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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 (CaCly) 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 CaCl, 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 (Guiqgi 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 !
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.



Foods 2023, 12, 1664

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 R? 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 R? 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.

Author Contributions: M.C. and B.P. equally contributed to organizing, composing, and editing this
Special Issue. All authors have read and agreed to the published version of the manuscript.

Acknowledgments: We thank all authors for submitting high-quality manuscripts and the reviewers
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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 CO, kg~ 'h~! and 0.7 ug C,Hy kg~ 'h~!, 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 CO,-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% CO;, 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.rl, Italy). The CIE L*a*b* color space were used for the color

parameters. Hue® = arctg%* and chromaticity = va*? 4 b*? 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~ 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~! 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~!.
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:

C60 — C1)

REL (%) = {( _ } % 100

2.5. Physiological and Metabolic Attributes

The respiration rate (mg CO,/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 CO,
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 CO, was performed using a Carboxen 1006 plot (30 m x 0.53 mm,
Supelco, Bellefonte, PA, USA) with a flow of the column at 7 mL min~! and an oven tem-
perature of 180 °C. The calculation of the respiration rate was based on the differences in
CO; concentration, the weight of the sample, the container’s free volume, and the elapsed
time [26].

Ethylene production (uL C,H,/kg/h) was measured using the closed system intro-
duced by [25]. The accumulation of C;Hj 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~! and 400 mL min~!, 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~! 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™'), 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~! 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 um 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 puL 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 x 4.6 mm; 5 pm particle size; Agilent Technologies, Santa Clara, CA,
USA). Methanol (MeOH)/water (H,O) (5:95 v/v) was used as mobile phase, containing
50 mmol L~! potassium dihydrogen phosphate and 5 mmol L ™! cetrimide at pH 4.5. The
rate of the flow was set at 1 mL min~!. 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 x b * 7r. Goji fruit
disks were then mixed with 3 mL of acidified methanolic solution (10 mL HCI/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 = Absorptionszy nm — 0.25 (Absorptioness nm)

Afterward, the molar concentrations of anthocyanins/cm? were obtained by dividing
the optical density values by the molecular extinction coefficient of cyanidin (2.45 x 10%)
L/mol*cm and then again dividing by the area of the leaf disks [31]. The results are

expressed as milligrams of cyanidin per cm?.

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~! 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 uL of the extract was mixed with 1.58 mL water,
100 puL of Folin-Ciocalteu reagent, and 300 pL 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~ ! f.w.). The
antioxidant assay was performed according to the procedure described by [33] with minor

10
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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~ ! 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 x
four storage durations).

Storage Temperature x Storage

Quality Attributes Storage Temperature Storage Duration Duration
Welght loss (0/0) FXAX HEAK *Xk
Hue (°) ok ot ns
Chroma * - .
Firmness (N) id ns ns
Mold damage (%) kk ook —
Shriveling damage (%) ek kot -
Plttll’lg (0/0) kAN *%% $skst
Relative Electrolyte Leakage (%) Hodotk * *
Soluble Solid Content (%) dotnx sttt —-—
Soluble Solid Content Total Acidity * * ns
Total Acidity (%) * ns *
Ascorbic Acid (g/kg) *FAKE e ns
Dehydroascorbic Acid (g/kg) o ns ns
Vitamin C (g/kg) * *HAk ns
Anthocyanin (mg cyanidin cm~2) ks ok %
Total polyphenol (g gallic acid /kg) ottt Kokt -
Antioxidant (g Trolox/kg) i ottt —
Firmness (score) i ot ns
Texture (chewing; score) Aok okt ns
Juiciness (score) ok okt ns
Sugar-acid ratio (score) i whdE ns
Aroma (score) Ak it ns
Tastefulness (score) s ok ns
General impression (score) i hkk ns
Shape (score) kot . ns
Size (score) otk - ns
L L *

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

11
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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.
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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

12
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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 2.2¢
Sugar—Acid Ratio 3.2a 3.2a 2.3b
Aroma 2.8b 3.2a 2.3¢
Tastefulness 2.7b 3.2a 2.5¢
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 pug.g~! B-carotene [9]. Additionally, among
[3-carotene types, the content of zeaxanthin esters in goji fruit can exceed 77.5% of BCE/g
f.w., and especially zeaxanthin palmitate is found to be abundant, reaching 31-56% of
mg BCE/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 AE) (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].

0.5
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0 2 4 6 8 10 12
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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 CO,/kg/h),
while the rates at 5 °C and 0 °C were 13.3 and 5.8 mg CO,/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 pg CoHy/kg*h) and low levels at 0 and 5 °C (0.7 and 0.9 ng C,Hy/kg*h,
respectively). Zhou et al. (2020) reported a respiration rate and ethylene production of
80 mg CO,/kg/h and 30 pg C,Hy4 /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 CO,/kg/h at 7 °C [12].
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Table 3. Respiration rate and ethylene production in goji berries at different temperatures using five
replicates of each temperature measurement.

Respiration Rate

Temperature mg CO,/kg/h Standard Error (SE)
7°C 28.2 3.4
5°C 13.3 0.8
0°C 5.8 0.8

Ethylene Production

Temperature ug CoHa/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.

0 2

4 6 8 10 12
Storage Duration (Days)

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 (55C) (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 5and 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.

AC (mg cyanidin-3-

_ _ TP (g gallic AoxA (g Trolox .

1 1

SSC/TA AA (gkg™1) DHAA (g kg™1) Acid kg 1) kg 1) gl;l;(isyzl;ie

Day 0 34.61 & 1.449 0.254 4 0.023 0.155 4+ 0.015 2.995 + 0.051 2.157 +0.087 1.185 £ 0.03

0°C 39.27 £ 0.45a 0.221 £ 0.01a 0.075 £ 0.006a 2.592 £ 0.014b 1.834 £ 0.039b 1.263 + 0.389%a

Day 5 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
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

Day 7 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 £ 0.059%a 1.098 £ 0.317a
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

Day 9 5°C 38.49 £ 1.76b 0.091 + 0.023ab 0.112 4 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
0°C 41.63 + 0.76a 0.091 & 0.01a 0.073 4 0.013b 2.545 + 0.083a 2.746 + 0.054b 1.078 £ 0.523a

Day 12 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).
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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 (3-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 w-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]. ®°Coy-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.

(a) Walnut with
green husk

(b) Walnut with
shell

(c) Fresh kernels
with seed coat

(d) Fresh kernels
without seed coat [

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(%) = H % 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 ¢ 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 FeSOy 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:

(Absg — Absy)
DPPH(%) = ~——«+——% x 1 2
(%) Absg x 100 )
where Abs) is the absorbance value of the blank sample, and Abs; 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 10,000x 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 pL of an enzyme
extract, 6 mL of the phosphate buffer (0.1 M, pH 6.8), and 0.2 mL of HyO; (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 pL
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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 H,O, (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 Oy~ , HyO,, 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 O, and H,O; production.
The generation of O, 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 o-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
O, and the results were expressed as mmol/g FW [20].

For the determination of the HyO, 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 HyO, 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 x 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 pmol/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 x 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 Hj gas was set at 40 mL/min [24]. The injection volume of the oil sample was 0.3 pL,
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].

30+
:lWalnut with green husk
1 -Walnut with shell

- Fresh kernel

il

Storage time (m)
(a)
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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.

Relative electrical conductivity (%)
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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.

28



BYOCT F849C  qBVIV0F8E€C VeVl F E1¥C aQv.il0 +¥¥¢C qQveyo + ¥ Qveco+ 1v'c  BVLL0F86'GIT  2dICT F LE71S POIET + 4650 01
qvel 0+ 9661  AVee'0 F<¢L0Cc  qveco + 8991 BVEL0 F¢le aQvoro F el Q@RVIT0+66C  BVOLCF 0196 Bd99'C F 68'44 2DSTC F 8Y'LY 8
qvoc0 +6081T  Av900 F9¢1Cc  BVIY'0 F C9¥¢ qveco + 4T¢C qevec0 + ¥8°¢ BY9Y'0 F+ 89°¢ 2dySl F+ vies qQveL'l + 6299 DLV F SE' LY 9 3. 07—
Qvyco+99'1c  BV0S'0 +6£9C  BVIF0 F 69°¢C eVaro +F9r¢ EAZANVE S 4 BV8C'0 F¢9°¢ 2d40°C F 6867 BYC0C F 987¢L qd/S'T F 6699 € °
24690 + €801 qQvel'0 + ¥0°'1¢C 2del'l F 91l BYOT'0 + 1€ qvee0 F¥6'¢C BVECO F L€ 2d9C'T F ¥8°¢S 24941 F 86’94 Va8l F 9¢'68 4
qveLt + 978l OVGL0F LCI9T  qeV6L 0 F 6C°1C qvee0F+4sc BV6C0 F L6C EVI¥0Fv6'c 2d88°0 F 00°¢s BVLLT F €V LL qd1sT + 00°sS 1
BVLL0 F 8F'¢C V040 F ¥6'0C EN eVal'o + 067 BVILO0 F+ 1LY EN BVY88'0 F ¢8'¢L edile + ¥v'99 EN €
qdes’T + 071 BVVCT +L9°TC BVII'T F I€71C qQvero +¢e6'c qevOoT0+99¢  qevee'0 F90v  2avve 0 + ¢9'LS qIs'T F+ ¢€'1s qece’l + ¥Cov 4 3.0
BYSY0 F ¢v'ee qdel'T + 8¥4L qds8'0 + 8991 BYCCO0 F 917 BVIT0 F+ 1€ BVVC0 F L9°S qQveL0+ 2965 POCO'T F LL°GE edaes’0 + a9'8v 1 °
qQVscT + 6091 9V STTF 6091 qQvecT + 6091 qv9c0 + ¢6'C OV9T0 FC6C qv9co + ¢6'C OVE90 F €Y VY0 F€C¥r  aAve90 + €C¥ 0
IShH [PYS IShH [PYs IShH [PYs
YHM Jnufepy Y}IM Jnupep [PIod ysag YIM Jnufep Y}IM Jnujep PrIed InuTEM UM Jnufep Y}IM Jnujep [PUN YSty (Y3IuoIA)
(%) Hddd (M4 8/10ww) gV A (M4 8 001/3w) sjouayq [ejor DL SRR

9SEDIIMO] JUSISJITP IIM SINTeA

-98e103s Surmyp 1330 Yoea woy (G0'0 > d) UdISHTP AJuedyrulIs e MOI aWes Sy} Ul ,D—V, Jopa] asedraddn pue ,p—e, uwmn[od aures sy} Ul S19)39]

"9[qerreae Jou sueawr eN 230N (q) Do 07— PUe (€) D, 0 Jo 93e103s a3 SuLmp s[EUIY Jnujem jo AJIAT)Oe JUepIXOnue pue juajuod sjouayd [ejor I [fqeL

£20T '0T ‘20T spooq

29



Foods 2021, 10, 2027

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
(H,O,/alcohol and O;) [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, H,O», and O, 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 umol/g FW), followed by the walnuts with shell (6.16 umol/g FW) and walnuts
with green husk (5.78 pmol/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.

31



Foods 2021, 10, 2027

@ s : (b) -20°C Storage
8- | 10 4 —=— Walnut with green husk
—®— Walnut with green husk | —e— Walnut with shell
—®— Walnut with shell 1 —a— Fresh kernel
—A—Fresh kernel
s :
jrd 1 £ *
‘@6 | ‘o
3 1 2
g i £
£ 5 1 z °]
5]
= 1 2
3 = | )
§* ' §
= l = 4
d I
|
2 T T T T I 2 T T T T T T T T T T T
1 2 3 1 0 1 2 3 4 5 6 7 8 9 10
Storage time (m) 1 Storage time (m)
3.0 —&—Walnut with green husk 1 309 —=— VWalnut w?th green husk
—e—Walnut with shell 1 e z_\Nalnut with shell
—a— Fresh kernel 1 Fresh kernel
E 254 I 25
= I s
220+ | ‘o 2.0
g | 3
S g€
E I £
€ 1.54 1 < 154
e -
€ I 3
=
o
~1.0 I 8 104
o. I 5
o I I~
0.5 | 05
|
|
00 T T T T I 0.0 y v T T T ' ¥ 7 T ¥ T " T X T T T
0 1 2 3 1 0 1 2 3 4 5 6 7 8 9 10
Storage time (m) I Storage time (m)
12000 4 3 9000 4 —m— i
et it ren s ! v
—®—Walnut with shell ] h et karnal
—&—Fresh kernel 1 8000
E 10000 ~ | g
oo I "o 7000
£ i Te
S s000- I E
£ 1 3 6000 —
= 1 E
= £
g 1 = 5000
2 6000 i 5
8 c
e | 8
o i & 4000
(o)
4000 1
3000 —

1

o 4

Storage time (m)

2

T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Storage time (m)

w -
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In comparison, the production of H,O; 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 HyO 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 HyO;. During the frozen storage at —20 °C, the production of H,O, 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 H;O, maintaining within a stable range (0.6-0.8 mmol/g FW), and then the H,O,
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 HyO, obtained from the low temperatures was
different in various storage conditions. Similarly, an increasing trend was observed in the
production of O, ™ in the kernels during the first 3-month storage at 0 °C and —20 °C. After
the 4-month frozen storage, the production of O, was reduced to a stable level. Thus,
frozen storage can inhibit the production of O, ™ 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 «-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 5
Month Fresh Kernel Walnut with Shell walnutﬁ‘{;g(‘ Green

_,, 0 921 + 0.01Aa 921 + 0.01Aa 921 + 0.01Aa
P alr?llg%f“d 3 7.86 + 0.01Ab 8.62 - 0.06Aab 7.46 + 0.62Ab
’ 8 7.29 4 0.78Ab 7.76 + 0.85Ac 7.30 + 0.78Ab
o 0 242 + 0.16Aa 242 4 0.16Aa 242 + 0.16Aa
Ste‘(j‘lréc,of;‘“d 3 252 + 0.01Aa 254 + 0.14Aa 241 + 0.04Aa
' 8 2.08 + 0.01Aa 2,03 +0.11Aa 2.18 + 0.36Aa
o 0 13.04 + 0.38Aa 13.04 + 0.38Aa 13.04 + 0.38Aa
Olfllgqgld 3 12.69 4 0.05Aa 11.18 & 0.26Aa 13.10 & 0.48Aa
' 8 13.44 + 0.62Aa 14.54 4+ 0.28Aa 13.58 + 0.62Aa
S 0 66.90 + 0.39Aa 66.90 + 0.39Aa 66.90 + 0.39Aa
Lm(a%{cz;"“d 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
, o 0 8.44 + 0.15Aa 8.44 + 0.15Aa 8.44 + 0.15Aa
Lmo(l;’g};)amd 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
Pl wrated fat 0 75.33 + 0.92Aa 75.33 + 0.92Aa 75.33 4+ 0.92Aa
© yur(‘li%‘ﬁg edla 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
. i . 0 88.37 + 0.92Aa 88.37 + 0.92Aa 88.37 + 0.92Aa
“Sat“r?{}} A;‘tty acl 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
arameters . . A ”
Month Walnut with Walnut with Walnut with Walnut with
Fresh Kernel Shell Green Husk Fresh Kernel Shell Green Husk
Fat 0 54.04 + 2.05A 5404 + 2.05Aa 54.04 + 2.05Aa 5404 + 2.05Aab 54.04 + 2.05Aa  54.04 + 2.05Aa
content 3 Na 44164 242Ab 4422+ 1.93Ab 5629 + 0.86Aa 4829 +298Bb  50.84 + 1.05Ba
0,

(%) 8 50.48 4+ 3.66Ab  49.50 + 0.93Ab  51.33 + 4.10Aa
Acid 0 057+011A  057+011Ab 057 +0.11Aa 057 +0.11Aa 057 +0.11Ab  0.57 + 0.11Aa
value 3 Na 076 + 0.16Aa  0.67 +0.03Aa 059 +0.01Aa  0.67 + 0.20Ab  0.60 + 0.05Aa
(mg/g) 8 0.61+0.09Ba  0.84+ 0.08Aab  0.68 & 0.02ABa

Peroxide 0 059+ 0.06A 059+ 0.06Aa 059 + 0.06Aa 059 & 0.06Aab  0.59 + 0.06Ab  0.59 + 0.06Aab
value 3 Na 055+ 0.00Aa 049 +0.01Aa 079 +0.14Aa  0.68 4+ 0.09Aab  0.84 + 0.14Aa
(mmol/kg) 8 037 +0.06Bb  075-+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
H>0O; and O, 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
(CaClp) treatments on the storage quality of fresh-cut “Xuebai” cauliflowers. Fresh-cut “Xuebai”
cauliflowers were soaked with 2% CaCl, 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 CaCl, 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% CaCl,
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 (Ca?*) plays a significant
role in delaying aging and improving antioxidant capacity in the cell wall and membrane
structure. During the cross-linking process between Ca?* 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 (CaCl,) 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 CaCl, 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%
CaCl; 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 CaCl, 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 CaCl, treatment combined with other methods
is a good method of fruit and vegetable preservation. Wang et al. (2014) reported that
the combined treatment with CaCl, 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 CaCl, 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 CaCl,. Therefore, this study aimed to select the optimal temperature of CaCl, solution
for the preservation of fresh-cut “Xuebai” cauliflower florets at 4 °C. The effects of CaCl,
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-CaCl,
0%: immersed in water at 20 °C for 10 min; (2) TO °C-CaCl, 2%: immersed in 2% CaCl,
solution at 0 °C for 10 min; (3) T20 °C-CaCl, 2%: immersed in 2% CaCl, solution at 20 °C
for 10 min; (4) T40 °C-CaCl, 2%: immersed in 2% CaCl, 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 CaCl, 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 CaCl, (p > 0.05). In
general, the effect of the CaCl, + 40 °C treatment was slightly better than that of the CaCl,
+ 0 °C and CaCl; + 20 °C treatment groups. Our results showed that treatments with CaCl,
can effectively maintain the marketability of cauliflower.

Dayl12 Dayl5 —®"— CK
| | —e- CaClL,+0°C

—A— CaCl, +20°C
— %=+ CaCl, +40 °C

Day9

Day6 Day3

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

3

6

9

12

15

L*

CK
CaCl, +0°C
CaCl, +20°C
CaCl, +40 °C

70.265 + 0.96 a

69.207 4+ 0.961 a
69.647 + 0.806 a
69.423 +0.612 a
69.873 +0.849 a

67.883 + 0.744 a
67.810 +0.902 a
68.463 + 0.728 a
69.240 £ 0.731 a

66.127 +0.736 b
67.510 + 0.711 ab
67.290 = 0.651 ab
68.360 £ 0.580 a

63.467 £+ 0.652 c
66.073 + 0.347 ab
65.840 +0.517 b
67.370 £0.723 a

59.923 +0.549 c
64.263 +0.346 b
63.733 +£0.481 Db
65.700 £ 0.637 a

CK —1.517 £0.061a —1.457+£0.098a —1.353+0.057a —1.187+£0.051a —0.987 £0.080 a

p CaCl, +0°C 1558+ 0.67a —1.540 £ 0.062a —1.503 +0.062a —1.450+0.053a —1.357+£0.032b  —1.283 £0.049b
CaCl, +20°C ’ ' —1.533 £0.081a —1490+0.070a —1.427£0.031a —1333+0.091b —1.220+0.123b

CaCl, +40°C —1.547 £0.076a  —1.517+0.100a —1.467 £0.055b —1.397 £0.060b  —1.317 £0.075b

CK 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

b* CaCl, +0°C 9.61 +035a 10.433 £ 0.656 a 11.690 £ 0.797 a 12.977 £0.290 b 15393 £ 0.562b  16.677 + 0.621 bc
CaCly +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

CaCl, +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 ¢

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 CaCl, treated fresh-cut “Xuebai”
cauliflower florets were significantly different from those of the CK group on the 12th and
15th day, indicating that CaCl, 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 CaCl, + 40 °C was higher than that of the other three groups. On the 15th day, there
were significant differences between cauliflower florets from the CaCl, + 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 CaCl, + 40 °C treatment were the lowest, indicating that CaCl, +
40 °C treatment can effectively prevent fresh-cut “Xuebai” cauliflower florets from turning
yellow and browning. It can be seen that the CaCl, + 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 CaCl, 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 CaCl, 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 CaCl, + 0 °C and CaCl, + 20 °C treatment
groups was not significant (p > 0.05), but the CaCl, + 40 °C treatment group showed a
significant difference from the other two groups (p < 0.05). A comprehensive compari-
son showed that the CaCl, + 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
isp < 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 CO, 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 CaCly, 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 CaCl; 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 CaCl, + 40 °C treatment and
those in the other two treatment groups (p < 0.05). It can be seen that the CaCl, + 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 umol/100 g
on the 9th day, which dropped sharply to 4.2 umol/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 CaCl, 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 CaCl, + 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.
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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 CaCl, 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 CaCl, + 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 CaCl, + 40 °C treatment and the other two treatment groups.
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The results showed that the treatment with temperature and CaCl, compound effectively
inhibited the activity of PG enzyme during storage and delayed the softening of fresh-cut
“Xuebai” cauliflower florets.
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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 CaCl, + 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 CaCl, + 40 °C treatment group and the
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other two treatment groups (p < 0.05). It was observed that the CaCl, + 40 °C treatment
inhibited the LOX activity most significantly.
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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 CaCl, + 40 °C treatment was better than the CaCl, + 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 CaCl; 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 CaCl, 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.

KMO Measure of Bartlett’s Test of Sphericity
Test Method .
Sampling Adequacy 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.
Initial Eigenvalues ExtractlorLSun}s of Squared Rotation Sums of Squared Loadings
oadings
Component o S o
Total /0. of Cumulative Total /(f of Cumulative  Total /0. of Cumulative
Variance Variance Variance
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.
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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
Ca(l; 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 x X1 +0.132 x X2 — 0.131 x X3 — 0.133 x X4 + 0.133 x X5+ 0.111 x X6 — 0.126 x X7 — 0.020 x X8 + 0.133 x X9 (1)

Y2 =0.091 x X1 — 0.106 x X2 +0.096 x X3 + 0.079 x X4 — 0.090 x X5+ 0.189 x X6 — 0.032 x X7 +0.933 x X8 — 0.098 x X9 (2)
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Table 6. Quality component coefficient matrix of fresh-cut “Xuebai” cauliflower florets.

Component
Quality indexes
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 x Y1 +11.768 x Y2) + 97.513 = 0.119 x X1 +0.103 x X2 — 0.104 x X3
— 0.107 x X4 + 0.106 x X5 +0.120 x X6 — 0.115 x X7 4+ 0.095 x X8 + 0.105 x X9

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 CaCl,.

Table 7. Ranking of the comprehensive quality index values of fresh-cut “Xuebai” cauliflower florets

treated with different temperatures and CaCl,.

Method Storage Time/d Value Rank

3 103.285 4

6 99.066 8
CK 9 89.918 12
12 78.230 16
15 60.603 20

3 104.983 2

6 101.324 6
CaCl +0°C 9 94.059 10
12 84.302 14
15 70.889 18

3 104.545 3

6 100.455 7

CaCl, +20°C 9 93.628 11
12 83.878 15

15 70.091 19

3 105.410 1

6 102.522 5

CaCl, +40 °C 9 96.307 9
12 87.251 13
15 74.803 17

It can be seen from the comprehensive score comparison of CaCl, 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 CaCl,. The
fresh-cut “Xuebai” cauliflower florets had the highest score after being treated with CaCl, +
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 CaCl,
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 CaCl, + 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 umol L~!) 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 pmol L1 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. ‘Guigi’, 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 umol L~! 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.

initial weight — final weight

100
initial weight x

weight loss (%) =

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.

number of fruits showing decay symptoms
total number of fruits

Decay incidence (%) = x 100
2.3.4. Respiration Rate

The respiration rate expressed as mg CO,-kg~!-h~! 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 CO,, which was measured by a CO,
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 1 ACID 1, ATAGO, TOKYO)
at room temperature and expressed as Brix percentage. For the measurement of TA, 20 puL
of mango juice was pipetted with 980 pL 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 FeClz 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~ 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 11,000x 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~ ! 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% NaNO, solution (0.3 mL).
After being allowed to stand for 5 min, the mixture was combined with a 10% AICl3
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~ ! 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 x 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 ! FW basis:

MDA content <nmol-g_1) = 6.45 % (ODs33 — ODgpo) — 0.56 * ODy5
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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™}, pH 7.8) containing 1% (w/v) polyvinyl
polypyridine (PVP). Then, the homogenate was centrifuged at 12,000x 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 umol L1 sodium acetate buffer, pH 5.5, was mixed with 0.5 mL
of 50 mmol L~! catechol solution, and finally, 100 1L 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~! 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~! FW.

2.6.3. Superoxide Dismutase (SOD) Activity

The reaction mixture includes 1.7 mL of 50 pmol L~! sodium phosphate buffer, pH
7.8, 0.3 mL of 130 pmol L~! methionine solution, 0.3 mL of 750 pumol L~! NBT solution,
0.3 mL of 100 pmol L~! EDTA-Na, solution, 0.3 mL of 20 umol L~ riboflavin solution, and
0.1 mL of enzyme extract. The reaction mixture was exposed under a 4000 Ix 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 umol L~! H,0, 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—!-g~! 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 (TTANGEN BIOTECH (BEIJING) CO., LTD DP140916, Beijing, China)
and further assessed for quantity and quality with a NanoDrop One. Then, 2 nug 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 (TTANGEN 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 pL 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 155, 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 2744t 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 CITCTTCTCTGTCGTTCTCT 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 pmol L~ 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 ‘Guigi’ 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 ‘Guigi’ (A,C) and “Tainong 1’ (B,D) fruits
treated with 1000 umol L~ 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 ‘Guigi’, 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 4= 0.05 mg CO5,-kg ! FW-h~!) in ‘Guigi’, while in ‘Tainong 1/, it
was observed on 12 d (59.96 & 0.06 mg CO,-kg ! FW-h™!) as compared to the control with
a peak at (147.49 =+ 0.14 mg CO,-kg ! FW-h™1, and 62.91 + 0.05 mg CO,-kg ! 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 pmol L~ 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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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 ‘Guiqgi’ (A) and ‘Tainong 1’ (B) fruits treated with
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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 4 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 4 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. Total flavonoid content (A,B) and total phenol content (C,D) of ‘Guiqi’ (A,C) and ‘Tainong 1’
(B,D) fruits treated with 1000 umol L~! 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_l) than in the control (1.89 £ 0.04 nmol g_l) 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 gfl) than in the control fruit (1.06 + 0.02 nmol gfl) 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 umol L1 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~! g~! FW for ‘Guiqi’ and ‘Tainong 1’, respectively) than in the MT-treated
fruits (0.3 4 0.01 and 0.05 U min~! g~! 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 umol L~ 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 ‘Guigqi’.

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 ‘Guigi’. 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 4 0.13 U min~! g~! FW)
than the control (13.82 4+ 0.14 U min~! 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 ‘Guigi’ than in “Tainong 1'.
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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 pmol L-! MT. Each
value is the mean for three replicates and vertical bars indicate the standard error (SE). Error
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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
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the same storage period show a significant difference between the treatments (p < 0.05).

69



Foods 2022, 11, 3209

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.

Exogenous

Melatonin

ISignifies ‘enhanced’ l signifies ‘inhibit’, ¥ signifies ‘no effect”

—» Quality indexes n
Weight loss lFirmnessI aiﬁa;?;zt
Respiration rate l system
Decay incidence l
—» Nutritional indexes l J
TSS, TA, & TSS:TA &= Delayed decay
AsA, TPC, & TEC I m rate )

—» Physicochemical indexes
ProO l

50D, APX & PAL I

—» Gene expression

PO MDA Extend 51.1e]_f .]j_t'e
l content l — and m@tm
—»  MnSOD, APX, & PAL I quality

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.

Author Contributions: All authors contributed to the study’s conception. Material preparation was
performed by Q.L. Experimentation and data collection was performed by C.L. The design of the
experiment, data analysis, and supervision was performed by W.Z., X.D. and X.P. The draft of the
manuscript was written by A.N. All authors commented on previous versions of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research is supported by Guizhou Provincial Science and Technology Projects [2019]4232
and the Hundred Levels Talent Training of Guizhou Province, grant number [2016]4038.

Institutional Review Board Statement: The study did not involve humans or animals.
Informed Consent Statement: The study did not involve humans.
Data Availability Statement: The data are available upon request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Tharanathan, R.; Yashoda, H.; Prabha, T. Mango(Mangifera indica L.), “The King of Fruits”—An Overview. Food Rev. Int. 2006, 22,
95-123. [CrossRef]

2. Zhang, Z.; Zhu, Q.; Hu, M,; Gao, Z.; An, E; Li, M.; Jiang, Y. Low-temperature conditioning induces chilling tolerance in stored
mango fruit. Food Chem. 2017, 219, 76-84. [CrossRef] [PubMed]

3. Cardenas-Coronel, W.G.; Velez-de la Rocha, R.; Siller-Cepeda, ].H.; Osuna-Enciso, T.; Muy-Rangel, M.D.; Safiudo-Barajas, J.A.
Changes in the composition of starch, pectins and hemicelluloses during the ripening stage of mango (Mangifera indica cv. Kent).
Rev. Chapingo. Ser. Hortic. 2012, 18, 5-19.

4. Xu,T; Chen, Y,; Kang, H. Melatonin Is a Potential Target for Improving Post-Harvest Preservation of Fruits and Vegetables. Front.
Plant Sci. 2019, 10, 1388. [CrossRef] [PubMed]

5. Arnao, M.B.; Ruiz, ].H. Melatonin: A New Plant Hormone and/or a Plant Master Regulator? Trends Plant Sci. 2019, 24, 38-48.
[CrossRef] [PubMed]

6. Hernandez-Ruiz, ].; Arnao, M.B. Relationship of Melatonin and Salicylic Acid in Biotic/Abiotic Plant Stress Responses. Agronomy
2018, 8, 33. [CrossRef]

7. Debnath, B.; Islam, W,; Li, M.; Sun, Y.; Lu, X.; Mitra, S.; Hussain, M.; Liu, S.; Qiu, D. Melatonin Mediates Enhancement of Stress
Tolerance in Plants. Int. J. Mol. Sci. 2019, 20, 1040. [CrossRef]

8. Shi, H,; Reiter, R.].; Tan, D.-X.; Chan, Z. Indole-3-acetic acid INDUCIBLE 17 positively modulates natural leaf senescence through
melatonin-mediated pathway in Arabidopsis. |. Pineal Res. 2014, 58, 26-33. [CrossRef]

9.  Bal, E. Physicochemical changes in ‘Santa Rosa’ plum fruit treated with melatonin during cold storage. J. Food Meas. Charact.
2019, 13, 1713-1720. [CrossRef]

10. Hu, W.; Yang, H; Tie, W.; Yan, Y; Ding, Z.; Liu, Y.; Wu, C.; Wang, J.; Reiter, R.J.; Tan, D.-X,; et al. Natural Variation in Banana
Varieties Highlights the Role of Melatonin in Postharvest Ripening and Quality. J. Agric. Food Chem. 2017, 65, 9987-9994.
[CrossRef]| [PubMed]

11. Cao, S.; Song, C.; Shao, J.; Bian, K.; Chen, W.; Yang, Z. Exogenous Melatonin Treatment Increases Chilling Tolerance and Induces
Defense Response in Harvested Peach Fruit during Cold Storage. . Agric. Food Chem. 2016, 64, 5215-5222. [CrossRef] [PubMed]

12.  Liu, C,; Zheng, H.; Sheng, K.; Liu, W.; Zheng, L. Effects of melatonin treatment on the postharvest quality of strawberry fruit.
Postharvest Biol. Technol. 2018, 139, 47-55. [CrossRef]

13.  Gao, H,; Lu, Z,; Yang, Y.; Wang, D.; Yang, T.; Cao, M.; Cao, W. Melatonin treatment reduces chilling injury in peach fruit through
its regulation of membrane fatty acid contents and phenolic metabolism. Food Chem. 2018, 245, 659-666. [CrossRef] [PubMed]

14. Rastegar, S.; Khankahdani, H.H.; Rahimzadeh, M. Effects of melatonin treatment on the biochemical changes and antioxidant
enzyme activity of mango fruit during storage. Sci. Hortic. 2020, 259, 108835. [CrossRef]

15. Liu, S;; Huang, H.; Huber, D.J.; Pan, Y.; Shi, X.; Zhang, Z. Delay of ripening and softening in ‘Guifei’ mango fruit by postharvest
application of melatonin. Postharvest Biol. Technol. 2020, 163, 111136. [CrossRef]

16. Bhardwaj, R.; Pareek, S.; Gonzalez-Aguilar, G.A.; Dominguez-Avila, ].A. Changes in the activity of proline-metabolising enzymes
is associated with increased cultivar-dependent chilling tolerance in mangos, in response to pre-storage melatonin application.
Postharvest Biol. Technol. 2021, 182, 111702. [CrossRef]

17.  Cao, S.; Shao, J.; Shi, L.; Xu, L.; Shen, Z.; Chen, W.; Yang, Z. Melatonin increases chilling tolerance in postharvest peach fruit by
alleviating oxidative damage. Sci. Rep. 2018, 8, 806. [CrossRef]

18. Wang, L,; Luo, Z.; Yang, M.; Li, D.; Qi, M.; Xu, Y.; Abdelshafy, A.M.; Ban, Z.; Wang, F,; Li, L. Role of exogenous melatonin in table

grapes: First evidence on contribution to the phenolics-oriented response. Food Chem. 2020, 329, 127155. [CrossRef]

74



Foods 2022, 11, 3209

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

Li, T; Wu, Q.; Zhu, H.; Zhou, Y,; Jiang, Y.; Gao, H.; Yun, Z. Comparative transcriptomic and metabolic analysis reveals the effect
of melatonin on delaying anthracnose incidence upon postharvest banana fruit peel. BMC Plant Biol. 2019, 19, 289. [CrossRef]
Sharma, A.; Wang, J.; Xu, D.; Tao, S.; Chong, S.; Yan, D.; Li, Z.; Yuan, H.; Zheng, B. Melatonin regulates the functional components
of photosynthesis, antioxidant system, gene expression, and metabolic pathways to induce drought resistance in grafted Carya
cathayensis plants. Sci. Total Environ. 2020, 713, 136675. [CrossRef]

Quality, A.P; Supervision, S. Analysis on the Quality and Aroma Components of Main Mango Fruits in Guizhou. Chin. ]. Trop.
Crops 2020, 41, 2305-2313. [CrossRef]

Ma, X.; Wu, H,; Liu, L.; Yao, Q.; Wang, S.; Zhan, R.; Xing, S.; Zhou, Y. Polyphenolic compounds and antioxidant properties in
mango fruits. Sci. Hortic. 2011, 129, 102-107. [CrossRef]

Zhang, Z.; Gao, Z.; Li, M.; Hu, M.; Gao, H.; Yang, D.; Yang, B. Hot Water Treatment Maintains Normal Ripening and Cell Wall
Metabolism in Mango (Mangifera indica L.) Fruit. HortScience 2012, 47, 1466-1471. [CrossRef]

Dong, J.; Kebbeh, M.; Yan, R.; Huan, C.; Jiang, T.; Zheng, X. Melatonin treatment delays ripening in mangoes associated with
maintaining the membrane integrity of fruit exocarp during postharvest. Plant Physiol. Biochem. 2021, 169, 22-28. [CrossRef]
Daniels, A.J.; Poblete-Echeverria, C.; Opara, U.L.; Nieuwoudt, H.H. Measuring Internal Maturity Parameters Contactless on
Intact Table Grape Bunches Using NIR Spectroscopy. Front. Plant Sci. 2019, 10, 1517. [CrossRef]

Wang, F.; Zhang, X.; Yang, Q.; Zhao, Q. Exogenous melatonin delays postharvest fruit senescence and maintains the quality of
sweet cherries. Food Chem. 2019, 301, 125311. [CrossRef]

Zhang, Y.; Huber, D.J.; Hu, M; Jiang, G.; Gao, Z.; Xu, X,; Jiang, Y.; Zhang, Z. Delay of Postharvest Browning in Litchi Fruit
by Melatonin via the Enhancing of Antioxidative Processes and Oxidation Repair. J. Agric. Food Chem. 2018, 66, 7475-7484.
[CrossRef]

Michailidis, M.; Tanou, G.; Sarrou, E.; Karagiannis, E.; Ganopoulos, I.; Martens, S.; Molassiotis, A. Pre- and Post-harvest Melatonin
Application Boosted Phenolic Compounds Accumulation and Altered Respiratory Characters in Sweet Cherry Fruit. Front. Nutr.
2021, 8, 695061. [CrossRef]

Aghdam, M.S; Fard, ].R. Melatonin treatment attenuates postharvest decay and maintains nutritional quality of strawberry fruits
(Fragaria xanannasa cv. Selva) by enhancing GABA shunt activity. Food Chem. 2017, 221, 1650-1657. [CrossRef]

Han, Q.-H.; Huang, B.; Ding, C.-B.; Zhang, Z.-W.; Chen, Y.-E.; Hu, C.; Zhou, L.-J.; Huang, Y,; Liao, J.-Q.; Yuan, S.; et al. Effects of
Melatonin on Anti-oxidative Systems and Photosystem II in Cold-Stressed Rice Seedlings. Front. Plant Sci. 2017, 8, 785. [CrossRef]
Miranda, S.; Vilches, P.; Suazo, M.; Pavez, L.; Garcia, K.; Méndez, M.A.; Gonzalez, M.; Meisel, L.A.; Defilippi, B.G.; del Pozo,
T. Melatonin triggers metabolic and gene expression changes leading to improved quality traits of two sweet cherry cultivars
during cold storage. Food Chem. 2020, 319, 126360. [CrossRef]

Hu, M.; Yang, D.; Huber, D.J.; Jiang, Y.; Li, M.; Gao, Z.; Zhang, Z. Reduction of postharvest anthracnose and enhancement of
disease resistance in ripening mango fruit by nitric oxide treatment. Postharvest Biol. Technol. 2014, 97, 115-122. [CrossRef]

Sun, H.; Li, L.; Wang, X.; Wu, S.; Wang, X. Ascorbate—glutathione cycle of mitochondria in osmoprimed soybean cotyledons in
response to imbibitional chilling injury. J. Plant Physiol. 2011, 168, 226-232. [CrossRef]

Hiwale, S. Mango (Mangifera indica L.). In Sustainable Horticulture in Semiarid Dry Lands; Springer: New Delhi, India, 2015;
pp- 97-114. [CrossRef]

Miihlbauer, W.; Miiller, J. Mango (Mangifera indica L.); Woodhead Publishing Limited: Sawston, UK, 2020.

Trejo-Marquez, M.; Ramirez-Villatoro, G.; De La Rosa, N.C. Polyphenol oxidase and peroxidase activities in mangoes stored at
chilling temperature. Acta Hortic. 2010, 395-402. [CrossRef]

Pennycooke, J.; Cox, S.; Stushnoff, C. Relationship of cold acclimation, total phenolic content and antioxidant capacity with
chilling tolerance in petunia (Petunia x hybrida). Environ. Exp. Bot. 2005, 53, 225-232. [CrossRef]

Wang, T.; Hu, M.; Yuan, D.; Yun, Z.; Gao, Z.; Su, Z.; Zhang, Z. Melatonin alleviates pericarp browning in litchi fruit by regulating
membrane lipid and energy metabolisms. Postharvest Biol. Technol. 2019, 160, 111066. [CrossRef]

Aydas, S.B.; Ozturk, S.; Aslim, B. Phenylalanine ammonia lyase (PAL) enzyme activity and antioxidant properties of some
cyanobacteria isolates. Food Chem. 2013, 136, 164-169. [CrossRef]

Shewfelt, R.; Del Rosario, B. The Role of Lipid Peroxidation in Storage Disorders of Fresh Fruits and Vegetables. HortScience 2000,
35,575-579. [CrossRef]

Gill, S.S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol.
Biochem. 2010, 48, 909-930. [CrossRef]

Cao, J.J.; Yu, Z.C,; Zhang, Y.; Li, B.H.; Liang, W.X.; Wang, C.X. Control efficiency of exogenous melatonin against post-harvest
apple grey mold and its influence on the activity of defensive enzymes. Plant Physiol. |. 2017, 53, 1760. [CrossRef]

Xia, H.; Ni, Z.; Hu, R; Lin, L.; Deng, H.; Wang, ].; Tang, Y.; Sun, G.; Wang, X.; Li, H.; et al. Melatonin Alleviates Drought Stress by
a Non-Enzymatic and Enzymatic Antioxidative System in Kiwifruit Seedlings. Int. . Mol. Sci. 2020, 21, 852. [CrossRef] [PubMed]

75






@ foods

Article

A Synergistic Effect Based on the Combination of Melatonin
with 1-Methylcyclopropene as a New Strategy to Increase
Chilling Tolerance and General Quality in Zucchini Fruit

Jorge Medina-Santamarina, Maria Serrano
Domingo Martinez-Romero

Citation: Medina-Santamarina, J.;
Serrano, M.; Ruiz-Aracil, M.C.;

Ilea, M.ILM.; Martinez-Romero, D.;
Guillén, F. A Synergistic Effect Based
on the Combination of Melatonin
with 1-Methylcyclopropene as a New
Strategy to Increase Chilling
Tolerance and General Quality in
Zucchini Fruit. Foods 2022, 11, 2784.
https://doi.org/10.3390/
foods11182784

Academic Editors: Maria Cefola and

Bernardo Pace

Received: 3 August 2022
Accepted: 6 September 2022
Published: 9 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Maria Celeste Ruiz-Aracil, Mihaela Iasmina Madalina Ilea,
and Fabian Guillén *

Postharvest Research Group of Fruit and Vegetables, Centro de Investigacion e Innovacién Agroalimentaria y
Agroambiental (CIAGRO-UMH), University Miguel Hernandez, Ctra. Beniel km. 3.2, Orihuela,

03312 Alicante, Spain

* Correspondence: fabian.guillen@umh.es; Tel.: +34-96-6749656

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 y-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% Mb5250) 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 Megias 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~! 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 Megias 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 Megias 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.

CO; 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-Packard™ 5890A gas chromatograph. Chromatographic
conditions were previously described [32]. Ethylene production and respiration rate were
expressed as nL. g~ h~! and mg of CO, kg~! h™!, 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 pumol kg ~!. 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.; Kanto, Tokio, Japan) and colour was expressed
as CIE hue* (180 + tan~! 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 H,O, 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+1dat20 °C. Visually, Cl 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 gfl) (A) fruit flesh firmness (N) (B) and chilling in-
jury (0-5scale) (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 CO, l(g{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 CO, 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. Megias 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 'y-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 CO; 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 (umol kgfl) (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~ ! 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~ ! 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 gfl) (A) and titratable acitidity (g 100 gfl) (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~!
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 uL L~! 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 uL L~!
1-MCP (Sinopharm Chemical Reagent Beijing Co., Ltd., Beijing, China) for 12 h, and 1%
(w/v) KOH solution was placed inside to prevent CO, 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 pL. L=! 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),
H,0,, malondialdehyde (MDA) and O, 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. CO, production rate was measured by a portable infrared CO,
analyzer (PBI Dansensor CheckMate 3, Copenhagen, Denmark) and respiration rate was
expressed as mg kg~! h™! of CO,. 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 x 0.53 mm x
15 um, 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 pg kg ! h™1.
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2.3. Firmness, MDA, HyO; and O, Detection

For fruit firmness, 10 fruit were used and evaluated by using a Fruit Hardness Tester
(FHM-5, Tokyo, Japan). MDA, H,O, and O, ~ were measured according to our previous
report [13] and expressed as mmol per kilogram fresh weight (mmol kg~ 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 uL),
crude enzyme extract (50 pL) and acetic acid buffer (100 mM, pH 5.4, 100 uL); the reac-
tion was initiated by adding 50 pL of Hy,O; (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
c¢DNA 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 HCI) methanol. After 4 h of extraction, the mixture was
centrifuged at 10,000x 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 pL. membrane (Millipore) filter. LC/MS analysis system (G2-XS QTof,
Waters) and liquid chromatography (UPLC) column (2.1 x 100 mm x 1.7 pm) 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 CO; 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 uL/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.
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Figure 1. Physiological and biochemical indices of peach fruit including respiratory rate (A), ethylene production (B),
firmness (C), HyO, content (D), MDA content (E) and O, 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
H,0O,, MDA and O, 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 O, to molecular
oxygen and HyO,, and H,O;, 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 (DO 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.
2 I CK A
[ I PpaSOD b
C M g f fgh fg fgh fgh fg
cd [_JMN € cd — i

Relative expression
[ o) —_—

2_
1 bc
1
2_
de
N B |
0-

Do D2 D4 D6 D8

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.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10122956/s1, Table S1: Primers used for quantification of mRNA levels by qRT-PCR.
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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,
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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 10s,
Figure 1). Transparent vacuum plastic packs made of coextruded multilayer flexible film
with dimensions of 200x300 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 I’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 # 1Q150, 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! 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 (1071
to 10~°) 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
(graas 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.
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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.
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Storage time (Days)
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p-Value
Mean log (cfu/g) Mean log (cfu/g) Mean log (cfu/g) Mean log (cfu/g)
6.72 6.0° 6.72 5.12¢ <0.05

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.
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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.
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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.
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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.
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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 (grass 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).
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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.
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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.
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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 (grass
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
(5.12vs. 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 CO, treatments and modified atmo-
spheres (15-20% CO, and 5-10% O,) (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 CO,
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enrichment and O, 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, CO, and O, 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 O, depletion and CO, 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 CO, 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, Sao 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) (O, permeability:
2.97 x 1071 m? s~! and CO, permeability: 1.22 x 107> m? 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 FeCl;-6H;0 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 x 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 um, 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 (CO,) and oxygen (O;) 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 O, and CO,. 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, Kénigswinter, 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 Kopijar et al. [39].
Five grams of raspberry pulp was extracted with 15 mL of methanol/HCI (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 x ¢ 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 °C 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~! to 50 mg L~!). 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).

Abs blank — Abs sample

RSA(%) = Abs blank

x 100 1)

Trolox was used as standard, and a calibration curve was performed correlating RSA
values with different Trolox concentrations (from 100-2000 pM). 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 Sudrez
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(IIl) chloride hexahydrate (FeCl;-6H,0O)
solution 0.02 M to produce the working FRAP mixture. An aliquot of 90 uL of extract
was added to a mixture of 270 pL 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 uM). The results were expressed as Trolox Equivalent
Antioxidant Capacity (TEAC), as mmol Trolox per mass of fresh raspberry (mmol Trolox
100 g7 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 O, and CO, contents detected inside the packages for raspberries are reported in
Figure 1.
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Figure 1. Changes in headspace gas composition: (a) O, and (b) CO, concentrations (%), of raspberry
(Rubus idaeus L. cv. "Kweli’) fruit packages (no film-pad_Ctr, O; with film-pad containing green tea
extract_Ch + GTE, ¢, rosemary extract_Ch + RSME A, only chitosan M), 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% O, and 1.25% CO,) changed in the
packages across all the packaging treatments applied. The exchange area (310.5 cm?)
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 O, and CO; [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 O, 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 O, content
may be related to O, 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.

CO; 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 CO, 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 CO,
levels reached with Ch + GTE (12.35%) and Ch + RSME pads (11.21%). At this point, the
high CO; atmosphere and minimal O, 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 O, and CO; 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).
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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.
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Figure 3. Changes in weight loss (a) and firmness (b) of packaged raspberry (Rubus idaeus L. cv.
"Kweli’) fruits (no film-pad _Ctr, O; with film-pad containing green tea extract_Ch + GTE, ¢, rosemary
extract_Ch + RSME A, only chitosan W), 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.

Storage Time (Days)

Type of Package 0 3 - ”
L* values
Ctr 27.37 £0.473bA 2747 4+ (3194 26.54 + 0298 2628 + (.19 bcAB
Ch 27.37 + 0.47 2A 2744 +02424 2689 + 0.243AB 2656 + (.18 2AB
Ch-GTE 27.37 + 0.47 a4 27.36 + 0.41 24 27.23 + 0.28 24 26.75 + 0.22 27
Ch-RSME 27.37 + 0.47 aA 27.56 + 0.28 aA 27.24 + 0.24 3A 27.10 + 0.29 A
a*/b* values
Ctr 2.17 4+ 0.04 24 2.24 + 0.04 24 2.13 + 0.08 abA 2.01 £ 0.07 bB
Ch 2.17 4 0.04 24 2.21 + 0.06 24 2.16 + 0.05 abA 2.05 + 0.06 bB
Ch-GTE 2.17 4+ 0.04 24 2.19 + 0.05 24 2.22 +0.08 24 2.20 + 0.07 24
Ch-RSME 2.17 £+ 0.04 A 2.23 +0.014 24 2.20 + 0.05 24 2.24 + (.02 24

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 CO; 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.

Storage Time (Days)

Treatments
0 3 7 14
TSS values (%)
Ctr 953 +0.112A 8.90 + 0.24 bB 8.48 4 0.16 b€ 7.43 4+ 0.15C
Ch 953 +0.112A 8.78 4+ 0.14 bB 8.76 + 0.13b BC 7.58 4+ 0.16 <€
Ch-GTE 953 +0.11 24 9.00 £ 0.14 bB 8.87 + 0.12bB 7.95+ 0.12 B
Ch-RSME 953 +0.112A 9.35 + 0.07 24 9.33 + 0.06 24 8.53 + 0.06 PA
pH values
Ctr 2.87 +0.01 A 2.96 + 0.01 bA 3.13 4+ 0.02 24 3.17 4+ 0.02 24
Ch 2.87 +0.01 A 2.94 4+ 0.02bA 3.14 +0.0224 3.16 + 0.04 24
Ch-GTE 2.87 +0.01 <A 2.92 +0.03bA 3.05 + 0.01 2B 3.10 + 0.02 2B
Ch-RSME 2.87 +0.01bA 2.88 + 0.01 bB 3.05 + 0.01 2B 3.07 + 0.01 2B
Volatile acidity values (mg acetic acid 100 g~1)
Ctr 0.059 + 0.002 94 0.074 + 0.037°A  0.150 4 0.042 P~ 0.415 + 0.021 24
Ch 0.059 4+ 0.002°A  0.068 +0.025°4  0.120 + 0.014PAB 0235 4 0.024 2B
Ch-GTE 0.059 + 0.002PA  0.065 +0.014PA  0.105 4+ 0.0212B€  0.150 + 0.019 2
Ch-RSME 0.059 + 0.002PA  0.059 £ 0.015°4  0.075 + 0.0212C  0.105 + 0.021 2P

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~ !,
and the respective antioxidant activity (AOA) was 41.4 mmol Trolox 100 g~! with the
DPPH method and 2.0 mmol Trolox 100 g~ 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.
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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 O; with film-pad
containing green tea extract_Ch + GTE ¢, rosemary extract_Ch + RSME A, only chitosan W), 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~ !, respectively), followed by
fruits from Ch + GTE packages (33.8 and 1.6 TEAC mmol Trolox 100 g~!). On the other
hand, the lowest AOA was observed for fruits from control (24.5 and 0.9 TEAC mmol
Trolox 100 g~!, respectively) and Ch packages (25.6 and 1.01 TEAC mmol Trolox 100 g™,
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).
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Figure 5. Correlations between AOA measured by DPPH and FRAP methods (TEAC mmol Trolox
100 g~1) with TPC (mg GAE 100 g~ !). 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
Fe®* [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:

A “A
DPPH inhibition (%) = ( control517 samplem) % 100

Acontrc>1517

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 Igbal 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).

Storage Period (Days)

Treatment
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 4+ 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 4+ 2.04 cA
1% OPE + CH 69.07 + 1.07 aA 65.26 4+ 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 +2.15dB
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 0913 £ 0.22 0.916 £ 0.02 0.906 + 0.23
2% OCE + CH 0.943 + 0.31 0.938 + 0.12 0912 +0.34 0.904 + 0.13 0.901 +0.17
1% OPE + CH 0.935 + 0.07 0.929 + 0.21 0911 £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 £ 1.13dA 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 ¢C 28.45 + 1.19bC 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 4+ 1.45 aD
1% OPE + CH 21.80 £+ 0.69 dC 21.86 + 0.89 dE 28.76 + 0.79 ¢B 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).

Storage Period (Days)

Treatment
0 7 14 21 28
pH
Uncoated 639 +£021a 6.12£0.82a 5.89 £ 0.72 ab 5.22 £ 0.41 bBC 423 £+ 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 633 £0.11a 639 £054a 598 £ 047 a 524 +£0.91 bAB 5.11 £ 0.71 bA
2% OCE + CH 6.34 +0.26 a 641 + 044 a 6.12+ 048 a 5.89 + 0.28 abA 5.69 + 0.88 bA
1% OPE + CH 6.17 £ 0.56 a 6.52 £ 0.35a 6.21 £0.29 a 6.12 £ 0.51 aA 5.46 + 0.38 bA
2% OPE + CH 6.34 £0.61a 6.68 £049a 625+0.34a 6.12 £ 043 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 £0.01b 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 £ 0.02b 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 £ 042 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 £ 0.31dD
2% OCE + CH 10.19 £ 0.62 aB 8.550 4+ 0.45 bC 7.897 £+ 0.33 cC 6.987 + 0.52dC 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 ¢dB 7.244 +£0.55dB
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 +1.22bD 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 4+ 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 +£0.75dC 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 4+ 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 CO, and O; 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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Mold (CFU/ g)

200
180
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100
80
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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.

Uncoated 1% OCE+ | 2% OCE+ [1%OPE+CH
CH CH

Coating materials

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 x1000) 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
at4 °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 x 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 O, 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 (AE < 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~!). This kind of treatment also resulted
in a significant preservation of valuable compounds (17.22 mg GAE 100 g~ !) and antioxidant activity
level (289.49 uM Trolox 100 g~ '), 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 «-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. (Sowinskiego, Poland). Acetone was pur-
chased from Fisher Chemical (Loughborough, UK). Phenolphthalein was bought from
POCH S.A. (Sowiniskiego, 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 uL L~! 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.

e 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
(AE), 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:

AE = ﬂ(L — Lo)* + (a —a0)* + (b — b)) (1)

WI =100 — /(100 — L2) + a2 + b2] @)

where Ly, a¢, and b are the values measured on the 1st day, and L, 2 and b relate to data
measured at each sampling time.

e 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~! and automatic return. The probe movement was orthogonal to the carrot
tissue. Hardness (N s™!) 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 g' [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 Lopez-
Gomez 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
(RRCO») and oxygen consumption (RRO;) were reported as mg kg’1 h~!, 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 x 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 uL of methanolic extract was
introduced into a microplate, 150 L of 10% (v/v) Folin—Ciocalteu reagent and 120 pL of
NayCO3 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~ !) on a fresh-weight basis. Phenolic compounds extraction was carried
out twice per treatment repetition and fourfold spectrophotometrically determined.

160



Foods 2022, 11,1314

Total carotenoids content (TCC) was determined spectrophotometrically (CECIL CE
2021; Cecil Instruments Ltd., Cambridge, UK) as described by Gonzalez-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 =

where Ay is the absorbance at 470 nm, V is the total volume of extract (mL), A%Z”m 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-Agusti et al. [35] with some modifica-
tions. An aliquot of 20 uL of methanolic extract (Section 2.7) was placed into a microplate
and 280 uL of a 6 x 107> 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 uM). Results were expressed as uM Trolox equivalents
per 100 g (umol 100 g~ ') 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 puL of methanolic extract (Section 2.7) was
placed into a microplate and 260 pL 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 uM). The results were expressed as uM Trolox equivalents
per 100 g (umol 100 g~!) on a fresh-weight basis.

2.8. Statistical Analysis

All the experimental results were expressed as mean value (1 = 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 @A 0.07 +0.01 € 0.07 4 0.01 bBC 0.08 & 0.01 >B 0.10 & 0.00 @A
W +LE 0.10 & 0.01 2bA 0.07 4 0.00 BC 0.11 4 0.00 @A 0.08 + 0.00 bAB 0.05 + 0.02 b€
PC 0.11 + 0.00 @4 0.08 +0.01 B 0.08 4 0.00 >B 0.12 4 0.03 @A 0.07 4-0.00 2b-B
PC + LE 0.09 +0.01P 0.07 + 0.01 0.09 + 0.01 @P 0.07 +0.01P 0.09 +0.022
Significance * ns ** ** **
pH
W 6.34 + 0.04 BC 6.32 +0.03€ 6.43 + 0.01 AB 6.6 +0.03 @4 6.49 + 0.10 2B
W +LE 6.27 + 0.09 6.46 + 0.10 6.54 + 0.08 6.51 +0.252 6.43 +0.002
PC 6.31 £0.054 6.38 +0.01 4 6.40 4 0.06 4 6.04 4+ 0.26 >B 6.21 + 0.00 AB
PC + LE 6.31+0.01€ 629 +0.16 € 6.52 +0.138B 6.73 +0.06 ¥4 6.24 + 0.06 P€
Significance ns ns ns i o
Soluble solids
content (°Brix)
W 3.6+0.1449 3.2540.07 ¢ 3.60 + 0.57 ¢ 3.70 £0.28¢ 3.90 + 0.99 b
W +LE 5.65 + 0.21 bA 5.20 + 0.42 bAB 5.00 + 0.42 PB 5.65 + 0.07 bA 5.60 + 0.28 ¥4
PC 5.35 4 0.07 5.40 4+ 0.14° 490+ 0.42° 5.30 +0.28 P 535+ 1.34 2P
PC + LE 6.4 +0.1424 6.05 + 0.07 &€ 6.25 + 0.07 ¥ABC 6.35 + 0.21 ¥AB 6.10 + 0.14 BC
Significance ** ** ** ** **
Dry matter
W 9.24 +0.18" 9.94+0.94° 9.99 +1.15 9.60 = 0.45 ab 9.50 + 0.07
W + LE 1047 +0.782 971+ 0212 10.48 + 1.76 10.11 +0.322 9.19 + 0.41
PC 10.96 + 0.50 &4 9.73 +0.102B 9.18+0.18 B 9.41 4+ 0.03 B 93140845
PC + LE 9.20 +0.36° 8.68 +0.28P 8.73 4+ 0.68 9.55 + 0.50 2b 9224+ 153
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 (AE) 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 (AE) of uncoated and coated fresh-cut carrots throughout 14 days of
storage (4 °C).

AE

Storage Time (Day)

3 7 10 14
Cortical Vascular Cortical Vascular Cortical Vascular Cortical Vascular Cortical Vascular
Tissue Cylinder Tissue Cylinder Tissue Cylinder Tissue Cylinder Tissue Cylinder
3.63 = 0.56 7.09 £ 0.53 5.85+1.24 11.31 £ 5.60 +1.27 9.67 +1.42 5.83 +2.04 9.84 + 1.52 547 +0.94 9.62 +1.72
w a ab,B a 1.48 aA a a,A a A a a,A
3.01 +0.30 6.49 + 1.35 2.33 +0.93 13.87 + 2.87 +0.04 9.01 + 1.88 3.53 +1.26 7.89 +2.35 2.33 + 091 9.57 £ 1.67
W +LE ab aB b .00 A b aAB ab B b aAB
2.20 + 0.64 3.17 + 0.56 2.07 + 0.56 6.21 +0.70 1.42 £ 0.61 441 +1.26 1.66 +0.58 1.63 +£0.69 6.14 + 2.06
PC be b b b b b b 5.93 £2.58 b ab
1.63 £0.19 1.74 £ 0.66 3.06 = 0.26 2.07 £0.71 1.00 £ 0.28 3.02 £0.19 1.22 +0.07 438 +1.78 2.65 +0.36 3.76 = 0.28
PC+LE B bB bA ¢ AB bB b,AB bB A bA b,AB
Sign. % * % % % EEd % 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 AE 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 (AE < 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 (AE > 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 AE 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 AE 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 1in 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~ !) 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~ !, 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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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 (RRO;) and carbon dioxide production (RRCO;), is shown in Figure 5.

Significant differences (p < 0.05) in terms of O, consumption and CO, production were
found between treated carrots immediately after treatment. Particularly, coated fresh-cut
carrots (PC and PC + LE) showed the lowest values of RRO, (Figure 5a). Furthermore,
an increasing trend was observed for RRO, 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 RRCO, (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 (RRO,) of uncoated and coated fresh-cut carrots throughout
14 days of storage at 4 °C; (b) carbon dioxide production values (RRCO;) 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 O, consumed did not al-
ways match a significant decrease in CO, production (RRCO,). This contrasting behaviour
could be caused by the stress generated during processing and coating operations, which
promoted a slight increase in CO;, 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~ ! 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.
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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 (AE < 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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