-red (in ripening phase, fully
expanded and 50% red), and Red (in ripening phase, fully expanded and 100% red) Candonga
strawberries used in the experiment.
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Abstract: The optimal harvesting of table grapes is commonly determined based on technological
and phenolic indices analyzed over the course of its maturity. The classical techniques used for these
analyses are destructive, time-consuming, and work for a limited number of samples that may not
represent the heterogeneity of the vineyard. This study aimed to follow the ripening season of table
grapes using non-destructive tools as a rapid and accurate alternative for destructive techniques.
Grape samples were collected from a Sugranineteen vineyard during the ripening season to measure
the basic maturity indices via wet chemistry, and total polyphenols, anthocyanins, and flavonoids
were evaluated by spectrophotometry. Fluorescent readings were collected from intact clusters
with a portable optical sensor (Multiplex® 3, Force-A, France) that generates indices correlated to
different maturity parameters. Results revealed strong relationships between the Multiplex® indices
ANTH_RG and FERARI and the skin anthocyanin content, with R2 values equal to 0.9613 and 0.8713,
respectively. The NBI_R index was also related to total anthocyanins (R2 = 0.8032), while the SFR_R
index was linked to the titratable acidity (R2 = 0.6186), the sugar content (R2 = 0.7954), and to the
color index of red grapes (CIRG) (R2 = 0.7835). Results demonstrated that Multiplex® 3 can be
applied on intact clusters as an effective non-destructive tool for a rapid estimation of table grapes’
anthocyanin content.

Keywords: table grapes; optimal harvesting; technological maturity; phenolic maturity; non-destructive
tools; Multiplex® 3

1. Introduction

The maturity assessment of table grapes (Vitis vinifera L.) is necessary to determine the
optimal harvesting time, which is a critical point for the postharvest handling period. Both
destructive and non-destructive methods are applied in viticulture for crop monitoring
and evaluation [1]. A common practice is to harvest the grapes based on technological and
phenolic maturity indices that are measured using destructive laboratory analyses [2]. The
technological maturity mainly includes the measurement of sugar content, titratable acidity,
and the pH value of grape juice. The phenolic maturity reflects the ripeness of berry skin,
pulp, and seeds, considering their phenolic compositions, and is expressed either as total
polyphenols or skin anthocyanin content [3,4]. The total phenolic compounds are usually
extracted from grape skins and estimated via spectrophotometry methods, such as the
Folin–Ciocalteu assay [5]. The detailed profile of anthocyanins that are responsible for the
red color in mature berries [6] is commonly identified by high pressure liquid chromatog-
raphy (HPLC) [7]. Headspace solid phase microextraction (HS-SPME) followed by gas
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chromatography mass spectrometry (GC-MS) is applied for the analysis and quantification
of some polyphenols in wine and grapes [8].

Although effective and precise, all these techniques are expensive, destructive, time-
consuming, and consider a limited number of samples [9,10]. These problems demonstrate
the limitations of laboratory analyses to properly estimate the grape status in the vineyard
and to reflect the spatial and temporal heterogeneity of grapes throughout the matura-
tion period. Consequently, researchers are increasingly oriented toward non-destructive
techniques which are fast, accurate, and enable real-time analyses of fruit quality and
maturity for a large number of samples [11–13]. Particularly, the optical methods were
advantageously used for precision viticulture to solve the problem of grape heterogeneity
in vineyards [12,14,15]. Among the most recent optical techniques, a method based on fruit
auto-fluorescence has been successfully used for the monitoring of grape maturity [16,17].
The fluorescence indices were proved to reflect the epidermal phenolic content in wine
grape leaves and skin anthocyanin content in grape berries [16,18,19]. Multiplex® (FORCE–
A, Orsay, France) is a commercial hand-held optical sensor that applies the chlorophyll
fluorescence screening technique [15]. Several successful applications of Multiplex® sensor
were reported for the non-destructive determination of grape anthocyanins, the assessment
of the spatial variability of grape color in the vineyard, and the ripening evaluation of
different wine grape cultivars [12,17,20,21].

While most studies were applied to wine grapes, the present investigation aimed
to assess the ripening of red table grapes using both destructive and non-destructive
fluorescence-based methods. In practice, the objective was to evaluate the feasibility of
using the fluorescence-based method to measure skin anthocyanin content along with
maturity and to study the possible relationship between laboratory results and in-site
fluorescence readings collected by Multiplex® 3 from intact clusters.

2. Materials and Methods

2.1. Plant Material

The experiment was carried out during the ripening season of 2019 on Vitis vinifera
L. cv. Sugranineteen (Scarlotta Seedless® brand) grown in a commercial organic vineyard
(Azienda Agricola Romanazzi S.r.l., Castellaneta Marina, Taranto, Italy) in Castellaneta
Marina, south Italy. Scarlotta Seedless is a late-season seedless cultivar characterized by
sweet, crisp, red- to dark-red-colored and oval-shaped berries. Grapevines were grafted
onto a 1103 Paulsen rootstock, spaced 2.5 × 2.5 m, and trained to the Y-shaped trellis
system and covered by plastic film to protect canopy and clusters from hail, wind, and
rainfall. The plastic film was characterized by a high solar total transmissivity coefficient
(83.7%), while the photosynthetically active radiation (PAR) total transmissivity coefficients
was 81.8% and the long wave infrared (LWIR) transmissivity coefficient was 53.6%. The
growing techniques were implemented according to the viticulture practices of organic
table grapes in Italy, and the harvest time was determined according to the commercial ma-
turity specifications set by the parent company Sun World International, LCC, Bakersfield,
CA, USA.

2.2. Grape Sampling and In-Field Measurements

The monitoring of grape ripening was performed weekly from the onset of veraison
on 1 August 2019 (day of the year, DOY = 213) until the harvest time on 7 October 2019
(DOY = 280). The experimental site was divided into two blocks of different irrigation
systems: Scarlotta Block 1, SB1 (farmer irrigation) and Scarlotta Block 2, SB2 (controlled
irrigation by an Internet of Things sensor-based system). Each block constituted 98 vines
planted into 7 adjacent rows. At each sampling time, 3 berries per vine (294 berries per
block) were removed from different parts of the clusters free of visible damages, with their
pedicel still attached. In parallel, 2 fluorescence readings (196 measurements per block) were
collected by Multiplex® 3 from clusters attached to both sides of the grapevine (Section 2.3).
Collected berries were stored at −20 ◦C until total polyphenols and skin anthocyanins
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extraction and quantification. Additionally, another 10 clusters were randomly collected
5 times during maturation to conduct the basic wet chemistry analysis and decide the
optimal harvesting day (Section 2.4).

2.3. Optical Sensor and Indices

The fluorescence measurements of grapes were collected by the hand-held optical
sensor Multiplex® (FORCE-A, Orsay, France), which is described in detail elsewhere [17].
In this study, we used the version Multiplex® 3 (MP3) that generates 12 signals produced
by the combination of different excitation light emitting diodes (LED), i.e., UV and red–
blue–green (RGB), and three photodiode detectors for fluorescence recordings, i.e., yellow
(YF), red (RF), and far red (FRF). Real-time measurements were acquired directly in the
vineyard on intact clusters. Among the parameters that MP3 can measure, this study
focuses on the measurement of skin anthocyanins using 2 indices: ANTH_RG, which
is based on the chlorophyll fluorescence excited with red (R) and green (G) lights, and
FERARI (fluorescence excitation ratio anthocyanin relative index), which is based on the
far-red chlorophyll fluorescence under red excitation [12,17]. The other studied indices
include the FLAV index, which is proportional to skin flavonols, the simple fluorescent ratio
(SFR_R), which is related to the chlorophyll content in leaves and berries, and the nitrogen
balance index (NBI_R), which accounts for both epidermal phenolics and chlorophyll
contents [22–25].

The mathematical expressions of the used fluorescence indices are defined as:

ANTH_RG = log (FRF_R/FRF_G), (1)

FERARI = log (5000/FRF_R), (2)

FLAV = log (FRF_R/FRF_UV), (3)

SFR_R = FRF_R/RF_R, (4)

NBI_R = FRF_UV/FRF_R, (5)

where FRF_R, FRF_G, and FRF_UV are far-red fluorescence under red, green, and UV
excitation, respectively. RF_R is red fluorescence under red excitation. Mx fluorescence
signals were corrected for residual electronic offsets and normalized to a fluorescence
standard (blue plastic foil, FORCE-A, Orsay, France).

2.4. Chemical Analysis

The technological maturity of Sugranineteen was monitored starting from DOY = 246
to decide the optimal harvesting date. Three replicates of grape juice were extracted from
20 berries per replicate and then filtered after centrifugation (10 ◦C, 3000× g, 15 min). Total
soluble solids (TSS) were determined using a DBR 95 digital refractometer (XS Instruments,
Carpi, Italy) and the pH was measured with a pH meter (Eutech Instruments, Breda, The
Netherlands, XS pH 2700). The titratable acidity (TA) was determined by titrating the
juice with 0.1 N NaOH to an endpoint of 7.0 pH, and results are expressed as g/L tartaric
acid equivalent. Berry color was collected from 294 berries per block using a portable
spectrophotometer (CM–700d, Konica Minolta, Inc., Tokio, Japan). Results are expressed
as a color index of red grapes (CIRG), calculated from the CIELAB color coordinates, i.e.,
hue angle (h), lightness (L*), and chroma (C*), and defined as ((180 − h)/(L* + C*)) [26].
This index enables an objective color evaluation of red grape cultivars at different ripening
stages [27].

2.5. Analysis of Total Polyphenols, Anthocyanins, and Flavonoids

The assessment of total polyphenols, anthocyanins, and flavonoids during ripening
was performed on skin extracts. Nine berries of different color tones (fully, medium,
and slightly colored) were weighed using an electronic balance (Gibertini, Milan, Italy)
before the skins were peeled and infused in 25 mL of ethanol–chloride solution (70:30:1;
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C2H5OH:H2O:HCl) for 24 h in darkness. Extracts were then filtered through 0.45 μm filter
papers and stored at −20 ◦C until spectrophotometric analyses. Total polyphenols were
quantified using the Folin–Ciocalteu method on 1:10 diluted skin extracts with distilled
water. In an Eppendorf tube, 100 μL of distilled water, 100 μL of diluted skin extract, and
100 μL of Folin–Ciocalteu reagent were homogenized and incubated for 5 min at room
temperature. Another incubation for 90 min was performed after adding 500 μL of 10%
of sodium carbonate to the mixture, and the absorbance was then recorded at 750 nm
using the DU® 800 UV/Vis spectrophotometer (Beckman Coulter, Brea, CA, USA). The
quantification of total anthocyanins and flavonoids was performed on 1:25 diluted skin
extracts with the ethanol–chloride solution. In this case, the absorbance was determined
within the UV-Vis spectrum range of 230–700 nm, and peaks were identified using the
graphical method [28]. The obtained results of different parameters were expressed as
mg/kg of grape berries (skin and flesh).

2.6. Antioxidant Activity

The antioxidant activity of Sugranineteen was assessed with ABTS and DPPH assays
on grape juice obtained from nine weighed berries per sample and subjected to centrifu-
gation (8000 RPM for 5 min at 10 ◦C) and filtration using 0.45 μm filters. The ABTS
(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) assay was carried out according to
a method reported elsewhere, with minor modifications [29]. This method is based on the
ability of antioxidants to scavenge the ABTS+. The stock solution was obtained by reacting
7 mM of ABTS solution (0.0960 g/25 mL H2O) with 400 μL of potassium persulphate
(K2S2O8) for 16 h at room temperature and in darkness. An aqueous solution of 100 mM
ABTS+ was then prepared and diluted with water to an absorbance of 0.80 ± 0.005 at
734 nm. The absorbance of 950 μL of diluted ABTS+ solution added to 50 μL of filtered
juice was then recorded at 734 nm after a sharp 8 min of incubation at room temperature
and in darkness.

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was performed based on a pre-
explained method, with small adjustments [30]. A mother solution of DPPH 0.08 mM was
produced by solubilizing 0.0031 g of DPPH powder in 100 mL of ethanol. The solution
of DPPH was diluted with ethanol to an absorbance of 0.80 ± 0.003 at 517 nm to perform
the spectrophotometric analysis. A mixture of 50 μL of filtered juice and 950 μL of diluted
DPPH solution was incubated for 30 min at room temperature and in darkness to record
the absorbance of the mixture at 517 nm. The obtained results of both assays are expressed
as μM Trolox equivalent antioxidant capacity (TEAC)/g of grapes.

2.7. HPLC-DAD Anthocyanin Analysis

The anthocyanin composition of grape skins extracts was determined using an HPLC
Waters 600 E device (Waters Inc., Milford, MA, USA) equipped with a quaternary pump,
a photodiode array detector, and an injection valve with a 20 μL loop [31]. Skin extracts
were filtered through 0.45 μm nylon membrane and diluted 1:2 with 10% formic acid.
Samples were then injected into a NovaPack C18 (150 × 3.9 mm, 4 μm particle size, Waters
Inc.) column maintained at 30 ◦C and eluted at a flow rate of 1 mL/min with 10% formic
acid (solvent A) and acetonitrile (solvent B). The gradient program of solvent A was the
following: 0–10 min 95%, 10–20 min 87%, 20–30 min 85%, 30–45 min 75%, and 45–50 min
95%. Anthocyanins were detected at 520 nm and quantitative analysis was performed
according to an external standard method based on a calibration curve obtained by injecting
different concentrations of malvidin-3-O-glucoside solutions (R2 = 0.9991). Anthocyanin
compounds were identified by comparing the elution pattern and data reported in pre-
vious studies [32–34]. The results were expressed as mg/kg of malvidin-3-O-glucoside
equivalents in grape berries.
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2.8. Statistical Analysis

All destructive determinations were made in triplicate. Data processing and statistical
analysis were carried out on Microsoft® Excel and Minitab 20.3 (Minitab, LLC, State
College, PA, USA) software. A one-way analysis of variance (ANOVA) with Tukey’s
honest significant difference (HSD) test were performed for each studied parameter at a
p-value ≤ 0.05.

3. Results

3.1. Analysis of Ripeness

The technological maturity of grapes was monitored starting from 3 September
(DOY = 246) until harvest (Table 1). The pH of grape juice fluctuated with slight dif-
ferences among blocks and maturation days and averaged 3.47 for SB1 and 3.61 for SB2
at harvest. The sugar content had an increasing trend, while the acidity was decreasing
during maturation and reached at harvest an average TSS of 17.9 ◦Brix and an acidity value
of 4.86 g/L with no significant differences among the blocks.

Table 1. Changes in quality attributes of Sugranineteen grapes during ripening (mean values ± SD).

Quality Parameters Sample
Maturation Time (DOY)

246 254 263 278 280 (Harvest)

pH SB1 A 3.35 d ± 0.01 * A 3.51 b ± 0.01 A 3.56 a ± 0.01 A 3.51 b ± 0.01 B 3.47 c ± 0.01
SB2 A 3.34 c ± 0.01 A 3.49 b ± 0.02 B 3.44 b ± 0.02 B 3.45 b ± 0.01 A 3.61 a ± 0.01

TSS (◦Brix)
SB1 A 16.6 b ± 0.1 A 16.9 b ± 0.2 A 18.1 a ± 0.1 A 18.4 a ± 0.2 A 17.8 a ± 0.1
SB2 B 15.6 cd ± 0.3 A 16.5 bc ± 0.5 B 14.8 d ± 0.3 B 17.5 ab ± 0.1 A 18.1 a ± 0.2

Titratable acidity
(g/L)

SB1 B 7.23 a ± 0.58 A 4.83 b ± 0.03 B 4.26 c ± 0.15 A 4.89 b ± 0.19 A 4.78 b ± 0.08
SB2 A 8.18 a ± 0.09 A 5.03 b ± 0.30 A 4.54 b ± 0.04 A 4.83 b ± 0.05 A 4.94 b ± 0.10

CIRG
SB1 B 5.30 a ± 0.07 A 5.47 a ± 0.32 A 4.80 b ± 0.14 A 5.35 a ± 0.14 A 5.09 ab ± 0.16
SB2 A 5.89 a ± 0.21 A 5.59 ab ± 0.19 B 4.47 c ± 0.08 A 5.29 b ± 0.08 A 5.32 b ± 0.20

* On the same row, means with different right superscripts differ significantly (p ≤ 0.05). Between the SB1
(farmer irrigation) and SB2 (sensor-based controlled irrigation) pair, means with different left superscripts differ
significantly (p ≤ 0.05).

The CIRG averaged at harvest 5.09 and 5.32 for SB1 and SB2, respectively, reflecting
the red color of the berries. The harvest was conducted on 7 October (DOY = 280) according
to the measured parameters and the commercial maturity standards of Sugranineteen.

3.2. Polyphenols and Antioxidant Acitivy

The total amount of polyphenols, flavonoids, and anthocyanins measured using
spectrophotometry was expressed as mg/kg of berry FW (Table 2). Total polyphenols
fluctuated in a constant range during the ripening season between 586 and 996 mg/kg.
Both blocks had almost the same trend, with slightly higher amounts of polyphenols for SB2,
which showed an average concentration at harvest of 851 mg/kg compared to 738 mg/kg
in SB1. Total flavonoids followed the same trend, as total polyphenols and fluctuated
within a constant range until harvest. Flavonoids had significantly higher concentrations in
SB1 during maturation, but at harvest, the content was slightly higher in SB2 (508.8 versus
468.7 mg/kg). In contrast, anthocyanins had an evident increasing trend over the entire
maturation period, except for DOY 263, and had almost a similar trend among blocks, with
mostly higher values for SB2. At harvest, SB2 reached an average value of 145 mg/kg,
compared to 123 mg/kg for SB1.
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Regarding the antioxidant activity, results were expressed as the μM Trolox equivalent
antioxidant capacity (TEAC)/kg of grapes (Table 2). This was analyzed using two different
assays, ABTS and DPPH. Despite the fluctuation of values, both methods revealed a similar
increasing trend throughout maturation. ABTS expressed the antioxidant activity with
higher concentration than DPPH, varying between 1.9 and 4.1 μM/kg. At harvest, no
significant difference was detected between the two blocks, and the values averaged 3.4
and 3.8 μM/kg for SB1 and SB2, respectively. Results from DPPH followed a range of
values between 0.9 and 2.5 μM/kg. At harvest, concentrations were also similar between
the two blocks, averaging 2.2 μM/kg for SB1 and 2.5 μM/kg for SB2.

3.3. Anthocyanin Profile

A total of 13 anthocyanin compounds were identified and quantified using HPLC-
DAD, as shown in Figure 1, corresponding to the SB2 sample at harvest time. The an-
thocyanin compositions of grape skin extracts are reported in Table 3. The most abun-
dant anthocyanins at harvest were peonidin-3-O-glucoside (37.5 and 42.4 mg/kg) and
malvidin-3-O-glucoside (17.4 and 24.7 mg/kg), followed by cyanidin-3-O-glucoside (14.9
and 8.8 mg/kg), peonidin-3-O-coumaroyl-glucoside (6.9 and 9.2 mg/kg), and trans-malvidin-
3-O-coumaroyl-glucoside (3.9 and 7.3 mg/kg) in SB1 and SB2, respectively. All these
compounds were significantly higher in SB2, except for cyanidin-3-O-glucoside.

Figure 1. HPLC-DAD anthocyanin profile of SB2 Sugranineteen at DOY 280 (harvest).
Dp, delphinidin-3-O-glucoside; Cy, cyanidin-3-O-glucoside; Pt, petunidin-3-O-glucoside; Pn,
peonidin-3-O-glucoside; Mv, malvidin-3-O-glucoside; Pn-Ac, peonidin-3-O-acetyl-glucoside; Mv-
Ac, malvidin-3-O-acetyl-glucoside; Pn-Cf, peonidin-3-O-caffeoyl-glucoside; Mv-Cf, malvidin-3-O-
caffeoyl-glucoside; cis-Pn-Cm, cis-peonidin-3-O-coumaroyl-glucoside; cis-Mv-Cm, cis-malvidin-3-O-
coumaroyl-glucoside; Pn-Cm, peonidin-3-O-coumaroyl-glucoside; trans-Mv-Cm, trans-malvidin-3-O-
coumaroyl-glucoside.

Another observation is that the amounts of almost all the identified compounds
were increasing with maturation, despite the fluctuation of values among the maturation
days. At harvest, the total amount of anthocyanins reached 87.7 mg/kg for SB1, which is
significantly lower than the content of SB2, which averaged 101.6 mg/kg of grapes.
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3.4. Changes in Cluster Fluorescence during Maturation

The variation of Multiplex® indices during the maturation period is shown in Figure 2.
The collection of fluorescent readings was performed in parallel with berry sampling from
DOY 213 to 280. The nitrogen balance index (NBI_R) that is correlated to the epidermal phe-
nolics and chlorophyll decreased until DOY 254, then increased until DOY 278 and dropped
again at harvest. The simple fluorescent ratio SFR_R that is correlated to the chlorophyll
content in berries had a decreasing trend without fluctuation until DOY 280 (harvest time).
In contrast, the indices correlated to the anthocyanin contents AHTH_RG and the FERARI
index had a similar trend over the entire maturation period, with higher ranges for the
former compared to the FERARI indices, and were increasing toward harvest time.

 

Figure 2. Changes in fluorescent indices (Mx units) of Sugranineteen clusters during ripening (day of
the year, DOY).

3.5. Relationship between Destructive and Fluorescent Measurements

Regression model analyses were conducted to study the relationship between the dif-
ferent grape maturity parameters analyzed destructively and the fluorescent measurements
collected by Multiplex® 3 along the maturation season. Regression equations with the
corresponding coefficient of determination (R2) are shown in Figure 3 and Table S1. The
indices ANTH_RG and FERARI showed a significant relationship with skin anthocyanins
(p < 0.001) and fitted a positive linear model, with R2 values equal to 0.9613 and 0.8743,
respectively. The NBI_R index that is correlated to the epidermal phenolics and chlorophyll
revealed significant negative linear relationships with anthocyanins (R2 = 0.8032; p < 0.001)
and flavonoids (R2 = 0.4773; p = 0.039). Among the technological maturity parameters,
TA, CIRG, and TSS were significantly related to the simple fluorescent index SFR_R that is
associated with the chlorophyll content of berries, with R2 values equal to 0.6186 (p = 0.012),
0.7835 (p = 0.005), and 0.7954 (p = 0.001), respectively. The FLAV index that is correlated to
flavonols did not show a significant relationship when compared with flavonoid content
(Table S1).
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(a) (b) 

  
(c) (d) 

 
(e) (f) 

 
(g) (h) 

Figure 3. Regression models reflecting the relationships between different grape maturity param-
eters and the fluorescent measurements collected by Multiplex® 3 along the maturation season:
(a) relationship between ANTH_RG (Mx units) and anthocyanins (mg/kg) (n = 16); (b) relationship
between FERARI (Mx units) and anthocyanins (mg/kg) (n = 16); (c) relationship between NBI_R
(Mx units) and anthocyanins (mg/kg) (n = 16); (d) relationship between NBI_R (Mx units) and
flavonoids (mg/kg) (n = 9); (e) relationship between SFR_R (Mx units) and titratable acidity (g/L)
(n = 9); (f) relationship between SFR_R (Mx units) and CIRG (n = 10); (g) relationship between
SFR_R (Mx units) and TSS (◦Brix) (n = 9)); (h) relationship between ANTH_RG (Mx units) and CIRG
(n = 7). Each dot represents the mean value of triplicates of laboratory analyses and the relative 196
in-vineyard-collected fluorescent measurements.
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4. Discussion

The optimal harvesting of Sugranineteen table grapes was assessed on DOY 280 based
on the monitored technological maturity indices. The main indicator of the technological
maturity was the TSS of grape juice that averaged at harvest 17.9 ◦Brix, with a corresponding
low titratable acidity level (4.86 g/L). This sugar content was in line with the quality
standards of Sun World International, LCC, that indicate a minimum TSS of 15.5 ◦Brix
and the EU regulation (Reg. CE 1221/08) that claims a minimum of 14 ◦Brix for seedless
table grapes. The skin color had a CIRG of 5.20 that reflects the red to dark-red color of the
berries [35], which is the characteristic color of fully ripe Sugranineteen grapes. At harvest,
all the measured indices were higher in SB2 (sensor-based controlled irrigation) than in SB1
(farmer irrigation), but no significant differences were detected except for pH (Table 1).

Regarding the phenolic maturity, total polyphenols and flavonoids fluctuated during
the ripening period, while the anthocyanins had an increasing trend until harvest. The
main reason behind this fluctuation, despite collecting the berries from the same grapevines
at each sampling time, is the spatial and temporal heterogeneity of grape ripening in the
vineyard [9,15]. This is a challenging characteristic of grapes in general because it affects
the accurate monitoring of the maturity status, especially in large vineyards. The total
anthocyanins reached at harvest was 144.6 mg/kg in SB2, and this was expected due to
the high amounts of flavonoids (508.8 mg/kg) and total polyphenols (851.4 mg/kg). A
study conducted on seedless table grapes from the Apulia region to quantify their total
flavonoids revealed comparable results in 2007 for the black mid- and late-season cultivars
Summer Royal and Autumn Royal, with 540 and 450 mg/kg, respectively. All the measured
phenolic compounds were significantly higher in SB2 than in SB1 at harvest (Table 2),
indicating a major maturation degree of grapes in controlled irrigation conditions and
demonstrating the chemical composition (Table 1). The phenolic compounds are responsible
for the organoleptic and qualitative characteristics of the fruit. Grapes with high levels of
polyphenolic compounds appear redder or darker due to the presence of anthocyanins,
which are colored flavonoid-type polyphenols mainly concentrated in the fruit epidermal
tissues [36,37]. Except for the irrigation system, both blocks were grown using the same
agricultural practices and environmental conditions. The sensor-based controlled irrigation
system installed in SB2 provided an adequate amount of water to the grapevines, while
the block SB1 was irrigated according to the farmer management. Following other studies,
these results show the soil water content as a limiting factor affecting the overall quality of
grape production [38]. The effect of different environmental factors on the accumulation of
the phenolic compounds and their biosynthesis were previously demonstrated [39–41]. In
general, the concentrations of polyphenols, anthocyanins, and flavonoids are influenced
by the geographical site, climate conditions, soil fertility, cultivation practices, and pest
management [42]. In addition to the environmental factors, the content of polyphenols
varied widely between grape cultivars and growing seasons [42–45]. For instance, a
study performed on Sugranineteen in 2014 showed a lower content of total polyphenols
(451.4 mg/kg) and total anthocyanins (110.89 mg/kg) at harvest time [46] when compared
to the reported results of season 2019 in Table 2.

In addition to being recognized as food sources of polyphenols [47], grapes are also
known to be beneficial for human health, thanks to their antioxidant activity [48,49]. The
present study has applied the two assays ABTS and DPPH to evaluate the antioxidant
activity of Sugranineteen grapes. In parallel with total polyphenols, results fluctuated
during the ripening season and were higher in SB2 than in SB1, although no statistical
differences were detected. The antioxidant activity evaluated using the ABTS assay in SB2
reached 3.8 μM Trolox/kg at DOY 280, compared to 2.5 μM Trolox/kg when evaluated
using the DPPH assay. Results showed that the antioxidant activity was better expressed
by the ABTS method compared to DPPH, since the former revealed higher concentrations
of antioxidant activity when testing the same samples along the maturation period. In fact,
the ABTS assay is based on the ability of the sample to inhibit ABTS+, while the Trolox is
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used as a reference antioxidant standard, and the DPPH assay is a method that evaluates
the ability of the sample to scavenge against the stable chromogenic radical DPPH.

The anthocyanin-3-O-glucosides and their acetyl, caffeoyl, and coumaroyl derivatives,
eluted in the order Dp < Cy < Pt < Pn < Mv, were consistent with previous reports [43,50–52].
The most abundant anthocyanins throughout the maturation period were peonidin-3-O-
glucoside and malvidin-3-O-glucoside, followed by cyanidin-3-O-glucoside, peonidin-3-
O-coumaroyl-glucoside, and trans-malvidin-3-O-coumaroyl-glucoside. A similar profile
of anthocyanin peaks was detected in the red Autumn Royal cultivar [43]. These results
follow other studies, where it was found that the most abundant anthocyanins present
in pink- and red-colored cultivars were peonidin-3-O-glucoside, whereas malvidin-3-O-
glucoside, cyanidin-3-O-glucoside, and petunidin-3-O-glucoside forms were abundant in
red-black cultivars [51,53]. This means that different proportions of individual anthocyanin
compounds can affect the skin color of grapes [54].

Regarding the optical fluorescent measurements, the ANTH_RG and FERARI indices
that are correlated to skin anthocyanins [17] were increasing toward harvest time. In
parallel, the simple fluorescence index SFR_R and the nitrogen balance index NBI_R that
are correlated to the chlorophyll content of the berries [17] were decreasing with the
maturation time (Figure 2). These results reflect the normal variations that happened
during the growing season, where the chlorophyll content that characterizes the green
berries decreases and the anthocyanin content responsible for the color of berries rises
with the ripening season. The trends of ANTH_RG, FERARI, SFR_R, and NBI_R during
maturation were similar to the changes in the fluorescence ratios of Thompson Seedless
grapes [55] and other wine grape varieties [21].

The comparison between destructive and non-destructive methods applied to assess
the quality of table grapes was fruitful. Results revealed strong relationships among the
technological and phenolic maturity indices measured in the laboratory and the fluorescent
readings collected with the optical sensor Multiplex® 3. This means that it has the ability
to quantify the skin anthocyanin contents and other maturity indices of grape berries
immediately and rapidly in-vineyard without collecting samples or using time-consuming
technologies. Previous studies have described many calibrations of the Multiplex® for
anthocyanins estimation in wine grapes [12,17,20,24,56–58]. The most important relation-
ships were found between the total anthocyanins estimated by spectrophotometry and
the ANTH_RG and FEARI indices with R2 values equal to 0.9613 and 0.8743, respectively.
These indices were also highly correlated to other wine grapes anthocyanins, such as
Aleatico [12], Pinot Noir, Pinot Meunier, and Chardonnay [15]. In addition to these two
indices, the NBI_R index that reflects the epidermal chlorophyll and anthocyanins was also
correlated to total anthocyanins (R2 = 0.8032) and flavonoids, but with a low coefficient
of determination (R2 = 0.4773). Regarding the technological maturity parameters, the
simple fluorescent index SFR_R was correlated to the titratable acidity (R2 = 0.6186), CIRG
(R2 = 0.7835), and total soluble solids (R2 = 0.7954); this was also detected in a previous
study focused on wine grape cultivars [17]. Therefore, even though Multiplex® 3 provides
indices correlated to phenolic parameters, these results also revealed their good relationship
with the technological indices of maturity. Only the FLAV index did not have a relationship
with flavonoids, and the same results were found when it was compared to flavonols [12].

While almost all the studies were applied to wine grapes, these results revealed
the new regression equations characteristic of Sugranineteen table grapes. The obtained
models were generated from data collected from the veraison season (August 2019) until
full maturity (October 2019); thus, they can be used for different stages of grape maturation.
The relationship between the total anthocyanins evaluated through wet chemistry and the
ANTH_RG index fitted a positive linear relationship. The same trend was also detected
between the total anthocyanins and ANTH_RG index in Malvasia Rosa cultivar [21], while
it was not the case of Tempranillo wine grape berries evaluated in the laboratory, which
had a negative exponential model [20]. The prediction models depend on the cultivar and
its morphological differences among grape varieties (size, weight, berry-skin thickness,
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and color) that may influence the fluorescent signals acquired by the Multiplex® [59].
Another study suggests that the ANTH_RG index depends on the general anthocyanin
profile and every single compound of the cultivar [58]. Moreover, the cultural practices
and meteorological conditions that change among seasons can induce water stress status
in the vines, thus affecting berry size and anthocyanin synthesis [12,60,61]. Therefore,
more studies are required to characterize the ripening development of different table grape
cultivars under different seasons and conditions when analyzed using Multiplex®.

5. Conclusions

The non-destructive assessment of grape maturity has recently become a promising
technique in viticulture. The results demonstrated relationships between the different
quality parameters analyzed destructively and the optical non-destructive fluorescent
readings of Sugranineteen table grapes. The main finding was the regression equation
developed between the ANTH_RG index from Multiplex® 3 and the skin anthocyanin
content, which helps to estimate this latter rapidly in-vineyard without damaging the plant
material. While most of the previous studies were conducted on wine grape cultivars,
this study assessed the whole maturity season of table grapes. This is a first step toward
further promising studies to adjust the application of fluorescent techniques for the better
estimation of the maturity status of different cultivars of table grape.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11050663/s1, Table S1: Relationships between the Multiplex®

3 ratios and the different quality parameters of Sugranineteen table grapes performed in this study.
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Abstract: We conducted a large-scale, high-throughput phenotyping analysis of the effects of various
pre-harvest and postharvest features on the quality of ‘Rustenburg’ navel oranges, in order to develop
shelf-life prediction models to enable the use of the First Expired, First Out logistics strategy. The
examined pre-harvest features included harvest time and yield, and the examined postharvest
features included storage temperature, relative humidity during storage and duration of storage.
All together, we evaluated 12,000 oranges (~4 tons) from six different orchards and conducted
170,576 measurements of 14 quality parameters. Storage time was found to be the most important
feature affecting fruit quality, followed by storage temperature, harvest time, yield and humidity.
The examined features significantly affected (p < 0.001) fruit weight loss, firmness, decay, color,
peel damage, chilling injury, internal dryness, acidity, vitamin C and ethanol levels, and flavor and
acceptance scores. Four regression models were evaluated for their ability to predict fruit quality
based on pre-harvest and postharvest features. Extreme gradient boosting (XGBoost) combined with
a duplication approach was found to be the most effective approach. It allowed for the prediction of
fruit-acceptance scores among the full data set, with a root mean square error (RMSE) of 0.217 and an
R2 of 0.891.

Keywords: citrus; intelligent logistics; modeling; orange; postharvest

1. Introduction

Orange (Citrus sinensis) is the world’s fifth largest fruit crop (after banana, watermelons,
apples and grapes), with an annual global production of 75.4 million tons [1]. Oranges,
similar to other citrus fruits, are very popular and consumers appreciate their delicate,
fruity and refreshing flavor, as well as their high nutritional value [2].

‘Rustenburg’ navel orange, which originated in South Africa, is a high-quality late-
season orange that is seedless, relatively easy to peel, has a rich fruity flavor and is excellent
for fresh consumption [3]. For these reasons, it is a widely cultivated late-season cultivar in
several citrus-growing countries, including Israel, and ‘Rustenburg’ fruits are commercially
stored for relatively long periods of up to 3–4 months, in order to extend the marketing
season [4].
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The postharvest storage performance of oranges may be affected by various pre-
harvest and postharvest features [5]. Pre-harvest features such as climate conditions,
cultivation practices, harvest time, choice of rootstock, tree age and yield may affect
postharvest quality [6,7]. For example, during ripening, the fruit undergoes continuous
metabolic changes, such as the accumulation of sugars and a decrease in acidity levels,
which cause changes in fruit flavor and nutritional quality over the course of the ripening
period [8]. Furthermore, early-harvested oranges are relatively sensitive to postharvest
chilling injury and more tolerant to postharvest decay, whereas late-harvested fruits are
more tolerant to chilling, but more sensitive to microbial spoilage [9]. It has also been
reported that the maturity stage at harvest may affect peel pitting during storage [10].
Other pre-harvest features, such as tree age and yield, may affect the sugar and acidity
levels, firmness and physiological behaviors, manifested as respiration and the rate of
ethylene production [11].

The postharvest storage performance of oranges is greatly influenced by the environ-
mental conditions under which the fruits are stored, especially temperature and relative
humidity (RH) [12]. Temperature is the most important environmental factor affecting
fruit quality after harvest, as low storage temperatures reduce respiration, water loss and
pathogen growth, but can also cause chilling injury (CI) [12]. The optimal RH for posthar-
vest storage of most fruit species is between 90–95%. Lower RH levels lead to greater
water loss and RH levels that are too high may lead to condensation and the enhanced
growth of pathogens [13]. Overall, it is recommended that oranges be stored at 3–8 ◦C and
90–95% RH [12].

Currently, the postharvest storage management of fruits and vegetables is principally
governed by the First In, First Out (FIFO) logistics strategy, meaning that marketing
decisions are based solely on storage time irrespective of the initial quality of the produce
and its remaining potential shelf life [14,15]. Although the FIFO approach is straightforward
and easy to implement, it is based on the assumption that all products arriving at the cold-
storage facility on a particular date have the same shelf-life potential, which all too often
is not the actual case [14]. In contrast, the adoption of the more advanced First Expired,
First Out (FEFO) logistics strategy would enable more efficient inventory management
based on shelf-life predictions for each particular batch of produce, to ensure that only
high-quality produce will reach the distinct marketing destinations [15]. However, the
adoption of an intelligent FEFO logistics-management system requires the development of
accurate shelf-life prediction models that will provide reliable information regarding the
remaining shelf-life of each batch of produce.

In recent years, various models have been developed to predict numerous posthar-
vest storage traits, including respiration rate, microbial growth, physical, chemical, and
sensorial characteristics, and storage life [16–19]. Advanced machine learning and artificial
intelligence technologies now allow the development of even more accurate forecasting and
prediction models for important agriculture outputs [20,21]. Nonetheless, the development
of accurate and advanced shelf-life prediction models requires the acquisition of large
amounts of postharvest storage data and the consideration of all of the factors that may
affect produce quality, including various pre-harvest and postharvest features [22,23].

Overall, the main objective of the current research was to conduct a large-scale, high-
throughput phenotyping analysis of the postharvest storage performance of ‘Rustenburg’
navel oranges, in order to develop shelf-life prediction models to enable the implementation
of the FEFO method. To that end, we evaluated 12,000 oranges (~4 tons) harvested from six
different orchards and conducted 170,576 measurements of 14 quality parameters.

2. Materials and Methods

2.1. Plant Material

‘Rustenburg’ navel oranges were harvested from six commercial orchards on different
dates between 21 February 2021 and 6 April 2022, as described in Table 1. The rational for
choosing different harvest times was to examine the postharvest performances of fruit with

222



Foods 2022, 11, 1840

different maturity indices, i.e., different total soluble solids (TSS), acidity, peel color, etc.
The day after harvest, the fruits were treated in a commercial citrus packinghouse. This
treatment included washing, waxing, the application of fungicides, sorting and packaging
according to common commercial practices. Then, the fruits were transferred to the
Department of Postharvest Science, ARO, The Volcani Institute, where they were placed in
cold storage rooms as described below.

Table 1. Harvest times and yields for the six different orchards used for the current experiment.

Harvest Time
(Weeks from Blooming)

Yield
(Ton/Hectare)

Harvest 1 (21 February 2021) 48 48
Harvest 2 (24 February 2021) 48 44
Harvest 3 (28 February 2021) 49 18

Harvest 4 (17 March 2021) 51 35
Harvest 5 (25 March 2021) 52 18
Harvest 6 (6 April 2021) 54 33

2.2. Postharvest Storage Conditions

Fruits from each orchard were stored at 90% RH and at 3 different storage temperatures:
2, 5 and 8 ◦C. Fruits from Harvest 5 (Table 1) were also stored at 5 ◦C under high humidity
(RH = 95%) and low humidity conditions (RH = 70%). The high RH was achieved by using
a PARKOO PH06LB ultrasonic humidifier (ANIA, Kfar Aviv, Israel) and the low RH was
achieved by using an IVLTD08 dehumidifier (Vogel Refrigeration Services, Ltd., Rishon
LeZion, Israel). The normal RH at 5 ◦C without modifications was ~90%. Each harvest
included 60 10 kg cartons of oranges (20 cartons were stored at each temperature), while
the Harvest 5 included 100 10 kg cartons of oranges (20 cartons stored at each temperature
and/or RH condition). Overall, the experiment included 400 10 kg cartons of oranges (i.e.,
a total of 4 tons of oranges).

2.3. Evaluations of Fruit Quality

Evaluations of fruit quality were conducted at Time 0 and at weekly intervals over a
period of 20 weeks (~4.5 months). The quality evaluations were conducted after one addi-
tional week of storage under shelf-life conditions at 20 ◦C. The different quality evaluations
are described below.

2.3.1. Firmness

Firmness was tested with a texture analyzer (TA-XT plus, Stable Micro Systems,
Surrey, UK) with a 50-kg load cell, using a 75 mm (diam.) cylindrical probe. The machine
compressed the samples (15 replicates for each treatment and storage time) in the equatorial
zone until 5% deformation at a speed of 1 mm·s−1. Results were expressed as the force
required to induce that level of deformation.

2.3.2. Weight Loss

Weight loss was evaluated by weighing the produce at Time 0 and then again after
the different storage periods. Weight-loss data are expressed as percentages of weight lost
relative to the initial weight.

2.3.3. Peel Color

Peel color was determined by measuring lightness (L*), chroma (C*) and hue angle
(H◦) values, using a Minolta Chromo Meter, Model CR-400 (Minolta, Tokyo, Japan). The
presented data are means of 15 measurements.
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2.3.4. Peel Damage, Decay and Internal Dryness

Peel damage, the incidence of decay and internal dryness were evaluated for the
different storage periods following the manual sorting of the produce. Results are expressed
as the percentage of infected fruits among the total amount of produce.

2.3.5. Total Soluble Solids (TSS) and Titratable Acidity (TA)

The total soluble solids (TSS) contents of the extracted juice were determined with
a Model PAL-1 digital refractometer (Atago, Tokyo, Japan), and acidity levels (%) were
measured by titration to pH 8.3 with 0.1 M NaOH using a Model CH-9101 automatic titrator
(Metrohm, Herisau, Switzerland). Each measurement was replicated three times, with juice
collected from three fruits used each time.

2.3.6. Vitamin C

The vitamin C (ascorbic acid) content of the orange juice was determined by titration
with 2,6-dichlorophenolindophenol, as described previously [24]. Levels of ascorbic acid
were determined by comparing the titration volumes of the fruit juices with those of a
standard solution containing 0.1% ascorbic acid.

2.3.7. Ethanol Levels

Juice ethanol concentrations were determined as described by Davis and Chace [25].
Generally, 10 mL aliquots of juice were incubated at 37 ◦C for 30 min in 25 mL Erlenmeyer
flasks. In parallel, Erlenmeyer flasks containing 10 mL of 100 μL L−1 ethanol were used as
internal standards for quantity evaluations. After the incubation, 2 mL gas samples were
withdrawn from the Erlenmeyers’ headspaces into syringes and ethanol levels were deter-
mined with a Varian 3300 gas chromatograph. The results are means of three replications;
each replicate included juice collected from three different fruits.

2.3.8. Flavor

Flavor evaluations were conducted by three trained judges, who used a 1–9 hedonic
scale, in which 1 = very bad and 9 = excellent.

2.3.9. Acceptance Scores

Visual and final acceptance scores were assigned by three trained judges using a
5-grade scale, in which 1 = very bad, 2 = poor, 3 = fair, 4 = good and 5 = excellent.

2.4. Statistical Analysis

Feature-importance values were analyzed using mean Shapley additive explanation
(SHAP) values [26] and the mean decrease accuracy (MDA) method [27]. The ClusViz
tool was used for heatmap graphical representation [28]. Pearson correlation values were
calculated using the open-source R software (available from: http://www.r-project.org;
accessed on 10 April 2022).

2.5. Quality-Prediction Models
2.5.1. Data-Set Preparation

The experiment produced 400-labeled data points; each data point represented one
carton in the experiment. The input features were two pre-harvest variables (harvest date
and yield) and three postharvest variables (storage time, temperature, humidity). The
main model’s output (i.e., label) was the 5-grade scale final acceptance score assigned to
each carton.

2.5.2. Prediction Models

We tested four different linear and non-linear regression models for their ability to
predict fruit-acceptance scores. These models are described below.
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Multiple Linear Regression (MLR)—This basic model attempts to establish a linear re-
lationship between the features and the label [29]. The MLR uses two or more independent
features to predict the outcome of a dependent output label by fitting a hyperplane. The
model finds the optimal parameters that minimize the mean squared error for the predicted
quality scores.

Support Vector Regression (SVR)—SVR is a generalization of support vector machine
(SVM) for regression tasks [30,31]. Unlike other models, SVR attempts to predict the label
within a small range of allowed error. In other words, while MLR punishes every prediction
error, SVR tolerates small errors as long as they fall within a predefined range. SVR models
often employ kernels, which enable non-linearity in the input space. Non-linearity is
achieved by transforming the data to a higher dimensional space, in which the relation
between the inputs and label will be a linear one. In this work, a radial basis function (RBF)
kernel was found to produce the best results, hence the results below relate to the use of
SVR with an RBF kernel.

Random Forests (RF)—RF is a supervised ensemble method that is widely used for
regression problems [32]. The RF model employs multiple regression trees (i.e., forests)
to reduce the variance error [33]. For each tree, the model introduces different subsets
of samples and features with replacements, also known as the bagging approach [34].
At prediction time (inference), each individual tree predicts a different value and the
average of all of the predictions is used. The tree structure enables non-linearity and by
averaging multiple predictions of different trees, RF often produces more accurate results
than SVR or MLR.

Extreme Gradient Boosting (XGBoost)—This is a state-of-the-art ensemble method
that has become popular in recent years for tabular data predictions [35]. Similar to RF,
this model is based on regression trees. However, unlike RF, it uses a boosting approach
instead of bagging. In boosting, the trees are built sequentially, with each tree trying to
minimize the remaining error of all previous trees [36].

2.5.3. Evaluation of the Models

A great deal of laboratory work was done to evaluate the 12,000 oranges and produce
a data set of 400-labeled points. However, machine-learning models usually require many
more data to learn and make predictions [37]. The common 80–20% train-set test-set split is
risky when the data set is very small, since it is more likely to introduce bias. Hence, a K
fold cross-validation method was used [38], with five folds and 20 repetitions producing
100 samples. If needed, pre-processing parameter scaling was applied to each iteration
separately. Two metrics were used for the model evaluations: root mean squared error
(RMSE) to compare the competing alternatives and the coefficient of determination (R2) to
measure the amount of variance explained by each model.

2.5.4. Duplication as a Way to Deal with Unbalanced Data Sets

In this study, the target label (i.e., acceptance score) is a 5-grade scale variable, with
5 denoting that the produce is very suitable for marketing and 1 denoting produce unlikely
to be purchased. The advanced FEFO logistics strategy is expected to enable an efficient
inventory management based on shelf-life predictions, and thus has great interest in
predicting low-scoring fruit. However, low scores were relatively rare in the current data
set, as only 14.75% of the samples in the total data set had scores of 3 (“fair”) or less. To
cope with this challenge, training set samples with scores that were equal or lower than
3.25 were duplicated. Overall, six modes of duplication were compared: no duplication
(i.e., 0) and 1 to 5 duplications.

3. Results

3.1. Effects of Pre-Harvest and Postharvest Features on the Quality of ‘Rustenburg’ Navel Oranges

To collect the high-throughput phenotyping data required to develop shelf-life pre-
diction models, we examined the effects of various pre-harvest and postharvest features
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on the quality of ‘Rustenburg’ navel oranges. The examined pre-harvest features included
harvest time (with six different harvest times ranging from 21 February 2021 to 6 April
2021) and orchard yield, which ranged between 18 and 48 Ton/Hectare (Table 1). The
examined postharvest features included storage temperature (2, 5 or 8 ◦C), RH level during
storage (70, 90 or 95%) and duration of storage, with the fruits being evaluated weekly over
a period of 20 weeks.

The effects of the different features on the postharvest storage performance of ‘Rusten-
berg’ navel oranges, including weight loss, firmness, color, decay, peel damage, CI and
internal dryness, are presented in Figure 1.

Figure 1. Effects of various pre-harvest and postharvest features on the postharvest storage quality of
‘Rustenburg’ navel oranges harvested from six different orchards. The harvest times and yields of the
different orchards are presented in Table 1. The postharvest features included storage temperature (2,
5 or 8 ◦C) and storage RH level (70, 90 or 95%). Fruit quality was evaluated every week after one
additional week of storage under shelf conditions (at 20 ◦C) for a period of 20 weeks.

It can be seen that weight loss gradually increased during storage under all of the
examined conditions, but reached its highest levels following storage under low-RH con-
ditions. Firmness levels remained more or less stable over the course of the postharvest
storage period, but gradually decreased under low-RH conditions.

It is worth noting that the fruits from all of the orchards had a yellowish pale color (hue
angle between 59–61◦) following storage at the low temperature of 2 ◦C, a normal orange
color (hue angle between 62–64◦) following storage at 5 ◦C and a deep orange/reddish color
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(hue angle between 66–69◦) following storage at 8 ◦C (Figures 1 and 2a). It is also worth
noting that CI symptoms developed only upon storage at the low temperature of 2 ◦C,
whereas internal dryness symptoms developed mainly during storage at the moderate and
higher temperatures of 5 ◦C and 8 ◦C (Figures 1 and 2b,c).

Figure 2. Photographs of ‘Rustenburg’ navel oranges. (a) Fruit stored at 2, 5 and 8 ◦C, (b) chilling
injury, and (c) internal dryness symptoms.

The effects of the various pre-harvest and postharvest features on the biochemical
composition of the juice of ‘Rustenburg’ navel oranges, including TSS, acidity and vitamin
C and ethanol levels, as well as flavor acceptance, are presented in Figure 3. The TSS levels
remained relatively stable during storage, whereas acidity and vitamin C levels decreased
and ethanol levels increased during storage. Fruit flavor acceptability remained relatively
high (flavor acceptance score ≥ 7.0, on a scale of 1 to 9) for 14–18 weeks for the different
orchards and treatments, but then tended to decrease, doing so somewhat more rapidly at
the higher storage temperature of 8 ◦C.
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Figure 3. Effects of various pre-harvest and postharvest features on the biochemical composition and
flavor of ‘Rustenburg’ navel oranges harvested from six different orchards. The harvest times and
yields of the different orchards are presented in Table 1. The postharvest features included storage
temperature (2, 5 or 8 ◦C) and storage RH (70, 90 or 95%). Fruit quality was evaluated every week
after one additional week of storage under shelf conditions (20 ◦C) for a period of 20 weeks.

Overall, fruit-acceptance scores remained relatively high (acceptance score ≥ 4, on a
scale of 1 to 5) for 14–19 weeks, depending on the various pre-harvest and postharvest fea-
tures (Figure 4). It is worth noting that the fruits stored at 5 ◦C maintained high acceptance
scores for longer periods when compared to the fruits stored at a lower temperature of 2 ◦C
or a higher temperature of 8 ◦C.

Figure 4. Effects of various pre-harvest and postharvest features on the acceptance scores of ‘Rusten-
burg’ navel oranges harvested from six different orchards. The harvest times and yields of the
different orchards are presented in Table 1. The postharvest features included storage temperature (2,
5 or 8 ◦C) and storage RH (70, 90 or 95%). Fruit quality was evaluated every week after one additional
week of storage under shelf conditions (at 20 ◦C) for a period of 20 weeks.

To evaluate the importance of the various pre-harvest and postharvest features on the
quality of ‘Rustenburg’ navel oranges, we used various statistical analysis tools, including
SHAP and RF MDA methods (Figure 5a,b). A feature importance analysis using mean
SHAP values revealed that storage time was the most important feature affecting fruit
quality, followed by storage temperature, harvest time, yield and humidity conditions
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(Figure 5a). Furthermore, RF MDA analysis revealed that harvest time had major effects
on peel damage and vitamin C levels, and that orchard yield had major effects on decay,
firmness and TSS. Regarding the postharvest features, storage time had major effects on
ethanol accumulation, fruit flavor and acceptance scores; storage temperature had major
effects on CI and peel color; humidity conditions during storage had a major effect on fruit
weight loss (Figure 5b). It is worth noting that the different pre-harvest and postharvest
features affected different postharvest quality parameters. For example, storage time
mainly affected flavor, ethanol levels and acceptance scores, whereas storage temperature
mainly affected color and CI (Figure 5b).

Figure 5. Importance of the various pre-harvest and postharvest features on the quality of ‘Rusten-
burg’ navel oranges. (a) Feature importance analysis using the SHAP method. (b) Feature importance
and heat-map analyses using the RF MDA method.

ANOVA revealed that the harvest date significantly affected acidity, vitamin C levels,
decay, flavor, firmness, weight loss, peel damage, color and final acceptance scores, and
orchard yields significantly affected acidity, vitamin C, flavor, weight loss and peel damage
(p < 0.001; Table 2). Among the postharvest features, storage time significantly affected all
of the examined parameters, with the exception of TSS. Storage temperature significantly
affected all the parameters except for decay and TSS, and storage humidity significantly
affected firmness and weight loss (Table 2).
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Table 2. Effects of different pre-harvest and postharvest features on the quality attributes of ‘Rusten-
burg’ navel oranges. The presented data are ANOVA p values. Gray shading indicates statistical
significance (p ≤ 0.001).

Harvest
Time Storage Time Yield

Storage
Temperature Humidity

Acidity 6.55 × 1042 3.06 × 1033 2.01 × 1010 9.42 × 1015 -

Vitamin C 3.15 × 1044 4.20 × 10210 1.54 × 1013 7.17 × 1017 0.001

Internal dryness - 6.98 × 10106 0.002 1.08 × 1013 -

Decay 4.86 × 106 2.97 × 1035 0.001 0.034 0.005

Flavor 7.92 × 1017 4.37 × 10268 3.55 × 105 3.08 × 1016 -

Final acceptance
score 2.82 × 107 0 0.003 3.03 × 107 -

Firmness 7.56 × 1069 5.58 × 109 - 5.11 × 1016 2.07 × 1021

Ethanol 0.004 0 0.002 1.76 × 1017 -

Visual acceptance
score - 1.47 × 10279 0.035 1.09 × 1010 -

Weight loss 2.33 × 1027 4.82 × 10270 1.58 × 1016 3.77 × 1022 6.08 × 1012

Peel damage 3.24 × 1031 3.95 × 1016 8.33 × 106 3.28 × 106 0.019

Hue angle 3.47 × 108 4.15 × 1012 0.001 2.33 × 10238 0.006

TSS - - - - -

Chilling injury - 1.46 × 1044 0.030 5.12 × 1045 0.012

Pearson correlations between the various quality parameters revealed positive corre-
lations among flavor, visual and final acceptance scores and acidity and vitamin C levels,
as well as negative correlations between these attributes and changes in ethanol levels,
weight loss, decay, internal dryness, peel damage, color and CI (Figure 6; red and blue
boxes, respectively). We also observed positive correlations between ethanol content, decay,
weight loss and internal dryness, as well as negative correlations between weight loss and
firmness (Figure 6; pink and black boxes, respectively).

Figure 6. Pearson correlations and heat-map analysis of the various fruit-quality parameters. Red
and pink boxes indicate parameters that are positively correlated with one another, and blue and
black boxes indicate parameters that are negatively correlated with one another.
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Finally, Pearson correlations revealed positive correlations between final acceptance
scores and acidity, vitamin C, flavor and visual acceptance scores, and negative correlations
between final acceptance scores and changes in TSS, firmness, color, peel damage, decay,
CI, internal dryness, weight loss and ethanol accumulation (Figure 7).

Figure 7. Pearson correlations between the various fruit-quality parameters and the final acceptance scores.

3.2. Quality-Prediction Models

Four regression models, including one linear model (MLR) and three non-linear
models (SVR, RF and XGBoost), were evaluated for their abilities to predict acceptance
scores based on two pre-harvest and three postharvest features (Table 3). Since the data
set was not balanced, the models were evaluated twice. First, we evaluated the entire
test sets (referred to as the “full set”) and then we evaluated a subset of the full set that
consisted only of samples with acceptance scores equal or lower than 3.25 (i.e., low-quality
samples, referred to here as the “low-score subset”). RMSE and R2 were calculated using a
cross-validation method, which produced 100 samples, and the Wilcoxon non-parametric
signed-rank test was applied to the results. As shown in Table 3, the XGBoost regression
model outperformed the other models (p < 0.01). The observed RMSE values of the XGBoost
model for the full set and the low-score subset were 0.195 and 0.380, respectively; and
the R2 values were 0.914 and 0.305, respectively. As expected, the RMSE and R2 model
prediction values were higher for the full set than for the low-score subset.

Table 3. RMSE and R2 values for the MLR, SVR, RF and XGBoost regression models for the full data
set and the low-score subset.

Full Set Low-Score Subset

Algorithm RMSE R2 RMSE R2

MLR 0.444 0.566 0.831 −2.314
SVR 0.312 0.784 0.662 −1.107
RF 0.200 0.910 0.404 0.217

XGBoost 0.195 0.914 0.380 0.305

To further improve the XGBoost prediction model, especially for the low-score subset,
we used a duplication approach in which low-quality samples in the training set were
duplicated for each repetition and fold. Overall, six duplication modes were compared:
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no duplication (i.e., zero) and one to five duplications. The RMSE and R2 of the full set
and low-score subset were measured again for each duplication mode (Table 4). The
duplications had a relatively small diminishing effect on the RMSE and R2 of the full set
(RMSE increased from 0.195 to 0.217; R2 decreased from 0.914 to 0.891), but substantially
reduced the RMSE of the low-score subset from 0.380 to 0.329 and increased the R2 of the
low-score subset from 0.305 to 0.479.

Table 4. RMSE and R2 values for the XGBoost regression model for the full data set and the low-score
subset with 0 to 5 duplications.

Full Set Low-Score Subset

Number of Duplications RMSE R2 RMSE R2

0 0.195 0.914 0.380 0.305
1 0.201 0.907 0.358 0.385
2 0.206 0.903 0.344 0.433
3 0.210 0.898 0.337 0.456
4 0.214 0.894 0.333 0.469
5 0.217 0.891 0.329 0.479

The FIFO logistic management method is based on the notion that storage time is
the most crucial feature for predicting fruit quality. This was supported by the SHAP
analysis, which revealed that storage time was the most important feature affecting the
postharvest quality of oranges (Figure 5a). However, the results suggest that the other
pre-harvest and postharvest features had additional effects on fruit quality. To evaluate
the relative importance of the other examined pre-harvest and postharvest features in the
prediction model, we conducted post hoc analyses to explore the contributions of various
feature subsets on fruit-quality predictions. The data subgroups included: (1) storage
time only, (2) storage time and pre-harvest features (harvest time and yield), (3) storage
time and postharvest features (temperature and humidity) and (4) storage time and all
pre-harvest and postharvest features (harvest time, yield, storage time, storage temperature
and storage humidity).

XGBoost models with five duplications of the training sets were used to compare
these subgroups. RMSE and R2 values for the full set and the low-score subset are pre-
sented in Table 5. For the full data set, the addition of either pre-harvest (Subgroup 2) or
postharvest data (Subgroup 3) lowered the RMSE from 0.371 (Subgroup 1; i.e., storage
time) to 0.304 and 0.340, respectively, and increased the R2 from 0.687 (Subgroup 1), based
on storage time alone, to 0.790 (Subgroup 2) and 0.739 (Subgroup 3). The inclusion of
all features (Subgroup 4) further reduced RMSE to 0.217 and increased R2 to 0.891. For
the low-score subset, the neither did the addition of either pre-harvest (Subgroup 2) or
postharvest data (Subgroup 3) improve the RMSE and R2 values. However, we observed
an improved RMSE of 0.329 and R2 of 0.479 when all of the pre-harvest and postharvest
features were included in the model (Subgroup 4), relative to storage time alone (Subgroup
1), with an RMSE of 0.473 and an R2 of −0.074.

Table 5. The RMSE and R2 values for the XGBoost regression model with five duplications for the
full data set and low-score subset, using four different feature subgroups.

Full Set Low-Score Subset

Subgroup RMSE R2 RMSE R2

1. Storage time 0.371 0.687 0.473 −0.074
2. Storage time + pre-harvest features (harvest time, yield) 0.304 0.790 0.464 −0.036
3. Storage time + postharvest features (temperature, humidity) 0.340 0.739 0.535 −0.376
4. Storage time + pre-harvest (harvest time, yield) + postharvest
features (temperature, humidity) 0.217 0.891 0.329 0.479
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4. Discussion

The main goal of the current study was to conduct a large-scale, high-throughput
phenotyping analysis of the effects of various pre-harvest and postharvest features on the
quality of ‘Rustenburg’ navel oranges, in order to develop quality-prediction models to
enable the implementation of the more efficient FEFO logistic management system [14,15].

Performing the current postharvest storage evaluations of ‘Rustenburg’ navel oranges
yielded two main outcomes: (1) they contribute to our current understanding of the
importance of various pre-harvest and postharvest features on the quality of navel oranges,
and (2) they allowed for the generation of quality-prediction models for oranges.

The SHAP analysis revealed that storage time is the most important feature affecting
the postharvest quality of oranges, but also showed that other pre-harvest and postharvest
features also have meaningful effects on fruit quality (Figure 5a). Furthermore, feature-
importance analysis conducted using RF MDA revealed that different pre-harvest and
postharvest features affect different aspects of fruit quality. For example, storage tempera-
ture mainly affects color and CI, whereas RH mainly affects weight loss (Figure 5b). More
specifically, ANOVA revealed that the harvest time, storage time and storage temperature
features significantly affected most examined fruit quality parameters, whereas tree yield
significantly affected acidity, vitamin C, flavor, weight loss and peel damage, and humidity
significantly affected fruit firmness and weight loss (Table 2). Thus, we conclude that all of
the examined pre-harvest and postharvest features eventually influence the postharvest
quality of navel oranges and that the most comprehensive quality-prediction models will
include as many factors as possible.

Similar findings regarding the importance of both pre-harvest and postharvest features
for shelf-life predictions were recently reported for nectarines. That work found that pre-
harvest features, such as irrigation methods and fruit load, and postharvest features, such
as storage temperature and storage RH, all have major effects on the postharvest quality of
nectarines [39]. Other studies involving the development of shelf-life prediction models
for strawberries, rocket leaves and mushrooms have reported that storage temperature is
the most important feature affecting shelf life and quality [40–42]. However, another study
pointed to the importance of RH for preserving the postharvest quality of strawberries [43].

The calculation of Pearson correlations between various orange fruit-quality param-
eters and final acceptance scores revealed that the fruit quality parameters that were
positively correlated with high acceptance scores were acidity, vitamin C level and flavor,
and that these parameters were also positively correlated with one another (Figures 6 and 7).
In contrast, changes in firmness, weight loss, decay, internal dryness, peel damage, CI,
ethanol accumulation and fruit color were all negatively correlated with the fruit acceptance
scores (Figures 6 and 7).

The second main goal of the current study was to develop fruit quality prediction
models. To that end, we examined four regression models and found that RF and XGBoost
provided very effective quality predictions when the full experimental data set was used.
The XGBoost regression model had a low RMSE value of just 0.195 for an acceptance score
scale of one to five, as well as a high R2 value of 0.914 (Table 3). A more or less similar
RMSE value of 0.184 and an R2 value of 0.911 were recently reported for the development
of a shelf life prediction model of table grapes using an optimized radial basis function
(RBF) and neural network [16]. However, unfortunately, the collected data were not fairly
balanced, as low acceptance scores (equal or below three on a scale of one to five) accounted
for only 14.75% of the total data set and, accordingly, the observed RMSE and R2 values for
the low-scoring data set were only 0.380 and 0.305, respectively. Thus, the tested regression
models provided much better quality predictions for fruits with higher acceptance scores
than for fruits with lower acceptance scores.

To address this obstacle, we added a further duplication of the low-score subset
and found that doing so helped to reduce the observed RMSE from 0.380 to 0.329 and
increased the R2 from 0.305 to 0.479 (Table 4). Nonetheless, a further improvement of the
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quality predictions of low-acceptance-score fruits will require the performance of additional
experiments and the generation of larger data sets of fruit with low acceptance scores.

Finally, post hoc analyses revealed that quality prediction models based on storage-
time data alone were much less accurate than quality prediction models based on storage
time together with the other examined pre-harvest and postharvest features (Table 5). Thus,
the development of accurate quality-prediction models required for the implementation of
the FEFO intelligent logistic management system necessitates the collection and use of as
much pre-harvest and postharvest data as possible.

5. Conclusions

The main objective of the current research was to conduct a large-scale, high-throughput
phenotyping analysis of the postharvest storage performance of ‘Rustenburg’ navel oranges,
in order to develop shelf-life prediction models to enable the implementation of the FEFO
logistic management method. The key findings were that the storage time appeared to
be the most important feature affecting fruit quality, but also other features, including
harvest time, storage temperature, yield and humidity, majorly influenced fruit postharvest
quality. Based on the achieved data, we examined the efficacy of different regression models
for their ability to predict fruit quality, and found that using XGBoost combined with a
duplication approach provided the most effective approach, and allowed the prediction
of fruit-acceptance scores among the full data set, with an RMSE of 0.217 and an R2 of
0.891. The development of accurate shelf-life prediction models should now allow the
implementation of the FEFO logistic management system for more efficient inventory
management and reduction of losses.
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Abstract: The king oyster mushroom (Pleurotus eryngii) is a delicious edible mushroom that is highly
prized for its unique flavor and excellent medicinal properties. Its enzymes, phenolic compounds and
reactive oxygen species are the keys to its browning and aging and result in its loss of nutrition and
flavor. However, there is a lack of reviews on the preservation of Pl. eryngii to summarize and compare
different storage and preservation methods. This paper reviews postharvest preservation techniques,
including physical and chemical methods, to better understand the mechanisms of browning and the
storage effects of different preservation methods, extend the storage life of mushrooms and present
future perspectives on technical aspects in the storage and preservation of Pl. eryngii. This will
provide important research directions for the processing and product development of this mushroom.

Keywords: Pleurotus eryngii; king oyster mushroom; quality influential factors; preservation

1. Introduction

The king oyster mushroom (Pleurotus eryngii) is a high-quality, large, fleshy umbrella
mushroom that is widely grown in many parts of the world [1]. It is grown in Europe,
the Middle East and China [2]. Pl. eryngii has been intensively studied as a medicinal
mushroom, a part of traditional diet and medicine, for its unique flavor, nutrition and
biological functions [1]. In addition, Pl. eryngii has a wide market for its easily cultivated,
high-yielding, and delicious product that can be cooked directly [3]. Simultaneously,
Pl. eryngii is rich in protein, carbohydrates, unsaturated fatty acids, vitamins and other
nutrients. It is also low in fat with high nutritional and medicinal value, which results in its
high economic value. Its dried product contains 14.85% protein, 4.46% fat, 15.51% crude
fiber, 43.15% carbohydrates and 18 amino acids. It is also rich in polysaccharides [1,4] and
has good therapeutic effects, such as its activities against viruses and hypoglycemia and its
ability to lower cholesterol, promote intestinal digestion, prevent cardiovascular disease
and improve immunity [1,5].

Postharvest quality is a major concern for mushroom growers. Pl. eryngii is a highly
perishable commodity and is not suitable for prolonged storage or transport over long
distances [6,7]. In recent years, Pl. eryngii has become popular with consumers owing to
its crunchy texture and nutritious nature; it meets the demand for a healthy lifestyle [8].
However, unexpected softening in texture and browning caused by polyphenol oxidase
always occurs during storage, which significantly increases the challenges of postharvest
storage and preservation and significantly increases the cost of transporting the king oyster
mushroom [8]. From the relevant postharvest preservation studies that have been con-
ducted on Pl. eryngii, drying not only has a positive impact on physical properties, such
as shrinkage, dehydration capacity and color, but also on the components that exert an-
tioxidant and health-promoting properties. These include preservation technologies, such
as modified atmosphere packaging (MAP) [9,10], γ-radiation [3], 1-methylcyclopropene
(1-MCP) nanopackaging and polysaccharide nanoparticle preservation [11], that can main-
tain their texture and nutrient content and extend the storage period. In addition, physical
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methods, such as microwave hot-air drying, vacuum freeze drying, solar drying and steam
bleaching, can effectively reduce the loss of nutrients and reduce the intensity of respiration
during storage and preservation. However, the current preservation techniques only have
a small effect on the primary nutrients, and it is not known whether other nutrients are
affected. Chemical methods, such as essential oils (EOs) and coating preservation [12], can
delay the water loss and softening of Pl. eryngii to some extent and inhibit their respiration
rate, thus resulting in successful storage and preservation (Table 1).

Table 1. Methods of Pl. eryngii storage and preservation.

Treatments Process Parameters Storage Days Preservation Effect Ref.

Modified atmosphere
packaging

Storage temperature: 4 ◦C
Storage relative humidity: 95%
Grouping processing:
-high carbon dioxide packaging
(HCP: 20% CO2 + 15% O2)
-low carbon dioxide packaging
(LCP: 30% O2 + 2% CO2)
-high nitrogen packaging
(HNP: 85% N2, 15% O2)

10 d

Optimal processing: HCP: 20%
CO2 + 15% O2
-High total phenolic content
-Darkening delaying effect

[13]

High carbon dioxide and
low oxygen storage

Storage temperature: 4 ◦C
Storage relative humidity: 95%
Grouping processing:
-2% O2 + 30% CO2
-Air

5 d

Optimal processing: 2% O2 + 30%
CO2
-Inhibition of serine protease
activity

[9]

Storage temperature:4 ◦C
Storage relative humidity:95%
Grouping processing:
-2% O2
-2% O2 + 10% CO2
-2% O2 + 30% CO2
-1% O2 + 50% CO2
-Air

5 d

Optimal processing: 2% O2 +
30% CO2
-O2

− production rate: 50.7%
-Improve enzyme activity (SOD)

[10]

1-MCP treatment
combined with
nano-packaging

Storage temperature:4 ± 1 ◦C
Storage relative humidity: 90–95%
Grouping processing:
-Untreated
-1-MCP (0.3 μL L–1, 24 h)
-Nano-packaging
-1-MCP (0.3 μL L–1, 24 h) +
nano-packaging.

12 d

Optimal processing: 1-MCP +
nanopackaging
-Texture enhancement
-Delay respiration rate
-Soluble protein improved
-Avoid the accumulation of
activated oxygen and enhance
antioxidant activity (PPO, SOD
and CAT)

[11]

A novel phase change
material

Storage temperature: 22 ◦C ± 2 ◦C
Preparation of PCM: 0.01%
nano-TiO2, 2.09% K2SO4, 1.72%
maltitol, and 0.50%
superabsorbent polymer
Grouping processing:
-Novel PCM (−2 ◦C)
-Ice (−2 ◦C)
-Equal mass of water

5 d

Optimal processing: the novel
PCM (−2 ◦C)
-Total flavonoid contents: 37.31%
higher than control
-Free amino acids: the contents of
Glu, Phe and Pro were 1.95-fold,
1.34-fold and 2.07-fold higher than
those in control, respectively;
electrolyte leakage: 17.94% lower
than that in control
-Antioxidant activity enhancement
(GDH, POD, SOD and CCO)

[14]
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Table 1. Cont.

Treatments Process Parameters Storage Days Preservation Effect Ref.

Gamma irradiation
Storage temperature: 5 ± 1 ◦C
Group:
0, 1, 2, 3 kGy

28 d

Optimal processing: 1 kGy
-Uniform color with no fungus
spoilage and blemishes
-Scanning electron microscopy:
comparable micro-structure to that
of the control

[3]

MARDB (microwave
hot-air flow rolling
dry-blanching)

Storage temperature: 4 ◦C
MARDB pretreatment: constant
microwave power: 3 W/g, the
speed of the rolling bed: 5 rpm
Hot-air drying treatment: speed of
rolling bed: 5 rpm, drying
temperature of the material: 60 ◦C
Group processing:
-After pretreatment, cooled to
60 ◦C in the air and dried.
-After pretreatment, packed in
plastic bags, sealed and placed in
the refrigerator of 4 ◦C

12 d

Optimal processing: microwave
hot-air flow rolling dry-blanching
for 9 min
-Maintaining quality parameters
-Maintain moisture ratio
-Reducing water holding capacity
and water binding capacity

[15]

Temperature-controlled
cold rooms

Relative humidity: 87 ± 5%
Packing material: PE
Group:
2 ◦C low temperature
4 ◦C low temperature
8 ◦C low temperature

18 d

Optimal processing: 2 ◦C low
temperature
-High total phenolic content
-Darkening delaying effect
-Membrane lipid peroxidation is
low

[8]

Distilled water coating, CS
coating, PA-g-CS I (low
grafting 125degree)
coating, PA-g-CS II
(medium grafting degree)
coating, PA-g-CS III (high
grafting degree) coating

Treatment Time: 30 s
Storage temperature: 4 ± 1 ◦C
Relative humidity: 95%
Group:
-Control (distilled water coating)
group
-CS coating group
-PA-g-CS I (low grafting degree)
coating group
-PA-g-CS II (medium grafting
degree) coating group
-PA-g-CS III (high grafting degree)
coating group

15 d

Optimal processing: PA-g-CS III
(high grafting rate) coating group
-Maintain high quality
-Lower membrane lipid
peroxidation
-Antioxidant activity enhancement
(SOD, APX, GR, CAT)
-Microstructure: PA-g-CS coating
group has a less entangled fiber
structure and smaller pores.

[12]

Lactic acid fermentation

Group:
-Storage temperature: 20 ◦C
Sauerkraut process: 2% salt, 1%
crystal sugar, and 0.1% Lactic Acid
Bacteria Powder Starter
-Storage temperature: 4 ◦C
Kimchi process: 4% solar salt, 2%
sugar and 0.1% Lactic Acid
Bacteria Powder Starter
-Storage temperature: 30 ◦C
Pickle process: 50 mM acetic acid,
2.06 M NaCl and 2% sugar and
0.1% Lactic Acid
Bacteria Powder Starter
-Storage temperature: 20–25 ◦C
Control heavy salting process:
Saturated brine (450 mL, 25%,
approximately)

30 d

Optimal processing: Control
heavy salting process
-Microbial counts changes: no
count of lactic acid bacteria and
Enterobacterial was detected;
yeasts and molds were able to
survive at 30 days
-Inhibit the action of
microorganisms: pH and titratable
acidity: nearly unchanged
-Nitrite concentration: relatively
low and stable

[16]
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Table 1. Cont.

Treatments Process Parameters Storage Days Preservation Effect Ref.

Natural freezing (NF,
−20 ◦C) or individually
quick-frozen (IQF)
(−62.5 ◦C and speed
8.23 m/s) methods

Storage temperature: −20 ◦C
Group:
-NF, thawed by NT at room
temperature
-NF, thawed by FT at 4 ◦C
-NF, thawed by MT at 620 W.
-IQF, thawed by NT at room
temperature
-IQF, thawed by FT at 4 ◦C
-IQF, thawed by MT at 620 W

—

Optimal processing: IQF, thawed
by NT at room temperature
-Thawing curve: takes less time to
reach 4 ◦C
-Water holding capacity:
significantly higher than that of
NF; thawing loss: significantly
lower than that of NF
-Cutting force analysis: high
hardness
-Sensory evaluation of thawed
mushroom: superior to NF
samples in all aspects; IQF least
affected the quality after thawing

[17]

freezing or canning
Group:
Storage temperature: −25 ◦C
Freezing and Canning

—

Optimal processing: Boletus
edulis, Freezing
Preservation effect:
-The coefficients for converting
total nitrogen to protein: 4.18

[18]

PPP@chitosan
nanoparticles

Storage temperature: 37 ◦C
Group:
-PPP 1.5 mg/mL
-PPP 3 mg/mL
-PPP 4.5 mg/mL
-PPP 6 mg/mL

5 d

Optimal processing: PPP
3 mg/mL
-Inhibit the activity of E. coli
O157:H7 on food surfaces.
Antimicrobial activity: pork: The
number of E. coli O157:H7
decreased by 99.02% and 99.11%
cucumber: the number of E. coli
O157:H7 decreased by 99.48% and
99.77%

[19]

To fully preserve the nutrient contents of Pl. eryngii, increase its shelf life and better
promote the interests of the whole king oyster mushroom industry, this paper reviews the
primary manifestations of quality deterioration of these mushrooms, the quality changes
of Pl. eryngii in postharvest storage, the mechanism of browning and the storage effects
of different preservation methods, and provides a reference for the development of green
preservation processes for Pl. eryngii.

2. Deterioration of the Quality of Pl. eryngii

The deterioration of the quality of Pl. eryngii after harvesting severely limits its com-
mercial value and hinders the development of the mushroom industry. The deterioration
in mushroom quality is characterized by the reduction in sensory and nutritional qual-
ity, which is owing to a combination of internal and external factors. Currently, research
on the deterioration of the quality of the mushroom has focused on water loss, weight
loss, postharvest morphological changes, changes in textural characteristics, color-specific
changes, loss of nutrition and flavor and microbial infection.

2.1. Loss of Water and Weight

Fresh Pl. eryngii has a moisture content of up to 90% (wet basis), but its loss of moisture
during storage can easily lead to weight loss, which is an important factor in the quality of
fresh mushrooms [20]. A study showed that the weight loss of Pl. eryngii stored at 4 ◦C
and 25 ◦C increased to 0.69% and 3.41%, respectively, (p < 0.01) compared with that of
Pl. eryngii on day 0 throughout the storage period [21]. This is primarily owing to the
exudation of cell contents, the sudden increase in the content of malondialdehyde (MDA)
and the effect of related enzymes, such as superoxide dismutase (SOD), peroxidase (POD),
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and catalase (CAT). When the weight loss reaches 3.41% of its fresh mass, Pl. eryngii is
considered decayed and unusable as food [21].

2.2. Altered Textural Properties

King oyster mushrooms are subject to aging during storage, which results in a rapid
loss of hardness and contamination by microorganisms, thus explaining their short shelf
life [22]. Studies have demonstrated that after 12 days of storage at 4 ◦C, the hardness of the
mushroom decreases from 9.024 N to approximately 3.132 N. After 6 days of storage at 25 ◦C,
the hardness of the mushroom decreases sharply to 3.11 N. Studies have shown that when
the hardness of stored mushrooms decreases to less than 3.11 N, microorganisms appear on
their surface, which causes them to deteriorate [21]. During storage at low temperatures,
the fresh appearance of the Pl. eryngii is always accompanied by deterioration owing to
lignification [8]. Lignification not only leads to a toughening of the Pl. eryngii texture and a
significant reduction in nutrients but also promotes lipid peroxidation and deterioration of
the king oyster mushroom substrate [8].

2.3. Change in Color Characteristics

Of all the quality properties that drive consumer purchasing behavior, color is the
most evident dimension of quality. Among the parameters of mushroom browning, the L*
value is often used to reflect the color change of the mushroom; a higher L* value indicates
less browning and higher quality [21]. A study showed that the L* of Pl. eryngii stored
at 4 ◦C during the first 6 days did not change significantly. The L* value of Pl. eryngii
stored at 25 ◦C decreased from 94.15 to 75.33 from day 0 to day 6, respectively, indicating
severe deterioration of Pl. eryngii [21]. When L* ≤ 82, the mushroom is of poor quality and
not acceptable to the consumer. In addition to the L* value, the browning index (BI) can
also be used to measure the degree of browning on the surface of king oyster mushrooms.
Studies have shown that the degree of browning of the mushroom continues to increase
with storage time. After 9 days of storage at 4 ◦C, there was slight browning on the surface
of the mushroom. On day 12 of storage at 4 ◦C, the BI value on the surface of the mushroom
reached 5.33-flod, which was no longer acceptable to the consumer compared to day 0.
Compared with storage at 4 ◦C, the surface of the mushrooms stored at 25 ◦C reached a
severe degree of browning after 6 days [21].

2.4. Loss of Nutrition

Sugars and soluble proteins in the king oyster mushroom are the primary nutrients
that support ongoing metabolic activity during the postharvest phase. A reduction in
protein or sugar is an important indicator of deterioration [23]. Li et al. demonstrated that
the cellular oxidation of Pl. eryngii increased with storage time, resulting in more reactive
oxygen species (ROS), which caused a decrease in reducing sugars owing to oxidation. In
addition, the total free amino acid content is consumed during the pre-storage period to
maintain the metabolic functions of the mushrooms. The contents of amino acids generally
continue to decrease during the first 3 days of storage and do not start to increase until after
3 days. In addition to this, the fat content decreases as the storage time increases because
the fat stored in the fat cells is gradually hydrolyzed by lipase into fatty acids and glycerol,
which are then oxidized in other tissues [21].

3. Factors That Affect the Storage Quality of Pl. eryngii
3.1. Moisture

The tissue concentration of active polyphenol oxidase (PPO) and phenolic compounds,
pH, temperature, water activity and oxygen accessibility are the most important factors that
influence the rate of enzymatic browning in freshly harvested Pl. eryngii [4,24,25], which
are highly susceptible to mechanical damage and microbial infection owing to their high
contents of water (approximately 89%), lack of cuticle and presence of microorganisms
on them [26]. Secondly, water loss or transpiration is an important physiological process
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that affects the primary quality characteristics of fresh mushrooms, such as marketable
weight, appearance and texture, depending on the ambient and relative temperature
and humidity [27]. Fresh Pl. eryngii has a very limited shelf life of 1–3 days at ambient
temperature and 4–7 days at 4 ◦C [28]. With the increase in storage time, the apparent
degradation of Pl. eryngii after harvesting gradually decreases in moisture, changes in
internal enzymatic activity and bacterial enzymatic activity, which manifests as browning,
texture softening and loss of flavor, which seriously affects its nutritional and commercial
value [22] (Figure 1).

Figure 1. Relationship between post-harvest quality degradation, influencing factors and preservation
processes of Pl. eryngii. Created with BioRender.com.

3.2. Respiratory Rate

The respiration rate and energy status of Pl. eryngii are key factors that influence
postharvest senescence [29–31]. During storage at 25 ◦C, the respiratory intensity of freshly
cut mushrooms increased rapidly with time, reaching 1382 CO2 mg/(kg·h) at 12 h and
3526 CO2 mg/(kg·h) at 72 h when more than 50% of the surface of the mushroom became
brown and basically lost its edible value [29,30]. First, in terms of respiration rate, posthar-
vest storage is an abiotic stress on Pl. eryngii since storage conditions are very different from
those of growth. This storage leads to an inhibition of electron transfer in the mitochondria
and an increase in the production of ROS [10]. As the levels of ROS surpass the cell’s
antioxidant capacity, oxidative stress develops and mediates structural damage to lipids,
membranes, proteins and DNA [32]. These results demonstrate that mitochondrial mem-
brane enzymes implicated in mitochondrial respiratory metabolism, such as cytochrome
C oxidase (CCO), will be destroyed and their function severely diminished [33,34]. To
better preserve the mushrooms, the relationship between ROS and respiratory metabolism
in Pl. eryngii is currently a hot topic in postharvest preservation research [10]. Secondly,
in terms of energy metabolism, it has been shown that an inadequate supply of ATP is
closely associated with a variety of postharvest symptoms, such as chilling injury, brown-
ing, yellowing and decay [35]. An adequate supply of ATP inhibits the accumulation of
ROS and maintains membrane integrity, thereby delaying the aging and deterioration of Pl.
eryngii [36]. Under postharvest abiotic stress, the energy status plays an important role in
mitigating oxidative damage and maintaining organoleptic properties [36,37]. Therefore,
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the energy maintenance of Pl. eryngii during postharvest storage needs to be given high
priority (Figure 1).

3.3. Microbial Infection

Freshly harvested Pl. eryngii is highly susceptible to mechanical damage and microbial
infection owing to its high content of water (approximately 89%), the absence of cuticle
protection and the presence of many microorganisms on its surface [4,24,25]. Decay in Pl.
eryngii is usually induced by the tolaasin toxin in Pseudomonas tolaasii, which results in
brown spots and yellow to dark brown lesions on the cap of the fungus [38–40]. In addition,
other bacteria, such as Pseudomonas azotoformans, Pseudomonas brenneri and Ewingella ameri-
cana, have been reported to be able to cause decay in Pl. eryngii [41]. Listeria monocytogenes
has also been isolated from Pl. eryngii farm environments, which highlights the importance
of monitoring the production chain from substrate production to harvesting, processing
and packaging [42–44] (Figure 1).

3.4. Temperature and Relative Humidity

The various nutrients, such as polysaccharides, aldehydes and phenolic compounds,
quality characteristics and microbial reproduction in the king oyster mushroom are influ-
enced by temperature and relative humidity. Temperature fluctuations during storage can
activate a variety of oxidative enzymes, enhance physiological activity, affect respiration
and transpiration and increase the post-ripening period of stored Pl. eryngii [27], while
temperature is also an important factor in determining the rate of enzymatic browning [26].
Therefore, in general, when storing Pl. eryngii, the shelf life is usually extended by reducing
the storage temperature and increasing the ambient humidity. A storage temperature of
4–6 ◦C and relative humidity (RH) of approximately 95% is generally used (Figure 1).

4. Methods for Storing and Preserving Pl. eryngii
4.1. Physical Methods and Mechanism
4.1.1. Modified Atmosphere Packaging (MAP)

MAP is used to control the proportion of nitrogen, oxygen, carbon dioxide and ethy-
lene in the gas, humidity, temperature (above the freezing threshold) and air pressure of the
gas in the gas conditioning warehouse, thereby inhibiting the amount of cellular respiration
and reducing the metabolic rate, so that the mushrooms are nearly dormant, thus preserv-
ing them over a long-term period [45]. As a complement to storage temperature control,
MAP has been found to be a simple, economical and effective postharvest preservation
technique for commodities [46]. Four core parameters need to be considered when design-
ing MAP, including the product characteristics, the permeability of the packaging material,
gas concentration (carbon dioxide and oxygen) and temperature dependence [47,48]. The
quality of the MAP of Pl. eryngii is related to texture, microbial count, whiteness, color
variation and organoleptic characteristics, which are essential for the analysis of spoilage
rates and thus influence consumer acceptance [49]. Figure 2 summarizes the mechanism
of action of MAP preservation and the changes in Pl. eryngii morphology from existing
MAP studies.

To investigate the total quality index of king oyster mushrooms treated with different
gas mixtures of MAP after harvesting, Wan-Mohtar et al. [13] investigated this and showed
that high CO2 packaging (HCP) (20% CO2 and 15% O2) retained the best qualities of king
oyster mushrooms. HCP recorded the highest total phenolic content (TPC) and showed the
highest effectiveness in maintaining the color and odor of Pl. eryngii compared with the
control and low CO2 packaging (LCP: 2% CO2 and 30% O2). Briones et al. [50] suggested
that the use of 2.5–5% CO2 and 5–10% O2 would result in optimal storage conditions
for mushrooms. For safety reasons, it is recommended that O2 should not be less than
2% under MAP conditions [51]. Research by Jafri et al. [52] that utilized 10% O2 + 5%
CO2 for the MAP treatment of king oyster mushrooms showed that this model was more
effective at retaining quality characteristics and higher organoleptic ratings compared with
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other samples, which could be maintained for a storage period of 25 days. The treated
mushrooms showed minimal changes in weight loss, pH and total soluble solids. Free
radical scavenging activity and the total polyphenol contents were maintained at 85% and
91%, respectively [52]. The effect of MAP on the enzymatic activity and shelf life of king
oyster mushrooms stored at 20–25 ◦C and 90–95% RH for 5 days was investigated by Li
et al. The results indicated that 2% O2 + 30% CO2 significantly prolonged the shelf life
of the mushrooms compared with the control. A total of 2% O2 + 30% CO2 mixture was
more suitable for maintaining the organoleptic properties of the mushrooms and delaying
the increase in MDA and O2 production during storage. In addition, the activities of SOD,
POD and CAT were significantly higher than those of the control. Treatment with 2% O2 +
30% CO2 reduced lipid peroxidation and enhanced the activity of antioxidant enzymes but
had little effect on the CCO activity of the mushrooms [10].

Figure 2. Mechanism of action of MAP preservation of Pl. eryngii (A) and changes in Pl. eryngii
morphology from existing MAP research (B). (A) Created with BioRender.com. (B) cited from [9,10]
The arrow in the figure points to the destruction of the cell structure. ©Copyright 2012, Elsevier.
©Copyright 2015, Elsevier.
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The molecular mechanisms of postharvest senescence also merit attention. Zhang
et al. [9] showed that the shelf-life of the mushrooms was prolonged after 2% O2 + 30%
CO2 treatment and that the cell morphology was normal with no obvious aberrations,
and the cytoplasmic distribution was as uniform as that of freshly harvested mushrooms,
which significantly inhibited cell abnormalities, serine protease activity and PeSpr1 ex-
pression. However, there is a lack of research on the flavor and nutrient changes caused
by metabolic substances during the gas conditioning process of king oyster mushrooms,
which is crucial for acceptability by consumers. Further studies on the transcriptome,
proteome, metabolome and multi-omics of this mushroom after gas conditioning treatment
should be strengthened to provide a theoretical basis for the gas conditioning preservation
mechanism (Figure 2).

4.1.2. Special Packaging

Phase change materials (PCMs) are substances that absorb latent heat through phase
changes and play an important role in short-duration cold chain transport [53]. Li et al. [14]
developed a new water-based PCM and showed that king oyster mushrooms treated with
the new PCM accumulated the most phenolics and flavonoids in all three groups, which
mitigated the deterioration of its appearance during storage (Figure 3). The measurements
of free amino acids demonstrated that the new PCM treatment increased the levels of pheny-
lalanine, glutamic acid (Glu) and proline (Pro) by creating low-temperature conditions, thus
improving the nutritional quality and flavor attributes and delaying the postharvest aging
of king oyster mushrooms. In addition, the new PCM treatment maintained an adequate
energy supply to the mushroom by activating the activities of succinate dehydrogenase,
CCO and ATPases, thus reducing the catabolism of Pro and Glu.

Figure 3. Mechanism of action of special packaging preservation of Pl. eryngii. Created with
BioRender.com.
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The application of nano-packaging can extend the life of postharvest edible mush-
rooms and maintain their original color and taste [54,55]. 1-MCP, a type of cyclopropene,
has been widely used and shown to inhibit the action of ethylene in respiratory senescent
fruit by competitively binding to ethylene receptors [56]. Xu et al. indicated that 1-MCP
combined with nanopackaging treatment was effective at suppressing the increase in respi-
ratory intensity, weight loss, MDA content and PPO activity of Pl. eryngii at 4 ◦C, delaying
the decrease in soluble protein content, maintaining soluble sugar and soluble solid con-
tent and increasing the activities of SOD and POD, thereby maintaining the postharvest
quality of king oyster mushrooms and extending the storage time [11]. The efficiency of
the combined treatment was superior to that of the sole packaging with 1-MCP or nano
compared with the untreated samples [11].

Currently, nanopackaging studies on Enoki mushrooms (Flammulina velutipe) are
relatively thorough [57–60] and complete in terms of basic physicochemical indicators,
reactive oxygen metabolism, energy metabolism, proteomics and metabolomics to elaborate
the storage quality, primarily browning and softening, of Enoki mushrooms extreme
mechanisms of action. The study on king oyster mushrooms can also be studied in-
depth in this respect in terms of a single packaging technique, which expands its intrinsic
preservation mechanisms in terms of energy and multi-omics expression.

4.1.3. Low-Temperature Storage

Low-temperature storage is a common way to store and preserve edible mushrooms.
Low temperatures can inhibit enzyme activity, reduce physiological metabolic activity, re-
duce the respiratory intensity and inhibit the growth and reproduction of microorganisms
(Figure 4). Li et al. [8] conducted a related study on this in 2015 and showed that the optimal
treatment was 2 ◦C and that toughening occurred twice throughout the storage process.
This treatment maintained high textural properties for 18 days, with higher contents of
chitin and higher activities of phenylalanine ammonia lyase (PAL), CAT and POD, and
maintained a high content of total phenolics and lower membrane lipid peroxidation. This
also suggests that toughening may be primarily caused by oxidation and can affect the
quality of the mushrooms after harvesting [8]. A further complementary study on the
same preservation method by Li et al. in 2021 compared quality parameters, chemical
composition, MDA concentration and metabolic enzyme activity during storage at 4 ◦C for
12 days and at 25 ◦C for 6 days. The best treatment measure was found to be the treatment
group stored at 4 ◦C for 12 days, which maintained high quality, high nutritional charac-
teristics, a high content of total phenolics, progressively higher enzyme activity and low
membrane lipid peroxidation. Simultaneously, increased activities of laccase, lipoxygenase
and PAL and the accumulation of MDA, as well as polysaccharide degradation, were the
primary factors that contributed to the deterioration of the king oyster mushrooms during
storage [21].

Freezing prevents the growth of microorganisms and preserves the texture of tissues
and the nutritional value of food [61]. Long-term freezing (fast or slow) is the appropriate
way to preserve mushrooms for the long term [61]. It involves the extensive exposure of
cells to low temperatures and dehydration. Jiang et al. [62] evaluated the metabolite content
of substrates to improve the understanding of changes in the nutritional composition of
king oyster mushrooms during short-term slow frozen storage. The study showed that the
optimal treatment was a storage temperature of −30 ◦C for the caps, which maintained
a high nutritional value. The content of polysaccharides, proteins and amino acids in the
cap increased and then decreased, while the content of all measured substances in the stalk
slowly decreased. The activity of α-amylase decreased; that of POD increased, and the
contents of reducing sugars and vitamin C continuously decreased with the extension of
the freezing time [62].
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Figure 4. Mechanism of action of Pl. eryngii for low-temperature storage and preservation. Created
with BioRender.com.

4.1.4. Irradiation

The application of improved postharvest techniques, such as food irradiation, can
improve marketability and extend storage life, and the technology is now widely commer-
cialized [63,64]. The technical suitability and nutritional safety of irradiated foods have
been well studied [31,64]. Low doses of irradiation of fresh produce can provide hygienic
safety and affect different physiological processes, such as enzyme activity and respiration,
thus significantly improving postharvest storage [22,65,66]. Akram et al. investigated
the quality attributes of irradiated king oyster mushrooms. The study showed that the
best treatment measure was irradiation at 1 kGy and that the L-value (brightness) of this
group increased after irradiation and remained high throughout storage, maintaining a
good appearance as indicated by homogeneous color and the absence of fungal decay and
blemishes, good hardness and microstructure and low weight loss [3]. Irradiation at 1 kGy
was the most effective for extended postharvest storage and had additional advantages [3]
(Figure 5). However, irradiation treatment requires a high level of skill on the part of the
operator and still requires significant consideration of its cost.
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Figure 5. Mechanism of action of irradiation preservation of Pl. eryngii (A) and changes in Pl. eryngii
morphology and SEM images from existing irradiation research (B). (A) Created with BioRender.com.
(B) Cited from [3] ©Copyright 2012, Elsevier.

4.1.5. Drying

Drying is a typical approach to food preservation based on the principle that the water
activity of the product should be minimized to a defined level to ensure microbiological
and physicochemical stabilization; it has been used for many years to improve the shelf
life of food commodities [67,68]. Hot blanching is receiving increasing attention as a
pretreatment method to improve drying quality [69]. The current scalding process, which is
conducted by direct interaction between the sample and a medium, such as hot water and
steam [70], can significantly (p < 0.05) reduce the total number of bacteria, improve drying
efficiency and reduce the level of browning of the sample during drying [71]. However,
shortcomings of water and steam blanching have been reported, including the loss of
nutrients, such as vitamins, proteins and polysaccharides, and uneven blanching [70]. The
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results of Tolera et al. showed that the optimal treatment was a solar drying method with
an infiltration concentration of 5%, which reduced the moisture by 7.74% and maintained
the following proximal component contents: crude protein content 25.13% db, crude fat
2.27% db, total ash 10.17% db, crude fiber 10.26% db and carbohydrates 44.42% db. The
purpose of microwave hot-air flow rolling dry-blanching (MARDB) pretreatment is to
improve the drying efficiency and quality of the king oyster mushroom [72]. Microwaving
can alter the microstructure during the drying-hot blanching process, which could affect the
drying characteristics, water state and migration [72]. Su et al. [15] revealed that optimal
pretreatment (9 min) with MARDB significantly improved the quality indicators, such
as color, water content and polysaccharide content of Pl. eryngii, shortened the drying
time and completely deactivated PPO and POD. T2 relaxation spectra and microstructural
analysis indicated that the primary reason for the improved drying efficiency at the optimal
MARDB time was the resistance to free water migration and reduction in the pore structure.
Excessive hot blanching (12 min) prolongs the drying time and leads to a reduction in
whiteness and the contents of polysaccharides and phenolics [15]. Ucar et al. [73] freeze-
dried Pl. eryngii at −20 ◦C, which maintained a better color and preserved the textural
properties to prevent softening. However, the cost is relatively high when it comes to
industrial production [73].

4.2. Chemical Methods and Mechanism
4.2.1. Essential Oil Treatment

EOs are natural volatiles obtained by distillation and have the characteristic aroma
of the plants from which they are extracted [74]. An EO acts on the biochemical processes
of the mushroom and inhibits or increases the concentration of enzymes and secondary
metabolites associated with the preservation of quality [75,76]. Manjari et al. [77] conducted
an experiment to study the effect of different essential oils on the enzymatic activity of stored
Pl. eryngii. The results showed that the best treatment was peppermint oil (10 μL), which
maintained high contents of total phenolics, TPC (0.286 mg/g), PAL (0.038 μM/g), PPO
(0.042 U/mg) and POD (0.38 U/mg). The higher levels of TPC and PAL in the Pl. eryngii
treated with EO and the lower levels of PPO and POD in the treated samples compared
with those of the control indicated that the EO treatment had a positive effect on the quality
of the harvested mushrooms [77]. This preservative technique will help to extend the
shelf life of the harvested substrates. Studies have reported that EOs have a significant
antibacterial effect [78], but there is a lack of available research on the antibacterial effect
and mechanism of action of EOs on Pl. eryngii during storage.

4.2.2. Coating

In recent years, many different types of edible coatings have been successfully ex-
plored and further developed for the postharvest storage of mushrooms [79]. Chitosan is a
biodegradable polymer that occurs naturally and can be applied as an edible coating to
suppress changes in the quality of mushrooms during storage [80]. Liu et al. [12] inves-
tigated a solution of protocatechuic acid grafted chitosan (PA-g-CS) with an antioxidant
potential as a possible new edible coating material for the postharvest storage of king
oyster mushrooms [12]. The results showed that the best treatment was the PA-g-CS III
(high grafting rate) coating group, which was able to maintain good textural properties,
low membrane lipid peroxidation, high activities of SOD, ascorbate peroxidase (APX),
glutathione reductase (GR) and CAT and low activity of PPO [12].

There is good current acceptance of edible coating films in mushroom preservation,
but there is still a need to expand the use of edible coating solutions of natural plant origin
in king oyster mushrooms. Moreover, the mechanism of action of coated film preservation
in Pl. eryngii merits further study, such as the use of a multi-omics approach to elucidate
the expression of relevant browning and softening genes, protein up-/downregulation
and flavor changes during storage caused by differential metabolites. In addition to this,
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changes in energy owing to respiration after film coating for preservation need to be
considered to elucidate the mechanisms of preservation (Figure 6).

Figure 6. Mechanism of action of Pl. eryngii for coating. Created with BioRender.com.

4.3. Others
4.3.1. Different Freeze–Thaw Treatments

In contrast to slow block freezing, the single-piece quick freezing method uses cryo-
genic gases to rapidly reduce the temperature of mushrooms to the freezing point, which
maintains cellular integrity with little change in nutritional quality and organoleptic prop-
erties [81]. In general, frozen foods need to be thawed before processing and consumption,
and thawing has a direct or indirect effect on the quality of the product. Therefore, freezing
and defrosting are equally important to consumers. There are several methods of defrosting
that are frequently used by consumers, such as natural air convection defrosting (NT),
flow-through defrosting (FT) or microwave defrosting (MT) [81]. Li et al. used the natural
freezing (NF, −20 ◦C) or single freezing (−62.5 ◦C, speed 8.23 m/s) methods to freeze
cut king oyster mushrooms, and three thawing methods, including flowing water (FT,
4 ◦C), microwaving (MT, 620 W) and natural air convection (NT, 20 ± 5 ◦C), to thaw the
mushrooms [17]. The results of the study showed that the best treatment measure was
individual quick freezing and thawing with NT at room temperature, which was able to
maintain cell integrity, preserve the texture of king oyster mushrooms and maintain high
water holding capacity, low thawing losses, good color and good flavor. As a result, the
method minimizes changes in the quality of frozen king oyster mushrooms [17].

4.3.2. Fermentation

As one of the oldest processing techniques, lactic acid fermentation is recognized
as a highly valuable processing approach to retain and improve the safety, nutritional
and sensory characteristics of vegetables [82]. In addition, varieties of lacto-fermented
vegetables are often classified by their composition and method of preparation. For exam-
ple, sauerkraut, kimchi, such as that made from cucumber and olive, and kimchi are the
most investigated lacto-fermented vegetables, predominantly for their commercial impor-
tance [83,84]. Today, pure fermentations of lactic acid bacteria (LAB) are widely used on a
commercial scale for these commodities. As a result, this technique offers advantages over
traditional methods, including shortened fermentation cycles, the elimination of non-lactic
acid contaminants, and rapid fermentation at higher temperatures. It also ensures hygienic
conditions and maintains consistency for better quality and flavor. Lactobacillus plantarum is
an important member of the LAB family and is commonly used to ferment vegetables [85].
Zheng et al. studied the preservation of king oyster mushrooms using three typical lactic
acid fermentation processes, including sauerkraut, pickling and kimchi, with L. plantarum
as the fermentation agent. This study showed that controlling the heavy salt pickling
process inhibited microbial growth and reproduction and rendered most microorganisms
inactive. These LAB rapidly colonize the mushroom substrate and quickly control spoilage
and pathogenic microorganisms [16]. The final fermentation product contained high levels
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of LAB (>7 Log CFU/g). In addition, the nitrite concentration in the final fermentation
product was below the current maximum level permitted in China (<20 mg/kg). The results
indicate that the lactic acid fermentation method is effective and safe for the preservation
of king oyster mushrooms [16].

4.3.3. Polysaccharide Nanoparticle Preservation

Chitosan nanoparticles are used to encapsulate bioactive substances owing to their
good biocompatibility, high efficiency of encapsulation, safety and non-toxic properties [86].
Therefore, if chitosan-based nanoparticles are used in combination with antimicrobial
agents, such nanoparticles may induce synergistic effects between chitosan and antimicro-
bial agents [87]. Microbial contamination usually occurs on the surface of food products.
When nanoparticles are sprayed directly onto the food surface, vesicles and uneven distribu-
tion can occur, thus weakening the antimicrobial effect. The morphological transformation
from nanoparticles to nanofibers is considered a feasible approach because nanofibers have
a larger specific surface area and disperse more effectively. Pomegranate peel polyphe-
nol (PPP), a natural, safe and green antimicrobial agent, was introduced and embedded
in chitosan to form stable nanoparticles. PPP chitosan nanoparticles (PPP-CNPs) were
further electrospun into king oyster mushroom polysaccharide (PEP)-based nanofibers.
The optimal treatment measure of PPP 3 mg/mL was obtained by Cai et al. [19]. This
group was able to maintain small nanoparticle size and uniform nanoparticle dispersion,
maintain optimum stability, produce tighter nanofibers, improve the thermal stability of
PEP nanofibers, inhibit the activity of E. coli O157: H7 on the food surface, maintain good
color quality and obtain the highest encapsulation rate of 23.71 ± 0.51% [19]. However, the
safety of this type of preservation technology in industrial applications that produce king
oyster mushrooms still requires additional evaluation.

5. Challenges and Future Trends

There are currently relatively few effective means to commercially preserve Pl. eryngii.
They primarily include low-temperature storage, gas preservation and vacuum drying,
and their ability to preserve the mushrooms is highly inadequate for the needs of industri-
alization. Therefore, it is important to study the mechanisms that cause the quality of Pl.
eryngii to deteriorate and implement new preservation techniques to extend the shelf life
of these mushrooms. Based on the mechanism of the deterioration in the quality of king
oyster mushrooms, future research should focus on the following aspects.

(1) To further investigate the mechanisms of quality fission during storage and preserva-
tion, such as browning, softening and lignification, and to use multi-omics techniques
to study the potential molecular mechanisms of gene regulation in different preser-
vation methods. This approach should help to address the problem of postharvest
quality deterioration of king oyster mushroom strains at the molecular level.

(2) Research on the mechanisms of nutrient retention and flavor transfer during storage
and the effects of different preservation methods on the biological activity and quality
characteristics of king oyster mushrooms should be strengthened to improve the
quality characteristics of king oyster mushrooms after preservation while extending
its shelf life and greatly enhancing its commercial value.

(3) Among the methods of preserving Pl. eryngii, relatively little research has been con-
ducted on the use of radiation, ozone and film coatings to preserve these mushrooms.
There is still a need to explore the effects of these traditional methods of preserv-
ing edible mushrooms on Pl. eryngii and the mechanism of preservation, as well
as the development of new green preservatives, based on natural types of bioactive
substances.

(4) In the future, a combination of new and traditional technologies can be used to
improve the postharvest quality of Pl. eryngii, such as combining radiation treatment
with 1-MCP in concert with nanopackaging treatment, developing cold sterilization
equipment, creating safe and efficient sterilization processes, such as irradiation,
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microwave, low-pressure electrostatic field and low-temperature plasma sterilization
equipment and processes, and decreasing the deterioration of the quality of Pl. eryngii
during storage and distribution.
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Abstract: Quality losses in fresh produce throughout the postharvest phase are often due to the
inappropriate use of preservation technologies. In the last few decades, besides the traditional
approaches, advanced postharvest physical and chemical treatments (active packaging, dipping,
vacuum impregnation, conventional heating, pulsed electric field, high hydrostatic pressure, and cold
plasma) and biocontrol techniques have been implemented to preserve the nutritional value and safety
of fresh produce. The application of these methodologies after harvesting is useful when addressing
quality loss due to the long duration when transporting products to distant markets. Among the
emerging technologies and contactless and non-destructive techniques for quality monitoring (image
analysis, electronic noses, and near-infrared spectroscopy) present numerous advantages over the
traditional, destructive methods. The present review paper has grouped original studies within
the topic of advanced postharvest technologies, to preserve quality and reduce losses and waste in
fresh produce. Moreover, the effectiveness and advantages of some contactless and non-destructive
methodologies for monitoring the quality of fruit and vegetables will also be discussed and compared
to the traditional methods.

Keywords: active packaging; cold plasma; dipping; E-nose; high hydrostatic pressure; image analysis;
innovative postharvest technologies; pulsed electric field; vacuum impregnation; near-infrared
spectroscopy

1. Introduction

Fresh fruit and vegetables are important sources of essential vitamins, minerals,
and antioxidants. In recent decades, consumers have become more likely to consume
these products since they are aware of their potential preventive effects against some
non-communicable diseases. In addition, increasing safety (chemical, toxicological and
microbial) and traceability are important aspects for all the players in the supply chain
(from the farm to consumers) [1]. Food quality may be defined as the combination of
several physical and chemical attributes (appearance, texture, flavor, and nutritional value)
which have a crucial impact on determining the degree of consumer acceptability [2]. The
quality of fruit and vegetables is mostly based on the evaluation of different external at-
tributes (size, shape, color, gloss, firmness, texture, and taste) and internal factors (chemical,
physical and microbial) dealing with nutritional traits, safety, and sustainability [3].
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Harvested commodities are metabolically active and highly perishable. They undergo
quality losses due to the ripening and senescence processes, which are often associated
with the development of spoilage microorganisms and other undesired phenomena, which
must be controlled to preserve the quality and increase the shelf-life of the product during
storage [4,5]. Furthermore, high water activity and the presence of nutritional factors
associated with these matrices can also favor the growth of pathogens [6,7]. Fruit and
vegetables with better sensory and nutritional attributes have a relevant economic value.
Consequently, inadequate preservation practices, besides causing important losses in
nutritional and quality characteristics, can have a detrimental economic impact along the
entire supply chain, from growers to consumers. The Food and Agriculture Organization
(FAO) estimated that 33% of the total food produced for human consumption is lost due to
postharvest spoilage (Figure 1). Overall, 44% of losses occur in industrialized (developed)
countries and 40% occur in developing countries [8].

Figure 1. Causes of postharvest losses along the supply chain. (Adapted from [9]).
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In a recent report released by the FAO [10], it was reported that fruit and vegetables
are the food group with the second-highest value of losses and waste (about 22%), exceeded
only by roots, tubers, and oil-bearing crops at all stages in the food supply chain (Figure 2),
due to their highly perishable nature.

0 5 10 15 20 25 30

Cereals and pulses

Fruit and vegetables

Meat and animal products

Roots, tubers and oil-bearings crops

Other

Percentage of food loss

Figure 2. Food losses and waste along the supply chain (percentage for each food group).

The reduction of losses and wastage in fruit and vegetable production is important
for improving security, promoting the sustainability of the environment, and reducing
production costs.

Optimal postharvest handling, including storage time and temperature management,
relative humidity, chemical and/or physical treatments, and packaging (i.e., a modified
atmosphere) can slow down the biological processes caused by senescence and maturation,
reduce or inhibit the development of physiological disorders, and minimize microbial
growth and contamination [1,11,12]. For example, temperature is the most important
and simplest postharvest factor that can delay the decay of the product [2,13]. Generally,
there is a recommended storage temperature for each product, and optimum quality
preservation can be achieved if the commodity is rapidly cooled to its best postharvest
storage temperature as soon as possible after harvest [14].

Furthermore, the amounts of internationally traded agricultural products have gener-
ally increased with the progress of food globalization. Consequently, the distance and the
duration of transport have been extended; therefore, prolonged exposure to non-optimal
storage conditions can cause a rapid deterioration in the product quality, with the conse-
quent losses and waste. For these reasons, increased product shelf-life and more advanced
quality control technology over longer distances have become key issues [15].

Nowadays, there is much research about the effects of new postharvest physical and
chemical treatments and about the biocontrol techniques used to preserve the quality,
nutritional value, and safety of fresh produce, from harvest to consumer consumption. It
has been widely demonstrated that these methods, whether alone or in combination with
the appropriate management of storage temperature, could preserve the principal quality
and nutritional traits of fruit and vegetables.

Conventional methods (sensory evaluations and analytical methodologies) used to
evaluate fruit and vegetable quality are destructive, time-consuming, and labor- and cost-
intensive. Moreover, these techniques are not suitable for in-line application in industrial or
in market settings to give real-time information to the consumers on the quality of the prod-
uct at hand. On the contrary, the emerging contactless and non-destructive technologies
for the quality monitoring of fresh produce, including near-infrared spectroscopy, hyper-
spectral or multispectral imaging, image analysis, electronic noses, etc., present numerous
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advantages over conventional destructive methods [3]. These emerging techniques are
normally used for external and internal quality evaluation and are principally based on the
measurement of chemical or physical attributes that correlate with certain quality traits of
agricultural products [16].

The aim of this review article is to report a detailed collection of the research works
carried out in the last years about the principal application of new postharvest physical
and chemical emerging technologies to preserve the quality and reduce postharvest losses
and waste in fresh fruit and vegetables. Moreover, the effectiveness and advantages of
quality evaluation via some contactless and non-destructive methodologies are described
and compared to conventional approaches.

2. Postharvest Strategies to Extend the Shelf-Life of Fruit and Vegetables

2.1. Physical Treatments

Emerging non-thermal physical technologies have moved into the spotlight in the
last few years, with the aim of replacing the traditional postharvest technologies based on
thermal processing. Besides being highly water-consuming, the conventional methodolo-
gies can show deleterious effects on the fresh commodities’ quality aspects. These novel
technologies can reduce nutrient losses, increase consumer acceptability, promote food
quality, and prolong shelf-life and freshness, guaranteeing the complete absence of chemical
byproducts in the processed product, combined with a reduction in the environmental im-
pact [17]. Among these emerging methods, microwave heating, high hydrostatic pressure,
pulsed electric fields, high hydrostatic pressure, and cold plasma have been applied to
reduce the microbial load, thus helping to preserve the freshness and quality characteristics
of fruit and vegetables [18]. However, these techniques show numerous advantages and
disadvantages that have begun to be investigated to achieve a suitable quality standard by
adopting cost-effective methods [19].

This subsection aims to briefly collect the emerging physical technologies that have
been applied to fresh and minimally processed or fresh horticultural products over the past
few years, particularly focusing on the treatments’ effectiveness in maintaining the quality
and safety of fruit and vegetables.

2.1.1. Microwave

Generally, heating processes, such as hot water and hot air treatments, high-temperature/
short-time treatments, and radio frequency can cause a reduction in the contents of essential
nutrients and flavor-related compounds, due to heat application and its slow distribution
in plant tissue by means of conduction or conduction processes. Microwaving was applied
in this context as an alternative to conventional heating [20], with the aim of achieving a
fast and effective increase in temperature without a temperature gradient. This technique
briefly treats fruits and vegetables to manage microbial growth throughout the product’s
minimal processing, minimizing losses of quality and simultaneously guaranteeing the
smallest effect on the environment and the absence of residues in the treated product [21].

However, little information is available in the literature related to the application
of this innovative physical technique with the aim of minimizing quality loss during
the postharvest phase (Table 1). Minimally processed carrots [22], apples, and bok choy
(Brassica campestris L.) were subjected to high-power/short-time treatments, demonstrating
promising results from a microbiological point of view [23,24]. An excessive duration or
intensity of the microwave treatment, however, can induce excessive temperature increase,
damaging the fresh tissue, due to non-uniform heating [25]. For this reason, there is a need
to overcome several challenges to achieve a successful microwave process on an industrial
scale for fresh and minimally processed products.
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Table 1. The main applications of emerging physical postharvest treatments on fresh and minimally
processed horticultural products, as reported in research published over the last five years.

Treatment Experimental Conditions Food Matrix Effects Reference

Microwave 454 W/5 s Minimally processed
bok choy

Microwaving decreases respiration rate,
while retarding decay occurrence, and

improves cell membrane integrity.
[23]

Microwave 300–100 W/35–10 s Fresh cut apples

Application of the treatments at the
highest intensity after minimal

processing led to the best mesophiles and
psychrophiles control.

[24]

Pulsed Electric Field 10,000 pulses at 0.5, 1.0 and
1.5 kV cm−1 Fresh-cut lotus root

Sugar content was reduced after PEF
application in fresh samples, thus
lowering the browning index and

reducing acrylamide.

[26]

Pulsed Electric Field 5 pulses of 350 kVm−1 Carrot

Twelve hours after the treatment, high
CO2 and volatiles production was

observed; after 24 h, the largest total
phenolic increase occurred.

[27]

Pulsed Electric Field 0.8, 2 and 3.5 kV cm−1 and 5, 12 and
30 pulses

Carrot
Treatment did not affect color, while an
increase in the phenolic and carotenoid

content and softening was observed.
[28,29]

High hydrostatic
pressure

Red cabbage: 150–200 MPa at 35–55 ◦C,
5–20 min/Radish: 100–200 MPa, at

20–40 ◦C, 5–10 min

Red cabbage leaves
and radish tubers

Variations in the HHP treatments
affected the integrity of the tissues and

cell turgor.
[30]

High hydrostatic
pressure 50–400 MPa for 3–60 min Fresh-cut papaya fruit

After HHP treatment and storage, the
enhancement of carotenoid precursors

and carotene content was observed.
[31]

High hydrostatic
pressure 100–600 MPa for 2 min Fresh-cut pumpkin

Color parameters, firmness, electrical
conductance, and pectin esterification

were positively affected by HHP.
[32]

Mild high
hydrostatic pressure 20–80 MPa for 10 min Mango

HHP reduced the respiration rate,
prevented tissue damage, and positively

affected the content of bioactive
compounds.

[33]

High
pressure processing 100–300 MPa for 5–20 min Minimally processed

pineapple

HPP significantly affected firmness,
flavonoids, polyphenols, vitamin C

content, and colorimetric parameters.
[34]

High pressure
treatments 200, 400, 600 MPa for 5 min Pumpkin

After applying 400 MPa, the
pectinmethylesterase enzyme was

inactivated. Color parameters decreased
and an increase in antioxidant activity

was observed.

[35]

High hydrostatic
pressures 400–600 MPa; 1–5 min Blueberries

Treatment caused high tissue damage,
thus resulting in the leakage of bioactive

cellular components.
[36]

High-pressure
treatments 400,600 MPa; 1, 5 min Zucchini slices

The longest treatment led to more severe
cell lysis, browning and dehydration

occurrence.
[37]

Dielectric Barrier
Discharge (DBD)

5 + 5 min on each side, 10 + 10, and
15 + 15; 30 and 60 min Fresh cut apple

Plasma treatment caused less browning
incidence and enhanced phenols and

antioxidant activity after 10 min of
treatment.

[38,39]

Cold plasma 40 kV/90 s Fresh cut cantaloupe

Cold plasma treatment significantly
reduced bacteria and mold development

during storage. Final product showed
higher quality, firmness, and sensory

attributes.

[40]

Dielectric barrier
discharge cold

plasma

Plasma levels of 7% and 14% duty
cycle for 5, 10, 20 min. Strawberry

Plasma treatment of 20 minutes reduced
the mesophilic bacteria and yeasts and
molds, while not affecting texture and

color.

[41]
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Table 1. Cont.

Treatment Experimental Conditions Food Matrix Effects Reference

Atmospheric cold
plasma (ACP) ACP at 60 kV for 10, 15, 30 min Strawberry

ACP treatment was able to prolong the
product shelf-life in treated strawberries.
A 15-minute treatment resulted in 2 log
bacteria reduction, also enhancing the

phenolic content and antioxidant activity.
TSS, pH, and moisture were not affected.

[42]

Dielectric barrier
discharge cold

plasma
60 kV/5 min Fresh cut pitaya

Total aerobic bacterial count was
significantly reduced by treatment, while
phenolic content and antioxidant activity

increased.

[43]

Atmospheric double
barrier discharge

plasma
1 or 5 min at 45 and 65 kV Fresh cut pears

Treatment effectively inhibited the
growth of mesophiles and yeast and

mold. The 65 kV/1 min treatment
slowed respiration rate and maintained

organoleptic properties and quality.

[44]

Cold atmospheric
dielectric barrier
discharge plasma

5, 10, 15 and 20 min Ready-to-eat rocket
leafy salad

A treatment length of 10 min was
optimal for the adequate reduction of the
microbial load while maintaining color

and firmness.

[45]

Atmospheric cold
plasma (ACP) 0, 5, 10, 15 and 20 min Blueberries

ACP treatment inhibited microbial
development and decay occurrence.
Treatments of 5 and 10 min showed

negligible effects on firmness, pH, ORP
and anthocyanin concentration, but

darkened the color.

[46]

Dielectric barrier
discharge gas

plasma and arc
plasma-activated

water (PAW)

20-min DBD treatment and 20 min
PAW immersion Shiitake mushroom

Treatment reduced the total bacterial
load after 7 days of storage, also slowing
down the overall color modification and

positively affecting firmness.

[47]

Plasma-activated
water (PAW)

7.0 kHz at 6 kV, 8 kV (PAW-8), 10 kV
for 5 min Fresh cut apple

PAW-8 treatment inhibited bacterial
development and the reduced browning

of the cut surface without affecting
firmness, titratable acidity, radical

scavenging activity, and antioxidant
content.

[48]

Plasma activated
water (PAW)

Activation times of 10, 20, 30, 45 and 60
min, 5 min washing Fresh cut apple

PAW variably affected enzyme activities,
while it did not show an effect on total

phenolic content and antioxidant activity.
Significant reductions in the aerobic

bacteria and yeast and mold loads were
observed.

[49]

2.1.2. Pulsed Electric Field

Recently, pulsed electric field (PEF) technology has become of the most interest because
of its capability to obtain safe food with minimal heat production through the use of μs to
ms-pulses of a high electric field of high intensity [50]. This technique has been widely used
on liquid, semi-solid and solid foods, also including fresh fruit, vegetable smoothies, and
juices. The PEF parameters to be optimized to obtain microbial and enzymatic inactivation
in fresh products are represented by the strength of the electric fields, the treatment time,
and the frequency, polarity, or shape of the pulses. Beneficial effects from PEF treatment
were observed in the reduction of enzymatic activity with a consequent improvement
in the quality parameters [27–29,51–53], as reported in Table 1. PEF-treated products
better retained their fresh flavor, textural, and functional attributes, including a longer
shelf-life and greater microbiological safety. However, PEF-induced metabolic stress could
negatively affect the quality of the final product, thus limiting the application of PEF to
fresh-cut products. Among the limited studies reporting the effects on the metabolism
and characteristics of minimally processed produce, Li et al. [26] have reported that PEF
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treatment limited the browning index and acrylamide content in ready-to-eat lotus root
during postharvest life.

2.1.3. High Hydrostatic Pressure

High hydrostatic pressure (HHP) technology is mostly used for microbial inactivation
or reduction and for enzyme denaturation. However, high pressure, inducing injuries on
microbial cellular structures, might show similar effects on the plant cells; thus, an in-depth
study into treatment optimization in various fresh systems is required. Several results show
that HHP significantly affects microbial load; however, it also influences the functionality
of proteins, such as enzymes and tissue structure, specifically and differentially due to
the wide variety of product types [30]. Moreover, the stimulation and accumulation of
nutraceutical compounds were also observed. The effects of HHP application have been
reported for different minimally processed horticultural commodities [31,32,34,37], whole
produce [30,35,36,46], and juice [54], demonstrating great efficiency in improving food
safety aspects and in maintaining quality.

2.1.4. Cold Plasma

The application of cold plasma is widely used in the whole and minimally processed
fruit and vegetable industry as an innovative technology used to handle microbial devel-
opment [55], with the aim of replacing conventional sanitation treatments, meanwhile
preserving the nutritional and antioxidant aspects of food products. Several scientific stud-
ies reported the effectiveness of non-thermal plasma on different horticultural products
(Table 1). Several fruit-based fresh-cut products have been subjected to plasma treatment
with beneficial effects, in terms of the quality parameters and the inhibition of microbial
growth. During the last few years, plasma-activated water (PAW) application has also been
more and more widely studied. This technique allows the producer to avoid cell damage
caused by direct exposure to cold plasma, representing a valuable alternative to the conven-
tional solution of washing during fresh-cut processing for several products. To date, cold
plasma and PAW washing applications have been described for strawberries [41,42,56–58],
kumquat fruit [59,60] green leafy vegetables [45,57,61–64], blueberries [46,65–67], fresh-
cut apples [38,39,48,49,68,69] pears [44,70], cantaloupe melons [40], mushrooms [47,71],
tomatoes [72], kiwifruits [73], and red currants [74].

2.2. Dipping and Vacuum Impregnation

The quality of fresh-cut fruit and vegetables is widely affected by physiological
changes, such as enzymatic browning caused by tissue damage and high respiration rates,
and by physical factors, including mechanical injuries and the removal of outer protective
coverings, which culminate in faster weight loss, shriveling, loss of color and appearance,
and shorter shelf-life [75]. Hence, innovative food processing technologies, such as dipping
and vacuum impregnation techniques, are being investigated and implemented to sanitize,
reduce enzymatic browning, improve the texture, and use nutrients (vitamins, probiotics,
minerals, organic acids, phenols, etc.) to fortify fresh-cut fruit and vegetables, in order to
preserve and improve the quality and to extend the shelf-life of these products [76–78].

Dipping treatments consist of soaking the product, with or without mechanical agita-
tion, followed by the removal of the excess solution. This method is commonly used on
whole, peeled, shredded, and sliced commodities and on more perishable products, as it
favors the dispersion of the solution, covering the maximum surface area of the product
without any damage or stress [79]. One of the major advantages of these dipping treatments
is the removal of the cellular exudates, which can have a detrimental effect on the posthar-
vest quality of commodities. Depending on the food product, the variables of the dipping
process to be optimized are the time of soaking, the frequency, the solute composition, the
temperature, and the concentration of the solution. Several studies have tested dipping
treatments with calcium (Ca) salts to extend the shelf-life of products. Ca enrichment, in
fact, has several advantages, including the reduction of microbial growth due to a decrease
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in activity water, the improvement of texture, acceptability, and storability, and the pre-
vention of browning due to the oxidation phenomena and the development of off-flavors
in fresh-cut foods [80–83]. Giacalone and Chiabrando [84] compared the effect of dipping
in Ca salts (chloride or propionate) and citric acid solutions on apple cubes, highlighting
an improvement in firmness, color, sensory attributes, and browning inhibition on fruits
treated with Ca chloride and citric acid. Albertini et al. [85] tested the immersion of papaya
slices in a water solution containing cinnamaldehyde, Ca chloride, and their combinations,
showing that a combination treatment increased the maintenance of firmness and had an
effect on flavor and taste. Other studies have evaluated the dipping process in solutions of
Ca chloride, combined with pectin methyl-esterase (PME), on firmness and some of the
quality attributes of raspberry fruits during refrigerated storage, showing that the treatment
improved the firmness and reduced the weight loss of the fruit [86]. The application of
natural extracts for use as anti-browning agents (polyphenols, carotenoids, organic acids,
and bioactive peptides) represents a recent approach that is used to improve the quality
and extend the shelf-life of fresh-cut fruit and vegetables [87]. Many natural agents from
tomato skin [88], pineapple juice [89], pomegranate peel [90], mango peel [91], aloe vera
gel [92], and extracts from pumpkin, artichoke, grape, and broccoli, etc. [93] have been
reported for browning control in fresh-cut fruits. Supapvanich et al. [94] tested the im-
mersion of fresh-cut apple slices in coconut water and evaluated several quality attributes
(visual quality, color, and enzymatic and antioxidant activity) during storage, reporting
that coconut-liquid endosperms could inhibit the browning incidence of fresh-cut fruit
for up to 9 days at 4 ◦C. Wessels et al. [93] evaluated the anti-browning effect of 36 plant
extracts, applied as dipping solutions on the enzymatic activity and the color parameters
of fresh-cut apple slices, suggesting that the inhibition of browning might be attributable to
the antioxidant activity of secondary plant metabolites, especially the phenolic compounds.

Food vacuum impregnation (VI) (Figure 3) is a method that allows producers to
directly introduce, dissolve, or suspend substances in the void fraction (i.e., the pores) of
a food matrix in a controlled manner [95]. VI includes two main steps: (1) the pressure
is reduced in the system (under vacuum), the native gases and liquids are removed, and
the product pores are expanded under the action of pressure gradients until mechanical
equilibrium is achieved; (2) the atmospheric pressure is restored (relaxation period) and,
with the opposite pressure gradient, the external solution fills the pores while the tissues
relax, until a new equilibrium has been reached. The hydrodynamic mechanism and
deformation-relaxation phenomena take place during the vacuum impregnation process,
leading to the flow of external solutions into the intracellular spaces of foods [96].

Before the application of VI treatment, it is necessary to consider the porosity, the
tissue structure, the size and geometry of the food, the impregnation solution (concentra-
tion and type of solute), and the process parameters (vacuum pressure, exposure time,
relaxation time at atmospheric pressure, temperature, product/solution relationship, and
agitation). Fruit and vegetables have a substantial amount of intercellular space occupied
by gas; therefore, the VI represents a suitable tool for incorporating compounds that allow
producers to extend the shelf-life without modifying the cellular structure of food [97].
In the last few years, several authors have studied the application of VI to obtain foods
enriched with antimicrobial, functional, and structural compounds. Kang and Kang [98]
evaluated the effect of VI when applied to the washing process, with a malic acid solution
used to remove microorganisms from the surface of broccoli. Yılmaz and Ersus Bilek [99]
evaluated the simultaneous effect of an ultrasound-VI process, using natural phenolic
compounds extracted from black carrot, on several quality attributes and on the inhibition
of microorganism growth in fresh-cut apple discs. Santana Moreira et al. [100] enriched
minimally processed fruit salad with β-carotene and lutein, which are natural pigments
used to improve the appearance and color of food products, as well as to offer health
benefits related to antioxidant and anticancer activity. Natural fruit and vegetable juices,
rich in bioactive compounds, were used to impregnate solid fruits and generate products
with high nutritional value [101,102]. Derossi et al. [103], using the VI technology, enriched
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fresh-cut apple slices to improve their antioxidant activity and healthy properties by filling
their pores with an aloe vera gel extract; other authors used grape juice to increase the
antioxidant activity of apple cubes [104]. A recent study highlighted the finding that the
application of VI, using a solution of Ca chloride and pectin methyl-esterase (PME), had
a positive effect on firmness, weight loss, soluble solids content, and vitamin C levels of
jujube fruits [105], while other authors used VI with solutions of Ca lactate and PME, both
alone and in combination, to improve the product’s quality attributes, including texture
profile and color, and to prolong the shelf-life of fresh-cut papaya cubes [106].

Figure 3. Schematic representation of the vacuum impregnation device, the arrows point at each
system element.

2.3. Edible Active Packaging, Based on Natural Compounds

Edible active packaging consists of edible polymers with the incorporation of natural
antioxidants. Edible coatings have proven to be an effective primary packaging material
in delaying the ripening process, preserving the nutritional properties and preventing
quality loss by decreasing several natural processes, including gaseous exchange and the
respiration and transpiration rate [107]. Recently, it has been observed that the efficiency of
edible coatings can be significantly improved by incorporating active natural components
with antioxidant and/or antimicrobial properties. These packaging products are called
“active” and are designed to interact with food by releasing components with biological
properties. The integration of active compounds into biopolymer matrices enhances the
oxidation stability of the food product and inhibits the growth of food-borne pathogens,
providing additional safety features for the food products, even in the absence of cold
storage [108].

An alginate and chitosan edible coating enriched with an extract from olive leaves has
demonstrated the ability to increase the shelf-life of sweet cherries. Moreover, compared
with the uncoated samples, a delay in the ripening process and the significant retention of
phenolic and antioxidant components were also observed [109]. Robles-Sánchez et al. [110]
demonstrated that an alginate coating, when incorporated with citric and acetic acid, al-
lowed fresh-cut mangoes to retain several quality attributes, such as antioxidant activity,
phenolic content, and color. However, the flavonoids and β-carotene could not be re-
tained [110]. Moreover, an edible coating with 1% chitosan and 5% ascorbic acid inhibited
browning, retained flesh firmness, delayed microbial growth, and maintained phenolic
compounds throughout the storage period in fresh-cut apples [111]. Liu et al. [112] verified
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the effectiveness of gallic acid-grafted chitosan film as a novel active packaging material for
the preservation of mushrooms (Agaricus bisporus). Compared to commercial polyethylene
film, mushrooms packed with the active film showed significantly lower respiration rate,
browning degree, malondialdehyde content, electrolyte leakage rate, superoxide anion
production rate, and hydrogen peroxide content, with a potential increase in the antioxidant
status of mushrooms, which, in turn, maintained the postharvest quality of the products.
Carvalho et al. [113] showed that a 2% chitosan-based coating, enriched with 500 mg L−1

antimicrobial trans-cinnamaldehyde, preserved the quality of fresh-cut cantaloupe melons
during their storage at 4 ◦C by preserving the content of total vitamin C and carotenoids,
lightness, and firmness. Moreover, it was reported that carrots coated with turmeric and
casein extended their shelf life by about 7 days, preserving the carotenoid content, the
texture, and the antibacterial properties [114].

Imeneo et al. [115] demonstrated that a pectin-based coating, enriched with an extract
of lemon by-product, ensured that fresh-cut carrots maintained stable structural integrity
for 14 days of storage at 4 ◦C, due to a reduction in enzymatic bacterial activity. This
kind of treatment also resulted in higher levels of carotenoids, phenolic compounds, and
antioxidant activity.

Lemon essential oil, incorporated into a chitosan edible coating, has been reported to
reduce the respiration rate of strawberries and improve the antifungal activity of chitosan
against Botrytis cinerea [116]. Ghafoor et al. [117] investigated the effect of chitosan edible
coatings with natural functional ingredients obtained from orange peel (OPE) and olive cake
(OCE) on the quality attributes of fresh Barhi date fruit. When chitosan was mixed with OPE
or OCE, a significant increase in phenolic content and in radical scavenging activity was
observed with respect to the uncoated samples. Moreover, chitosan-coating significantly
preserved the product’s textural properties, particularly hardness, and inhibited mold
growth, without any non-significant changes in the consumer acceptability of the fruit
throughout the storage time.

Vieira et al. [118] placed active film pads made from chitosan, enriched by the ethanolic
extracts of green tea and rosemary as natural antifungal agents, on the bottom of commercial
trays for the preservation of raspberry fruits. This sustainable packaging successfully
decreased raspberry fruit fungal incidence, preserved the overall quality during storage,
and extended the shelf-life of fruits by up to 14 days.

2.4. Strategies of Biocontrol

The study of microbiota represents one of the hottest topics in agri-food research, and
this trend is confirmed by the great interest in the microbiota associated with fruit and
vegetables [119]. These complex microbial ecosystems encompass the diversity of naturally
associated bacteria, yeasts, and filamentous fungi (molds) [120,121]. At harvest, this mi-
crobial diversity can play an extremely diversified role, modulating the quality and safety
of the postharvest products [122,123]. This microbiota can be associated with undesired
microorganism pathogens, the producers of toxins, bacteria-carrying antibiotic resistance
genes, and/or with potential spoilage activity with respect to the food matrices of inter-
est [124,125]. At the same time, these undesired microorganisms can arise from postharvest
processes, operators, and environments [125]. These spoilage microbes can be controlled
using different strategies that are often combined in the framework of hurdle technology
applications [125]. Among the other approaches, biocontrol represents the key solution in
the field of biological treatments [123,126]. Exploiting selected microbes as control agents,
biocontrol is considered one of the more sustainable postharvest approaches to increasing
the shelf-life of fruit and vegetables [126,127]. Bio-protection relies on the application of
selected microbes that can limit the development of undesired microorganisms. The idea of
having the microbiome of the fruit or vegetable as a target offers a privileged perspective
in understanding the variables involved in biocontrol solutions, including the currently
emerging interest in products that have been developed for preharvest applications but
that also demonstrate interest in terms of postharvest biological control [123]. The presence
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of products on the market (Table 2) helps us to define the diversity of microorganisms that
are actually valued in this sector.

Table 2. A non-exhaustive list of biocontrol-based products that are currently marketed for posthar-
vest applications. Adapted with permission from Sellitto et al. [123]. Copyright 2021 MDPI.

Product Active Ingredient Country/Company Fruit/Vegetable Target

Bio-fungicides recommended for postharvest applications

Biosave® Pseudomonas syringae Jet Harvest Solutions
USA

Pome Fruit, Citrus,
Strawberry, Cherry,

Potato

Penicillium, Botrytis,
Mucor

Nexy® Candida oleophila Lesaffre Belgium Pome Fruit Botrytis, Penicillium

BoniProtect®
Aureobasisium pullulans

(2 strains) Bio-ferm, Austria
Pome Fruit

Penicillium, Botrytis,
Monilinia

BlossomProtect® Grape
Botector®

Noli Metschnikowia fructicola Koppert The
Netherlands

Table Grape, Pome
Fruit, Strawberry, Stone

Fruit, Sweet Potato

Botrytis, Penicillium,
Rhizopus, Aspergillus

Bio-fungicides developed for preharvest applications, also recommended for postharvest

Serenade® Opti Bacillus subtilis Bayer Grape, Berry Fruits,
Potato Botrytis, Silver scarf

Amylo-x® Bacillus
amyloliquefaciens Biogard, Italy Grape, Apple, Pear,

Kiwifruit
Botrytis, Pseudomonas

syringae
CBC-Europe, Germany

Bio-protection agents developed for food processing, also recommended for postharvest

Gaia™ Metschnikowia fructicola IOC, France
Harvested Grape,
Withering Grape,

Grape Musts

Botrytis,
non-Saccharomyces

spoiling yeasts

Nymphea™ Torulaspora delbrueckii ICV/ Lallemand,
France

Harvested Grapes,
Grape Musts

Botrytis,
non-Saccharomyces

spoiling yeasts

All the solutions currently on the market encompass the application of yeast and
bacteria as control agents (Table 2). The successful application of yeast in postharvest
biocontrol is related to their general predisposition toward physically colonizing the sur-
faces (also in response to the released exopolysaccharides), efficiently competing for the
nutrients to overcome frequently used pesticides, release lytic enzymes, and induce the
host resistance [128,129] (e.g., lytic enzymes, Figure 4).

Alongside a global aptitude for concretizing antagonism, there is a diversity of specific
killer toxins that can be bio-produced by these eukaryotic microorganisms and that have
specific cellular targets in the killer-sensitive microbial cell (e.g., membrane, cell wall, RNA,
and replication) [128]. This dual aptitude for creating antagonism justifies the amount
of interest in yeasts for postharvest control actions on a wide range of fresh fruit and
vegetables (e.g., lemon, see Figure 5).
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Figure 4. Enzyme production via selected yeasts and their lytic effect on the phytopathogenic fungus
cell wall. Reprinted with permission from Hernandez-Montiel et al. [129]. Copyright 2021 MDPI.

Figure 5. Colored scanning electron microscope (SEM) image of the surface of a lemon wound,
inoculated with the killer yeast (orange) and ungerminated spores of citrus fungal postharvest
phytopathogen (green). Reprinted with permission from Díaz et al. [128]. Copyright 2020 MDPI.

Even among the prokaryotic microorganisms, steric competition and the antagonism
in terms of nutritional factors, as well as the release of lytic enzymes, biofilm formation,
and resistance induction (in the host plant), represent the tools of the biological arsenal
against postharvest pathogens [130]. To these aspects, we must add the producers of
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antifungal molecules (e.g., peptides and volatile organic compounds) and the siderophores
that chelate iron [130]. The genera Bacillus and Pseudomonas are considered some of the most
effective antagonists for postharvest control [131,132]. Bacillus is commonly recognized as
a biological alternative to standard chemical fungicides/bactericides in agriculture [132].
Pseudomonas has a wide diffusion in the field, attesting to the resilience of this genus in the
agricultural environment [131]. Among the different phenotypes of interest in the selected
strains, the ability to survive harsh environmental conditions, fast growth (also with low
nutrient availability), the capability to modulate the host response, and the production of
lytic enzymes/antimicrobial compounds (including the endospore formation for Bacillus)
have been widely explored [131–133].

In the field of prokaryotes, the heterogeneous group of lactic acid bacteria (LAB)
represents a promising reservoir of potential bio-based solutions for sustainable agriculture,
also in terms of postharvest applications [134,135]. LAB generally have a long history of
safe use in food fermentations and, also due to this characteristic, several LAB species are
recognized as having facilitated paths in defining their safe use in food, according to the
different legislative environments [136,137]. The biological mechanisms exploited in the
control of undesired microbes on fruits and vegetables after the harvest are multivariate
and belong to classes that are widely studied in other food applications [135]. Among
the others, this molecular arsenal includes organic acids, bacteriocins, and antimicrobial
peptides [138].

All these biomolecules have been exploited to improve the shelf-life of fresh plant
products during storage conditions [139–142], both through the inoculation of cells and/or
of the cell-free supernatants [138,143]. There were several matrices, including leafy green,
mixed salads, lettuce, potato, mushroom, tomato, melon, cabbage, apple, table grape, lotus
root, litchi, strawberry, kiwifruit, and banana, on which the LAB have been successfully
applied for this type of purpose [139,142]. The target microorganisms used in the studies
are mainly pathogenic bacteria (e.g., Listeria monocytogenes, Salmonella enterica, and Staphylo-
coccus aureus), but fungal spoilage bacteria (e.g., Botrytis cinerea, Penicillium expansum, and
Aspergillus flavus) have also been employed [142–145]. It is possible to detect emerging
trends regarding the treatment methods used by the selected LABs and/or with molecules
having antimicrobial action. One process of particular interest is the use of fermented
products, obtained by inoculating the strain of interest [141,145–147], or the use of edible
coatings [139,148,149]. This is a rapidly evolving field in which there are numerous open
problems: from the screening of new strains suitable for maximizing efficacy against a
broad spectrum of undesirable microorganisms, to the strategy of applying bacteria to
the product, without altering the product’s sensory quality. In general, the application of
supernatants and solutions based on the incorporation of the bacterium in a coating (in
some cases, this is also of microbial origin) represent interesting solutions as they are able to
improve the degree of standardization for these bio-based strategies [139,150,151]. Future
perspectives in the field of biocontrol in the postharvest of fresh plant products show that it
is crucial to highlight the need for a clear shared global regulatory environment (e.g., [138])
to speed up innovative actions and the assessment of biocontrol, in combination with other
physical and chemical solutions (within the framework of hurdle technology) (e.g., [152]).

3. Innovative Non-Destructive Techniques for the Quality Monitoring of Fruit
and Vegetables

3.1. Image Analysis through a Computer Vision System

Computer vision systems (CVSs) are part of an innovative, contactless, and non-
destructive technology, based on traditional imaging in the visible range of the electromag-
netic spectrum, which is widely used for the in-line grading of fruit and vegetables [153–159].
CVSs include novel technologies to automatically extract from an image the relevant visual
information related to the visual quality of the product: they are used to classify and grade,
to assess the quality, to detect defects, and to estimate the internal properties. Proper image
analysis algorithms and regression or classification models can perform these tasks. The
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principal benefits of objective, consistent, and pervasive food control along the entire supply
chain, from the producers to the final consumers, that are provided by this technology are
a reduction in loss and waste, as well as increased consumer satisfaction.

A CVS typically acquires images using a setup composed of the combination of a
digital camera, an illumination system, and a personal computer that extracts classification
features and builds appropriate models, using statistical methods or machine learning
approaches (Figure 6).

Figure 6. The imaging station and the general workflow of an image-processing system. Four main
steps are foreseen in the image processing: Image acquisition, Pre-processing, Features extraction
and Classification.

CVSs have been developed to evaluate the quality and marketability of several fresh
commodities since color has proven to be crucial for market acceptance. CVS technology
is able to estimate the color properties at the pixel level and to provide a more objec-
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tive and consistent evaluation with respect to standard colorimeters, which have limited
applicability at an industrial level and for in-line monitoring [160].

Recently, an innovative CVS has been developed to evaluate the quality level of
rocket leaves and to non-destructively discriminate the cultivation approach using color
information extracted from digital images. The proposed CVS permitted the authors to
achieve an accuracy of about 95% in quality-level assessment and of about 65–70% in the
discrimination of the cultivation approach by the use of a random forest model for the
automatic selection of the relevant features for classification [161].

The use of CVS also represents an effective tool to monitor fresh-cut fruit quality along
the entire supply chain, reducing food waste and ensuring freshness at the market level.
In this context, several interesting applications have been reported in the literature on
fresh-cut products: artichokes [162], nectarines [163], iceberg lettuce [153], radicchio [164],
apples [165], and potatoes [166]. As regards packaged products, the identification of
regions of images affected by the presence of shadows or highlights produced by the
interaction of light with a plastic bag is a critical problem that needs to be solved for quality-
level assessment to be achieved through the packaging material. A robust and powerful
segmentation approach that selects the regions where colors can be measured properly
is mandatory to achieve performances similar to the results obtained on unpackaged
samples [167,168].

Besides their external appearance, CVS can be used for the evaluation of the inner
quality of horticultural products. During postharvest storage, ripening or senescence
processes can cause alterations in nutritional quality, leading to changes in the product’s
visual attributes, including color and/or texture [169]. In this regard, the yellowing of
green leafy vegetables is strictly related to chlorophyll loss, while the browning processes
that occur on the surfaces of fresh-cut products are caused by polyphenol oxidase and
peroxidase activity on phenolic compounds. Moreover, the total soluble solids and pH
values are statistically affected by the various levels of the ripening stages: when the
particular fruit color is enhanced, the total soluble solids content increases, and the fruit
acidity decreases.

Pace et al. [170], studying the relationships between antioxidant activity (AA) or total
phenols (TP) and the color traits of a local landrace of yellow to purple pigmented carrots,
developed CVS regression models that were able to estimate the AA and TP contents (R2 =
0.97 and R2 = 0.94, respectively).

Moreover, enforcement of the image-processing method, based on the JPEG images of
plums at several maturity stages, highlighted the finding that the indices of an RGB color
scale of sample images were correlated to the different chemical traits of plums. A robust
correlation between fruit acidity (expressed as the total soluble solids content) and the mean
intensity of the green color (R2 = 0.99) and the R/G ratio (R2 = 0.85) was obtained [155].

Recently, image analysis by CVS has been applied to predict the enzymatic activity of
both polyphenol oxidase (PPO) and peroxidase (POD) on banana samples, evaluating the
peel browning that occurred during 9 days of storage at 25 ◦C. The extraction of several
color features (such as the average and variance of all RGB color parameters) from the
images that were acquired by CVS allowed the obtaining of two equations using a genetic
programming model that could predict PPO and POD activity during the browning process
of banana peels. However, the correlation coefficients did not show significant differences
between the predicted and measured values of the enzymatic activity of PPO and POD
(R2 = 0.98 and 0.97, respectively) [171].

Sabzi et al. [172] implemented an automatic CVS method able to predict with high
accuracy (R2 = 0.95) the pH value of oranges from images in the visible wavelengths of
the external peel. The average time spent in estimating the pH values with the proposed
non-destructive technique was 0.42 s, suitable for in-line industrial applications.

A CVS was recently adopted to discriminate between the ripening stages (half-red
or red) of strawberries harvested at three different times. Among the chemical indicators
of ripening, titratable acidity resulted in it being statistically correlated to the image data
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(Pearson correlation coefficient = 1), providing a good indicator for the non-destructive
evaluation of the ripening stage of strawberries [173].

Additionally, Palumbo et al. [168] proposed a combination of image analysis and the
random forest model to forecast the contents of chlorophyll and ammonia, as objective
indicators of senescence, for unpackaged and packaged rocket leaves. An irrelevant
performance loss on packaged products (Pearson’s linear correlation coefficient was 0.84
and 0.91 for chlorophyll and ammonia content, respectively) compared to unpackaged
ones (0.86 for chlorophyll and 0.92 for ammonia) was reported. Moreover, the three partial
least squares regression (PLSR) models, built to predict the visual quality level of fresh-cut
rocket leaves, using as predictors the total chlorophyll and the ammonia contents obtained
by destructive methods, were employed by CVS on packaged products and by CVS on
unpackaged ones, highlighting the high performance in validation in terms of R2 (0.70, 0.77
and 0.80 for destructive methods, CVS through packaging, and CVS without packaging,
respectively).

The application of Image-processing techniques has been recently evaluated for the
estimation of the total soluble solids and pH of strawberries. The RGB, HSV, and HSL
color-space channels were used as input variables to develop multiple linear regression
(MLR) and support vector machine regression (SVM-R) models. The results demonstrated
that an SVM-R model working on the characteristics in the HSV color space performed
better than an MLR model for total soluble solids and pH prediction (accuracy of 84.1%
and 79.2% for total soluble solids and 78.8% and 72.6% for pH in the training and testing
stages, respectively) [174].

Finally, one very interesting application of image analysis was reported by Li et al. [175],
who provided innovative and smart technology to predict the shelf-life and the quality
of kiwifruit during cold storage, via acquiring and calculating the RGB value extracted
from photos taken by a smartphone camera. The results showed that the R to B ratio values
(Central R/B) were negatively correlated with titratable acidity, vitamin C content, and
firmness and were positively correlated with soluble solids content, total soluble sugars,
and total plate counts. The smartphone has become an essential portable device nowadays;
the methodology proposed by these authors, based on smartphone image analysis, is sim-
pler and faster than the other reported prediction methods. The obtained rapid evaluation
of the postharvest quality of kiwifruit may avoid losses and waste, especially for ordinary
consumers or fruit retailers at the end of the supply chain.

3.2. E-nose

Odors and flavors, crucial sensory parameters for consumer acceptability, are strictly
affected by organic volatile compounds (VOCs), which are the final products of the
metabolism of plant-based food matrices [176]. The identification and semi-quantification
of volatile metabolites via headspace solid-phase microextraction (HS-SPME) sampling, fol-
lowed by gas chromatography–mass spectrometry (GC-MS), has become a well-established
methodology for the assessment of the quality of fruit and vegetables on a molecular
basis [177], but the concrete application of HS-SPME/GC-MS in the food industry is lim-
ited [178].

In the last few years, the electronic nose (E-nose) has become one of the most favorable
sensing technologies as an alternative to conventional HS-SPME/GC-MS. From a practical
point of view, it achieves the differentiation and classification of food matrices with different
aroma signatures by evaluating the presence and the content of specific volatile metabolites
in the headspace of the samples [177,179].

The E-nose is a sensing device supplied with a set of partial specific and broad-
spectrum electronic chemical sensors that mimic human olfactory perception; it provides a
digital VOC fingerprint that can be explored using suitable statistical tools. These electronic
devices are generally composed of three parts: a sample-handling apparatus, a detector,
and a system for data acquisition [48]. The use of the olfactometric methodology for the
evaluation of the VOC profiles of horticultural food products offers several important
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advantages, including the low cost of analysis, ease of use, rapidity, non-destructiveness,
no need for preliminary sample-preparation steps, environmentally friendly use, and auto-
matic data handling [180,181]. Among the different sensors, the metal oxide semiconductor
(MOS) sensors are most frequently used in E-nose applications, presenting the advantages
of fast response, high sensitivity, and low cost [182].

Due to the complexity and size of the data matrices produced by the E-nose, it is
necessary to treat the sensory responses with chemometric tools to extract information
regarding food quality, safety, and fraud recognition and postharvest handling evaluations,
as well as ripening assessments [173,183–186].

Numerous reports have been published on the application of E-noses in the analysis
of different foods of plant origin [183]. In particular, according to some recent studies it can
be indicated that an E-nose is a useful methodology for investigating the ripening stage of
fruit [173,184,187].

In the study by Palumbo et al. [173], an E-nose, along with attenuated total reflection-
Fourier transform infrared (ATR-FTIR) spectroscopy and image analysis (IA), were used
as fast and non-destructive methodologies to discriminate between two ripening stages
(half-red or red) of the strawberry variety “Sabrosa”, harvested at three different times. In
particular, the PCA carried out on the E-nose values indicated that there was a potential
correlation among the E-nose signals and the fruit-ripening stage, as the E-nose device
reacted sensitively and selectively to changes in the aroma profiles of strawberries at
different maturity degrees. Moreover, the correlation analysis between E-nose data and
the VOCs profiles, previously obtained by HS-SPME/GC-MS, demonstrated that E-nose
responses were in line with HS-SPME/GC-MS analysis [186,188].

Aghilinategh et al. [184] explored the combination of the responses of a MOS gas sensor
E-nose with suitable pattern recognition methods, including artificial neural networks
(ANN), principal component analysis (PCA), and linear discriminant analysis (LDA) to
determine the maturation stage of white berry and blackberry. Most consistent with the
results, although all the statistical methods used were able to differentiate among the fruit,
based on the ripeness grades, the ANN showed the best classification performance, with
an accuracy of more than 88%.

Recently, Qiao et al. [189] investigated the fruit quality indexes, including titratable
acidity, soluble sugar content, sugar–acid ratio, soluble solids amount, soluble protein level,
and flavor profile via an E-nose among naturally and artificially ripe crab apples. The aroma
patterns generated by 12 MOS sensors were treated by PCA, LDA, SVM, and random forest
(RF) analyses. The data obtained indicated that the RF, with an average recognition accuracy
of about 98%, can be considered the best algorithm for distinguishing between naturally
or artificially ripe crab apples. On the other hand, the correlation analysis, performed by
PLSR, among the E-nose values and the quality parameters allowed the authors to establish
good predictive models with regression coefficients (R2) that were higher than 0.91 [189].

There are several studies reporting the applicability of the E-nose, combined with
chemometric strategies, in classifying fruit and vegetables in line with their geographical
origin [183].

Li et al. [190] investigated the origin of 303 maca samples collected from more than
100 sites within the main growing area in China, using GC-MS and an MOS-based E-nose to
detect the maca samples’ volatile and odor fingerprints, respectively. Correlation and multi-
regression analyses showed that all sensors had a significant association with specific maca
volatiles. Moreover, using E-nose and a backpropagation (BP) neural network algorithm,
a maca odor database was implemented that was able to trace the maca origin with
predictability greater than 78%. This study suggested that the E-nose is a fast, reliable, and
efficient method by which to predict the geographical provenance of Chinese maca [190].

In an interesting paper, data obtained via an MOS E-nose treated with statistical tools
were used to discriminate table grapes, depending on the different agronomic practices
(conventional vs. organic farming) and geographical origin [191]. PCA experiments
performed on the E-nose responses showed poor clustering of the fruit samples according
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to the growing site or cultivation methods, while a supervised approach using LDA allowed
promising prediction rates of 84% and 85% for the discrimination of the growing handling
and geographic provenance, respectively [191].

In line with previous reports, the E-nose has been reported to provide effective and use-
ful information for an overall evaluation of the freshness of fruit and vegetables [183,192].

Cozzolino et al. [186] explored the potentiality of the E-nose as a rapid technique in
discriminating samples of the sweet cherry variety, “Ferrovia”, packaged in a high-CO2
(16% O2 + 20% CO2 + 64% N2) or air (20% O2 + 0.03% CO2 + 80% N2) environment, for
up to 21 days. The projection to latent structures (PLS) methods that were applied to the
E-nose data indicated that the fresh sample and the packaged or unpackaged fruit could
be classified, based on both the storage conditions and the storage time. Furthermore,
a correlation analysis among the E-nose responses and the overall VOCs, detected in
a previous study via HS-SPME/GC-MS [187] on the same cherry samples, allowed the
researchers to associate samples with specific flavor profiles, using one or more E-nose
sensors. Specifically, the S10 sensor results were related to some VOCs that are thought to
be possible markers of freshness and could, thus, be used for a rapid assessment of product
quality. Finally, since the data of the rapid and the conventional approaches agreed, the
E-nose is confirmed to be an appropriate method for the real-time physiological and quality
evaluations of postharvest plant-based food.

Ghasemi-Varnamkhasti et al. [193] used an E-nose equipped with 8 MOS sensors to
evaluate the freshness of strawberries stored in three different polymer packaging types,
including polypropylene (PPP), ethylene vinyl alcohol (EVOH), and polyvinyl chloride
(PVC). E-nose data, treated with pattern recognition approaches such as PCA, LDA, and
SVM, allowed the researchers to properly classify the unpackaged and packaged samples
and explore the effects of polymer packages on strawberry freshness. The response surface
method (RSM) was considered for the choice of the optimized sensor array with regard
to the contribution of each sensor in the sample classification. Sample headspace profiles
were studied on days 1, 8, and 16. The results showed that the PCA explained 84% of the
variance of the data, while the LDA categorized all the sensor responses with an accuracy
of 86.4%. Moreover, the SVM method could accurately distinguish between the samples by
86.4% and by 50.6% in training and validation, respectively, by using a polynomial basis
function (C-SVM) and could distinguish between them by 85.2% and 55.6% in training and
validation, respectively, using a radial basis function (Nu-SVM). Finally, among the eight
sensors used in the study, four of them were selected as the optimal sensors for adoption in
an E-nose system.

Huang et al. [194] reported a rapid and non-destructive method to investigate the
changes in freshness quality of postharvest spinach from 1 to 12 days of cold storage, using
machine vision and an E-nose, combined with chemometrics. Ten trained panelists classi-
fied the spinach freshness during cold storage into four grades. K-nearest neighbors (KNN),
SVM, and a backpropagation artificial neural network (BPNN) were used for the prediction
of spinach freshness. The results obtained from applying the BPNN model related to ma-
chine vision showed the same output as the KNN approach, with a classification accuracy
of 85.4% in the prediction of spinach freshness. On the other hand, the BPNN model, based
on E-nose data, allowed obtaining a better result with respect to the SVM approach, with
classification accuracies of 81.2% and 75.0%, respectively. Besides, the BPNN model, built
on multisensory data fusion using machine vision and E-nose data, greatly improved the
accuracy of the freshness evaluation of postharvest spinach by reaching a classification
accuracy of 93.7%.

3.3. Near-Infrared Spectroscopy

Infrared (IR) spectroscopy is a very useful technique to recognize specific functional
groups in a molecule (Table 3) and, thus, the chemical composition of a product by relating
the vibrational properties of matter to certain internal features. Therefore, every sample has
a specific IR spectrum; fruit and vegetable products with a similar spectrum also present
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similar bioactive compounds and nutritional value [195]. Among the IR methodologies,
near-infrared (NIR) spectroscopy, which covers the magnetic spectrum range between
780 and 2500 nm, is a rapid, non-destructive, multi-analytical technique that is widely
and effectively used in several sectors, such as the food industry, agriculture, chemicals,
pharmaceuticals, textiles, polymers, cosmetics, and medical applications [196].

Table 3. Adsorption peaks of the functional groups. Adapted from [197].

Adsorption Peaks

Functional Group Wavenumber (cm−1) Wavelength (μm)

O-H aliphatic and aromatic 3600–3000 2.8–3.3
NH2 amine 3600–3100 2.8–3.2
CH aromatic 3150–3000 3.2–3.3
CH aliphatic 3000–2850 3.3–3.5

C≡N nitril 2400–2200 4.2–4.6
C≡C- alkyne 2260–2100 4.4–4.8
COOR ester 1750–1700 5.7–5.9
COOH carboxylic acid 1740–1670 5.7–6.0

C=O aldehydes and ketones 1740–1660 5.7–6.0
CONH2 amide 1720–1640 5.8–6.1

C=C- alkene 1670–1610 6.0–6.2
Ø-O-R aromatic 1300–1180 7.7–8.5
R-O-R aliphatic 1160–1060 8.6–9.4

According to the specific application, three setup modes are possible (Figure 7) to use.
First, it is important to note that the penetration of NIR radiation into the tissues decreases
with the depth, so it is necessary to select the measurement configuration. For example,
thick-skinned fruit can compromise reflectance and interactance ability in detecting internal
quality or injuries. On the other hand, transmittance can yield information about the skin
and core of a fruit, but the process needs high light intensity that can damage the product
(Figure 7).

 

Figure 7. Setup for acquisition in reflectance (a), transmittance (b), and interactance (c). The arrows
indicate the direction of light coming out of the lamp (1) hits the sample (2) and then reaches the
detector (3).

The outcomes of NIR spectroscopy, combined with multivariate techniques and an
image analyzer, can yield information about the solid soluble content (SSC), the firmness,
the dry matter (DM), the hardness, and, in some cases, the internal injuries of harvested
produce.
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Peirs et al. [198] examined the spectral variability of apples in reflectance mode and
demonstrated that it depends mainly on the seasons and cultivars, and depends less on
orchards. Besides, the data variability seems to be associated with the changes in the
produce’s texture properties and in its chemical composition. Actually, the sugar and acid
content, as well as the cell size, the number of cells, and the number of intercellular spaces
were affected by the different growing conditions. Conversely, Schaare and Fraser [199]
compared the three NIR modes in estimating the SSC, density, and flesh color of kiwifruit,
achieving a higher accuracy by using the interactance mode. The dry matter (DM), the SSC,
and the flesh color of kiwifruit were evaluated by Clark et al. [200], applying an interactance
modality in order to predict fruit-storage disorder. The model successfully classified the
fruits according to their susceptibility to storage, based on the NIR profile. The incidence of
postharvest storage disorders increased for fruit that was less mature, which contained less
DM, lower SSC, and greener flesh color than their unaffected counterparts. McGlone and
Kawano [201] also analyzed the kiwi, obtaining an excellent predictive model for SSC and
DM, but not for firmness.

Several studies have focused their research on the internal quality of citrus, specifically.
Liu et al. [202] demonstrated the NIR potential to measure the SSC of intact navel orange
fruit. This suggests that it can be used as a valid tool for the determination of other internal
quality indices in other thick-skinned fruits, such as tangerine and lemon. The results
obtained by Gómez et al. [203] confirm NIR as a non-destructive technique for measuring
mandarin quality profiling, especially in predicting the sugar content. Similar results were
obtained by Lee et al. [204], who evaluated citrus using transmittance methods to yield
information about the fruit flesh; in particular, a PLSR model was found to predict sugar
content.

Among the NIR techniques, Fourier transform infrared spectroscopy (FTIR) is involved
in several studies as it offers the advantages of high sensitivity, high resolution, and fast data
acquisition speed. Conversely, FTIR is an expensive and complex tool. Schulz et al. [205]
applied NIR-FT-Raman, ATR-IR, and NIR spectroscopy, in combination with chemometric
algorithms for the rapid determination of pungency in black and white ground pepper
and green whole pepper berries, demonstrating that vibrational spectroscopy methods can
replace the conventional procedures for the effective quality control of peppercorns and
pepper extracts and of pepper oil treated in the industry. Furthermore, the spectral data can
be used to simultaneously classify the pepper oils according to their different monoterpene
and sesquiterpene compositions. Amodio et al. [206] applied an FTIR spectrometer to
discriminate among strawberries produced by three different fertility management systems.
Data treated by chemometric tools allowed the sensor to obtain good classification models
to successfully predict TSS, pH, and TA. FTIR, coupled with attenuated total reflectance
(ATR-FTIR) techniques, has been demonstrated to present several advantages, including
better signal-to-noise ratio, multiplexing, higher energy, and improved resolution [207].
In Palumbo et al. [173], the ATR-FTIR data have been significantly correlated to titratable
acidity as a good indicator of the maturity stage of “Sabrosa” strawberries.

The NIR system is an effective non-invasive technique that can be used to analyze the
chemical composition of fresh produce and quality changes during storage, promoting its
application directly on the field and in the industrial line and as a valid approach for the
traceability and authentication of agricultural produce.

4. Conclusions

This review paper provides an overview of the effects of advanced postharvest tools
(active packaging, dipping, vacuum impregnation, pulsed electric field, high hydrostatic
pressure, and cold plasma) and of biocontrol techniques to preserve the high nutritional
value and safety of fresh produce after harvesting.

Physical treatments (such as microwaving, a pulsed electric field, high hydrostatic
pressure, and cold plasma) and a biocontrol strategy proved to be useful for improving the
safety of products and consequently extending their shelf-life. Technologies such as dipping,
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vacuum impregnation, and edible active packaging should be applied when the aim of
producers is to preserve the quality and enhance the nutritional value of fresh fruits and
vegetables. Moreover, the combination of more techniques, among those reported, might
positively affect both the safety and the quality of the products. Therefore, in conclusion,
the adoption of these technologies represents an innovation in the fruit and vegetable sector,
in order to satisfy the consumer's needs. However, cost analysis is necessary to verify the
real applicability.

Regarding the non-destructive techniques reported (image analysis, the E-nose, and
near-infrared spectroscopy), the research in this field has made it possible to validate its
effectiveness for the non-destructive evaluation of fresh and fresh-cut fruit and vegetables
from “the field to the fork”, with the aim of optimizing the process phases and limiting
losses. Furthermore, the application of these techniques by the end user could increase the
satisfaction of the players in the supply chain, improving the quality of the process.

To this end, portable tools to be applied on industrial lines or in the field are required.
Further research is in progress, investigating new technologies to extend shelf life and
enable the continuous monitoring of product quality at all stages of the supply chain.
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