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Blood oranges (Citrus sinensis L. Osbeck cv. Sanguinello) fruit were treated with 24-
epibrassinolide (Br) at 1, 5, and 10 uM previous to storage at 5°C during 42 days. The
samples were analyzed after 14, 28, and 42 days plus 2 days at 20°C. Chilling injury
was reduced in Br-treated fruit based on the lower percentage of electrolyte leakage and
visual symptoms of peel dehydration and browning. Treated fruit showed lower acidity
losses, due to retention of the main organic acids’ concentration (citric and malic acids),
as well as was higher content of sugars (sucrose, fructose, and glucose), especially
in those fruit treated with the highest concentration (10 wM). Total phenolics and
hydrophilic total antioxidant activity (H-TAA) decreased in control fruit over storage, while
Br-treated fruit showed significantly higher concentration. In addition, total anthocyanins
were enhanced in Br-treated oranges, which were correlated with color Hue angle.
Overall, the application of Br at 10 wM provides results increasing the storability of blood
oranges and their content on bioactive compounds with antioxidant activity.

Keywords: physiological disorder, sugar, organic acids, anthocyanins, polyphenols, ion leakage

INTRODUCTION

Spain is the sixth world producer of oranges with 3,500 Mt but the first exporter worldwide,
most of them being sweet oranges although only 1% are blood oranges with an estimated area
of only 1,500 ha (MAPAMA, 2019). Blood oranges are constituted by three main cultivars, “Moro,”
“Tarocco,” and “Sanguinello.” The “Sanguinello,” also called “Sanguinelli” in the United States, was
discovered in Spain in 1929, as a spontaneous mutation and has reddish skin, few seeds, and sweet
and tender flesh. Consuming oranges, particularly blood oranges, have gained increased interest
due to their high phenolic compound and anthocyanin content, and thus the literature describing
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the chemical composition of blood oranges and their juice has
grown in recent decades (Fallico et al., 2017).

Two main anthocyanins have been identified in blood oranges,
cyanidin 3-glucoside and cyanidin 3-(6”-malonylglucoside),
although their contents are highly dependent on genotype,
maturity, and environmental growth conditions (Lo Piero, 2015).
It is known that anthocyanin content in blood oranges is low
temperature-dependent and its biosynthesis stimulated during
day/night changes (Butelli et al., 2012). Similarly, anthocyanin
content in blood orange fruit may increase drastically through
cold postharvest storage for a few weeks (Lo Piero et al., 2005).

Low-temperature storage is a commonly used practice to
extend the commercial life of fresh citrus fruit, and it is required
as a quarantine treatment for citrus export to different countries
(El-Otmani et al., 2011; Zacarias et al., 2020). However, storage
of blood oranges at temperatures below 8°C may cause chilling
injury (CI) and alteration in their organoleptic and external
properties (Rapisarda et al., 2001). The major CI symptoms in
blood oranges and other citrus fruit are pitting and necrotic areas
in the flavedo (external clouted layer of the skin) and changes
in cell membrane integrity, which may affect cell structure and
stability, and then provoking the loss of compartmentalization
and the increase of electrolyte leakage (EL) (Lado et al., 2016).
Chilling stress can be decreased the fruit quality of blood oranges
during cold storage (Habibi et al., 2020b).

Oxidative stress appears to be one of the most common
consequences of CI in plants, which, in general, have developed
an enzymatic and non-enzymatic antioxidant system as the
first defense barrier from oxidative stress and the damaging
effects of reactive oxygen species (ROS) (Sharma et al,
2020). The antioxidant defense systems consist of secondary
metabolites, such as polyphenol compounds, carotenoids,
among others, and enhanced activity of antioxidant enzymes,
as has been observed in blood oranges (Habibi et al., 2019).
In recent years, several innovative compounds have been
used to alleviate CI when they are applied as postharvest
treatments (Valero and Serrano, 2010; Sharma et al., 2020).
Particularly in blood oranges, y-aminobutyric acid (GABA),
methyl jasmonate (MeJA), or methyl salicylate (MeSA)
have been shown to reduce CI symptoms of “Moro” blood
oranges, that were mainly manifested as reduction of EL,
malondialdehyde (MDA), and hydrogen peroxide content
and enhanced the activity of the antioxidant enzymes (Habibi
et al., 2019). These treatments were also effective in enhancing
total phenolics, and total anthocyanin content, as well as
the major individual anthocyanin concentration, cyanidin
3-glucoside, and cyanidin 3-(6”-malonylglucoside), with
respect to control during the whole cold storage period
(Habibi et al., 2020b).

Brassinosteroids (Brs), a group of plant hormones, are
occurring universally in plant tissues and involved in a wide
range of physiological processes, including plant growth, floral
initiation, pathogen infection, and ethylene synthesis (Aghdam
et al.,, 2016; Wei and Li, 2020). Several Br compounds have been
identified so far, and although Cyg Brs are the most ubiquitous
in nature, the 24-epibrassinolide (Br) is the most used in modern
agriculture (Hayat and Ahmad, 2011; Bajguz et al., 2020).

In climacteric fruit, in which the ripening process is regulated
by the plant hormone ethylene, the potential of Brs for the
regulation of fruit ripening has also been investigated. Thus,
ZhuT.etal. (2015) reported that Br treatment in tomato increases
ethylene production and the expression of ethylene biosynthesis
genes during ripening. Moreover, exogenous Br application
accelerated fruit ripening that was accompanied by increases
in lycopene and carbohydrate levels (Vardhini and Rao, 2002).
In non-climacteric fruit, such as grape berries, exogenous Br
application substantially enhanced total soluble solids and total
acidity as well as increased antioxidants, phenolics, and ascorbic
acid content (Asghari and Rezaei-Rad, 2018). In mandarin fruit,
treatment with Brs reduced weight loss and increased proline
and the sugars D-xylose and D-galactose (Zhu F. et al., 2015).
In fruit exposed to low temperature, postharvest Br treatment
has been found to be beneficial in alleviating chilling stress,
as reported for pepper (Wang et al., 2012), tomato (Aghdam
et al.,, 2012), and peach (Gao et al., 2016) by reducing the EL
(Li et al, 2012). In citrus fruit, the application of Brs led to
alleviation of CI in “Washington navel” oranges during storage
at 3°C (Ghorbani and Pakkish, 2014). In the same way, Br in
combination with hot water treatment significantly reduced CI
symptoms due to lower oxidative damage in lime fruit stored at
5°C (Rezakhani and Pakkish, 2017).

However, as far as we know, the role of Brs in the postharvest
performance of blood oranges has not been investigated. Thus,
the aim of this work was to study the effect of postharvest
application of Br (at 1, 5, and 10 pM) on chilling damage,
organoleptic quality (sugars and organic acids), the content
of bioactive compounds (ascorbic acid, total phenolics, and
total anthocyanins), and antioxidant activity, measured from
both hydrophilic and lipophilic extracts during postharvest cold
storage (5°C) of blood orange fruit.

MATERIALS AND METHODS

Plant Material and Experimental Design
Blood oranges (Citrus sinensis L. Osbeck cv. Sanguinello)
were harvested at random from adult trees grown under
standard conditions in a commercial orchard located in Valencia,
and immediately transported to the Postharvest laboratory of
Miguel Hernandez University of Elche (Orihuela, Spain) under
refrigerated conditions. Fruit uniform in size and color, and free
of damage or external defects were selected and divided into
four lots of 45 blood oranges (three replicates of five fruit) for
storage experiments and treatments. Similarly, 15 fruit were used
immediately after harvest to analyze fruit properties at harvest
(0 day of storage).

24-Epibrassinolide (Br) was purchased from Sigma (Sigma-
Aldrich Co., Madrid, Spain) and aqueous solutions of Br was
prepared by dissolving them in a small amount of ethanol
and bringing to the final volume of 10 L with water at
concentration of 0 (control), 1, 5, and 10 wM. A surfactant
Tween 20® (Polyoxyethylenesorbitan monolaurate polyethylene
glycol, Sigma-Aldrich Co., Madrid, Spain) at the rate of 0.1% was
added to obtain better retention and penetration of Brs solution.
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Treatments were performed by immersion during 10 min and
fruit left to dry at room temperature for 2 h until stored in the
cold chambers at 5°C and 90% RH for 14, 28, and 42 days. For
each sampling date and treatment, three lots of five fruit were
sampled at random and kept 2 days at 20°C (shelf-life) and then
the following parameters were measured.

Evaluation of Physicochemical
Properties

Weight loss was determined individually in each fruit by
measuring the eight of the fruit at intervals and calculating the
percentage of weight loss respect to the initial value, and data
were expressed as mean *+ SE. Color was measured on the
peel (external) and on the pulp (internal), and for both was
determined along with six points of the equatorial perimeter in
each fruit, using the CIE Lab system in a colorimeter (CRC200,
Minolta Camera Co., Tokyo, Japan). After recording L*, a*, and
b* parameters, color was expressed as Hue angle (arctan b*/a*).
After color determination, fruit were sliced in two halves and the
juice from each triplicate was mixed to obtain a homogeneous
sample and titratable acidity (TA) was determined in duplicate
by automatic titration (785 DMP Titrino, Metrohm) with 0.1 N
NaOH up to pH 8.1, using 1 mL of diluted juice in 25 mL distilled
H,0, and results (mean £ SE) were expressed as g kg_1 citric
acid equivalent.

Individual Sugars and Organic Acids

Content

Sugars and organic acids were determined following the protocol
by Serrano et al. (2009) with minor modifications. From the
juice obtained from each replicate, 1 mL was filtered through
0.45 pm Millipore filter and injected into a high-performance
liquid chromatography (HPLC) system (Hewlett-Packard HPLC
series 1100). The mobile phase was 0.1% phosphoric acid and
samples were run under isocratic conditions at a flow rate of
0.5 mL min~!. Sugars and organic acids were separated by using
a Supelco column (Supelcogel C-610H, 30 cm 7.8 mm, Supelco
Park, Bellefonte, PA, United States), and total time chromatogram
was 45 min. Organic acids were detected by absorbance at 210 nm
and sugars by refractive index detector. Results (mean =+ SE)
were expressed as g kg~!. A standard curve of pure sugars
(sucrose, glucose, and fructose) and organic acids (citric, malic,
ascorbic, succinic, and fumaric acids) purchased from Sigma
(Sigma-Aldrich Co., Madrid, Spain) was used for quantification.
Results are the mean =+ SE of three replicates.

Electrolyte Leakage (EL)

For EL evaluation, ten disks (0.5 cm diameter) of the fruit peel
were excised using a cork borer and rinsed twice with distilled
water. Peel disks were inserted in a 15 mL falcon tube with
10 mL of distilled water and shaken at room temperature for
3 h. First electrolyte leakage (EC1) and second electrolyte leakage
(EC2) were measured after 3 h of shaking and after autoclave
at 121°C for 20 min and cooling down at room temperature,
respectively, using a conductivity-meter (AZ-86505, Taiwan).
The percentage of EL was calculated using the following formula

(Wang et al., 2014). Two measurements were performed for each
replicate and the results are the mean =+ SE.

EC1

Bioactive Compounds and Antioxidant
Activity

Total phenolics, total anthocyanins, and total antioxidant
activity (TAA) from hydrophilic (H-TAA) and lipophilic (L-
TAA) extracts were determined according to Serrano et al
(2009). Briefly, 10 mL from the juice obtained from each
replicate were mixed with 10 mL water/methanol (2:8) containing
2 mmol L~! sodium fluoride (NaF) which inactivates polyphenol
oxidase activity, and thus preventing phenolic degradation. After
centrifugation at 10,000 x g for 10 min at 4°C the supernatant
was used to determine total phenol content using the Folin-
Ciocalteu, and results (mean =+ SE) were expressed as mg L1
gallic acid (GA) equivalent.

To extract anthocyanins, 10 mL from the juice obtained
from each replicate were mixed with 15 mL of methanol/formic
acid/water (25:1:24, v/v/v) and then centrifuged at 10,000 x g
for 10 min at 4°C. Total anthocyanin content was quantified
using a spectrophotometer at 520 nm and expressed as mg L™
of cyanidin 3-O-glucoside (cy 3-gluc.) equivalent, the cyanidin
3-glucoside molar absorption coefficient being 23,900 L
cm™! mol~! and molecular weight of 449.2 g mol™1).

Total antioxidant activity was determined from hydrophilic
(H-TAA) and lipophilic (L-TAA) compounds in the same
extraction. In brief, for each replicate, 10 mL of the juice mixed
with 10 mL of 50 mmol L~! phosphate buffer pH 7.8 and
5 mL of ethyl acetate, and then centrifuged at 10,000 x g
for 15 min at 4°C. The upper phase contained the lipophilic
compounds while the lower phase the hydrophilic ones. For both,
TAA was determined by using the ABTS enzymatic system, and
the decrease in absorbance was recorded at 730 nm. Results
(mean + SE) were expressed as mg L~ ! Trolox equivalents.

Statistical Analysis

The experiment was conducted according to a completely
randomized design and with 3 replicates in two-factors
(treatment and storage time). Data were analyzed for variance
by using SPSS software package (Version 21, SPSS Institute
Inc., United States). When interactions between treatments
were significant (P < 0.05), the effect of each treatment
was determined by separating the means by Least Significant
Difference (LSD). Linear regressions were performed between
Br applied concentration and each analyzed parameter for each
storage sampling date using Sigma Plot software package V. 11.

RESULTS

Physicochemical Properties

As expected, cumulative weight loss increased during storage
for both control and Br-treated fruit (Table 1), although the
final value was affected by Br treatments. Thus, at the end of
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TABLE 1 | Effect of brassinosteroid (Br) treatment on physicochemical characteristics of blood oranges during storage at 5°C.*

Treatment Days Weight loss (%) Total acidity (TA) g kg~ External Hue Internal Hue
Control Harvest - 23.6 £ 0.5a 54.45 +1.21a 66.11 £+ 1.49a
14 6.25 + 0.45aA 20.1 &+ 0.3bA 43.32 + 1.46bA 65.78 &+ 1.45aA
28 9.33 £ 0.43bA 17.5 £ 0.4cA 43.57 + 1.18bA 63.51 + 1.41bA
42 11.14 + 0.48cA 13.4 + 0.5dA 38.37 + 1.64cA 62.09 £+ 1.39bA
Br1uM 14 5.96 + 0.07aA 22.8 £ 0.9aB 52.77 +1.21aB 62.36 + 1.13bB
28 7.94 + 0.95bB 20.8 + 0.5bB 48.96 + 1.32bB 60.13 + 1.28bB
42 10.83 + 0.27cAB 18.7 +£ 0.4cB 47.77 + 1.24bB 59.71 + 1.75bA
Br5 uM 14 5.51 + 0.23aAB 22.8 + 0.4aB 55.48 + 0.88aB 64.14 £+ 1.44aA
28 7.19 £ 0.22bB 19.7 £ 0.4bB 50.96 + 1.32aB 63.13 + 1.81aA
42 9.97 £+ 0.23¢cB 17.4 +£ 0.5¢cB 47.77 + 1.24bB 60.35 + 1.15bA
Br 10 uM 14 5.22 + 0.24aB 23.2 £ 0.2aB 56.18 + 0.63aB 60.11 £+ 1.22bB
28 7.14 £ 0.40bB 229 +£0.7aC 50.27 + 1.11bB 56.85 + 1.47¢cC
42 9.01 £ 0.43cB 21.3+0.9aC 50.01 + 1.24bB 50.01 + 1.24dB

* For each treatment, mean followed by different small letter denotes significant difference at P < 0.05 along storage. For each sampling date, mean followed by different

capital letter denotes significant difference at P < 0.05 among treatments.

storage period, the lowest weight loss was attained in blood
oranges treated with Br 10 uM (9.01 £ 0.43%) which was
statistically different with respect to the value of untreated
fruit (11.14 =+ 0.48%). The linear regression revealed that the
reduction of percentage of weight loss was positively correlated
(R? =0.991) with increasing the Br concentration. Titratable total
acidity (TA) decreased during storage of control fruit and it was
significantly affected by treatment (Table 1). The highest TA
retention was obtained in those fruit treated with Br 10 wM,
since the initial levels did not significantly change (P < 0.05)
after 42 days of storage. In control blood oranges the reduction
of TA was significant (P < 0.05) and after 42 days of storage
initial TA was reduced by 43.2%. Similar to weight loss, the linear
regression revealed a negative correlation between TA reduction
(R? = —0.775) with increasing Br concentrations.

Fruit color was measured in both external (peel color) and
internal (segments) sections, and is expressed as Hue angle. For
both tissues, Hue angle decreased during storage and the final
value was also affected by Br treatment (Table 1). The linear
regression revealed that the reduction of Hue angle of the pulp
color was negatively correlated (R?> = —0.845) with increasing Br
concentrations, and thus fruit treated with Br 10 WM showed
significantly higher internal color after prolonged cold storage.
Figure 1 shows the visual aspect of blood oranges at harvest and
after 42 days of storage.

Individual Sugars and Organic Acids

Analysis of the individual organic acids’
concentration revealed that the major ones were
citric > malic > ascorbic > succinic > oxalic acid (Table 2).
During storage, acid concentration in control fruit experienced a
significant reduction (P < 0.05), between 32 and 35% in citric,
malic and succinic, and 70% in ascorbic after harvest to 42 days,
respectively. However, the effect of Br treatments is maintained
significantly higher the content of citric acid during storage,
especially for the highest concentration (10 wM), which did not
change during storage. This Br dose was also the most effective in

avoiding the reduction of the concentration of the other organic
acids. Interestingly, the concentration of ascorbic acid remained
unchanged in blood oranges treated with Br at 10 pM, while
control samples showed a significant drop during cold storage.
The linear regression revealed that the citric and ascorbic acid
retention was positively correlated (R* = 0.845 and R* = 0.934,
respectively) with increasing Br concentrations.

With respect to individual sugars, sucrose was the major
followed by fructose and glucose (Figure 2). All sugars showed
a similar behavior during storage, which was a significant
(P < 0.05) reduction in the concentration in control fruit
during storage, which was significantly avoided in Br-treated
blood oranges. When linear regression was performed, the loss
of individual sugars was negatively correlated with increasing
Br concentrations; with R* = —0.921 for sucrose, —0.906 for
fructose, and —0.833 for glucose.

Electrolyte Leakage (EL)

The percentage of EL increased for most of the treatments during
storage at 5°C plus 2 days at 20°C (Figure 3). However, control

AT HARVEST

FIGURE 1 | External appearance of blood oranges at harvest and after
42 days of storage.
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TABLE 2 | Effect of brassinosteroid (Br) treatment on individual content of organic acids (g kg~ ") of blood oranges during storage at 5°C.*

Treatment Days Citric acid Malic acid Ascorbic acid Succinic acid Oxalic acid
Control Harvest 20.31 + 0.98a 115+ 0.17a 0.51 £+ 0.04a 0.48 £ 0.04a 0.05 + 0.01a
14 18.27 + 1.06bA 1.11 £+ 0.05aA 0.38 & 0.03bA 0.40 £ 0.092A 0.05 + 0.01aA
28 16.88 + 0.29cA 1.05 +0.11aA 0.31 & 0.07bA 0.40 + 0.06aA 0.04 + 0.01aA
42 13.72 £ 0.57dA 0.78 4 0.07bA 0.15 4 0.07cA 0.31 & 0.02bA 0.08 &+ 0.02aA
Br1pM 14 19.27 £ 0.12aA 1.09 £+ 0.04aA 0.37 £ 0.01bA 0.51 £0.01aA 0.04 £ 0.012A
28 17.82 + 0.46bB 1.18 + 0.06aA 0.34 + 0.03bA 0.42 £+ 0.07aA 0.04 + 0.01aA
42 14.79 + 0.78cB 0.87 & 0.11bA 0.19 4 0.06cA 0.37 4 0.04bA 0.05 4+ 0.01aA
Br5 uM 14 18.51 £ 0.42bA 1.25 4+ 0.13aA 0.44 4+ 0.11aA 0.48 & 0.07aA 0.04 4+ 0.01aA
28 17.56 + 0.990B 1.07 + 0.02aA 0.38 & 0.12bA 0.44 £+ 0.052A 0.05 + 0.01aA
42 15.25 + 0.63cA 0.94 + 0.052A 0.27 4+ 0.07¢cB 0.41 £+ 0.02aAB 0.04 + 0.01aA
Br 10 pM 14 21.71 £ 0.97aB 1.28 + 0.12aA 0.52 4+ 0.06aB 0.55 4+ 0.07aB 0.04 4+ 0.01aA
28 19.68 £ 0.12aC 1.27 £ 0.11aB 0.47 4+ 0.08aB 0.51 & 0.04aB 0.05 + 0.01aA
42 19.29 £ 0.11aB 1.083 + 0.09aB 0.42 4+ 0.09aC 0.48 + 0.02aB 0.05 + 0.01aA

* For each treatment, mean followed by different small letter denotes significant difference at P < 0.05 along storage. For each sampling date, mean followed by different

capital letter denotes significant difference at P < 0.05 among treatments.
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fruit exhibited a progressive and significantly (P < 0.05) increase
in EL during storage, which was near 60% higher than the initial
after 42 days. Application of 10 pM was the only treatment
that significantly reduced (P < 0.05) EL with respect to non-
treated fruit, that it was manifested as early as 2 weeks after
storage (Figure 3).

Bioactive Compounds and Antioxidant
Activity

The concentration of bioactive compounds and total phenolics
showed a progressive reduction during storage in non-treated
blood oranges (Figure 4). In fruit treated with Br at 5 and
10 wM, total phenolics significant increase at 14 days, declining
thereafter but they remained higher than in control fruit at the
end of storage period. On the contrary, the concentration of
anthocyanins significantly (P < 0.05) increased in all Br-treated
blood oranges, although reaching higher content in fruit treated
with the highest Br concentration (Figure 4). In addition, there
was a close relationship between retention of total phenolics

(R? = 0.975) and total anthocyanins (R? = 0.989) content and the
Br dose, being 10 pM the most effective.

Total antioxidant activity (TAA) was measured from
hydrophilic (H-TAA) and lipophilic (L-TAA) extracts, and for
both parameters a significant (P < 0.05) reduction was observed
during cold storage of control fruit (Figure 5). Br treatment
significantly (P < 0.05) reduced the decline in both antioxidant
activities, being the effect dose-dependent, with a regression
coeflicient of 0.994 for H-TAA and 0.941 for L-TAA Thus, the
highest concentration was found for blood oranges treated with
Br at 10 M, since remained unchanged for H-TAA and a value
of 30.6 & 1.6 for L-TAA.

DISCUSSION

Blood oranges, like other citrus fruit, are very prone to develop
postharvest physiological disorders after prolonged storage
periods (Zacarias et al., 2020). At ambient temperatures, blood
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oranges increase respiration rate, transpiration and fungal decay,
accelerate senescence, and affecting the content of bioactive
compounds, all of them resulting in a significant reduction
of fruit quality and shelf-life period (Rapisarda et al., 2001).
Despite cold storage is probably the most effective to maintaining

fruit quality and prolong the postharvest life, fruit of many
citrus cultivars are sensitive to develop chilling injury (CI) of
the peel, that significant downgrade external fruit quality and
many originate rejection in the fresh-fruit markets. The classical
symptoms of CI are pitting of the peel, superficial scald-like
symptoms, and peel browning (Zacarias et al., 2020). Recently,
several postharvest treatments with natural-occurring elicitors
have been effective in reducing blood orange CI symptoms, such
as GABA, MeJA, or MeSA, and in turn prolonged the storability
(Habibi et al., 2019). As an alternative, we have used for the first
time a postharvest application of Br at three concentrations (1,
5, and 10 pM) on blood oranges before storage at 5°C. Br at the
concentration of 10 wM was the most effective on maintaining
the physicochemical parameters, such as titratable acidity (TA),
individual sugars and organic acids, and reduced the percentage
of weight loss (Tables 1, 2 and Figure 2).

As primary metabolites and energy sources, sugars play
important roles in the fruit development and quality since
they accumulate to very high levels in blood oranges during
ripening. However, during postharvest storage, sugars and
organic acids tend to decrease, mostly because of the use of
these compounds as respiratory substrates, as well as for the
synthesis of new molecules (Valero and Serrano, 2010). However,
the application of Br had a positive effect avoiding sugar decline
and then maintaining higher concentration (sucrose, glucose,
and fructose) during the whole storage period. A similar effect
was also observed for the decline in acids, mainly citric and
malic acids, that were retained at a higher concentration at
the highest Br dose (10 wM). The relationship between Br and
sugars has been poorly studied, and most of the evidences are
referred to grape (both in wine and table cultivars) during
growth and developmental cycle and the increase in crop yield
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(at preharvest levels). Thus, Xu et al. (2015) demonstrated that
Br enhanced sugar unloading in grape berries at veraison stage
due to a significant promotion of the invertase (both acid and
neutral) and sucrose synthase activities at various stages of
ripening. “Thompson” seedless table grapes were sprayed with
Br (at 0.3 and/or 6 pmol L™!) at three different stages, and
treated berries had a high content of both sugars and organic
acids (Asghari and Rezaei-Rad, 2018), although they did not
find a significant difference between the two Br concentrations
assayed. In this sense, application of Br it is likely that may
reduce respiration rate, since both sugars and organic acids are
the primary substrates for fruit respiration, and would explain
the reduction in weight loss (Table 1), since the products of
respiration are CO; and H,O vapor (Valero and Serrano, 2010).
Electrolyte leakage (EL) is considered a good indicator of cell
membrane and permeability, and often it has been related to
the sensitivity of fruit to low temperatures and the incidence of
chilling symptoms (Wang et al., 2014). Postharvest application
of Br significantly reduced EL compared with control fruit,
the 10 wM Br being the most effective. In blood oranges,
the occurrence of CI symptoms is the result of a series of
physiological and biochemical responses to cold temperature,
manifested as external pitting (Lafuente and Zacarias, 2006;
Lafuente et al., 2017; Habibi et al., 2019). Figure 1 shows the
visual aspect of the blood oranges after 42 days of storage, at
which the higher CI symptoms (peel pitting and browning)
were clearly observed in control fruit. Peel browning was also
associated with an increasing rate of water loss that was also
reduced in Br-treated fruit. These results agree with those
obtained in “Washington navel” oranges, in which 0.75 and
1.5 ppm of Brs effectively reduced CI (Ghorbani and Pakkish,
2014). Similarly, treatment of eggplant with 10 wmol L™! Br
reduced EL that in turn reduced the symptoms of CI at 1°C,

mainly pulp browning (Gao et al, 2015). In climacteric fruit
such as peach and tomato, the immersion in a 15 mM 24-
epibrassinolide (Gao et al, 2016) or 6 mM (Aghdam and
Mohammadkhani, 2014) significantly alleviated CI, which was
manifested by reduced EL and malondialdehyde, and increased
proline content.

Red-fleshed cultivars of sweet oranges are known as “blood
oranges” that are highly appreciated in the market and by
the consumer by their health-related properties (Fallico et al.,
2017). Blood oranges differed from other sweet ones by
their accumulation of anthocyanins, which confer a superior
antioxidant activity of the juice (Lo Piero, 2015). Thereafter, other
compounds that contribute to the health-promoting properties
of blood oranges include other phenolics and L-ascorbic acid
(vitamin C) content, which account for about 70% of their
total antioxidant activity (Arena et al., 2001; Lo Piero et al,
2014). In addition, antioxidant enzymes including superoxide
dismutase (SOD), catalase (CAT), and ascorbate peroxidase
(APX) can influence flesh antioxidant activity but they could
not be responsible for the enhancing antioxidant system in
blood oranges during cold storage (Habibi et al., 2020b). In
the current work, Br treatments, especially 10 M, maintained
higher levels of total phenolics, total antioxidant activity (both
H-TAA and L-TAA) and ascorbic acid, and increased total
anthocyanins during storage at 5°C plus 2 days at 20°C
(Figures 4-5 and Table 2). These effects are noteworthy
since cold storage of control fruit provoked reductions of 50-
90% in different bioactive compounds and the antioxidant
activity, then Br-treated fruit contained high levels of bioactive
compounds and increased health-related properties. This higher
content of phenolic compounds, and anthocyanins, besides to
the antioxidant activity and the health-related attributes are
components of crop defense systems against different biotic
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and abiotic stresses including CI (Tomas-Barberan and Espin,
2001). Similarly, postharvest application of Br at 15 pM in
peach induced chilling tolerance and also stimulated phenolic
and proline biosynthesis as well as to inhibition of oxidative stress
(Gao et al., 2016). In this sense, hesperidin could be responsible
for the induction of tolerance to CI, since it is the most
abundant flavonoid in blood oranges (Cebadera-Miranda et al.,
2019). Accumulation of chilling-induced phenolic compounds is
usually considered as an adaptive mechanism to prevent cellular
oxidative damage in plants (Rivero et al., 2001). Moreover, there
is evidence confirming that phenolic compounds are able to
detoxify ROS by donating hydrogen and decomposing peroxides
(Rice-Evans et al., 1996). ROS accumulation CI-damaged fruit
is a consequence of an imbalance between the generation and
detoxification of ROS, which leads to damage to the cellular
components and cellular membranes (Huang et al., 2008; Wang
et al., 2014; Habibi et al, 2019). Brs have been reported to
induce the activity of antioxidant enzymes that contribute to
the suppression of ROS that accompanies the reduction of
CI in several fruits, such as bell pepper (Wang et al., 2012),
eggplant fruit (Gao et al., 2015), and “Washington navel” orange
(Ghorbani and Pakkish, 2014). Then, it is likely that Brs may
operate in blood oranges by a similar mechanism, by increasing
the antioxidant systems that counteract the generation of ROS
and would protect the fruit against chilling-induced damage.

It is also noteworthy that Br-treatments, especially at the
concentration of 10 WM, maintained high levels of ascorbic acid
(Table 2). The maintenance of ascorbic acid content by Br-
treatments, especially at the concentration of 10 WM, is very
important due to is an essential nutrient having an antioxidant
role as vitamin C, with a final concentration of 0.48 g kg~!
(Table 2). The Regulation (EU) No 1169/ 2011, related to
consumer information on food labeling, indicates a nutrient
reference value (NRV) for daily vitamin C of 80 mg. According
to this regulation, the consumption of 100 g of blood oranges
pulp would cover at least 60% of these recommendations. Br
at the concentration of 10 WM retained the losses found in
control fruit for H-TAA, and this parameter has been associated
with total phenolics and ascorbic acid since both are hydrophilic
compounds. On the other hand, L-TAA is due to lipophilic
compounds and in the case of blood oranges, these are tocopherol
or vitamin E and carotenoids, mainly B-carotene and absence of
lycopene (Cebadera-Miranda et al., 2019).

Appearance, including fruit color, is generally used as a
selection criterion throughout the supply and consumer chain.
The intensity of the pigmentation depends on several variables
such as cultivar, soil type, climate, and environmental factors
during growth and ripening. In addition, storage conditions
have an impact on the color of blood oranges. For instance,
superatmospheric storage enriched with O, increased almost
10-times the content of anthocyanins compared with a normal
atmosphere (Molinu et al., 2016). In control fruit, the external
color (peel) measured as Hue angle, experienced a decline
during storage, while in all Brs-treated fruit the value of
Hue angle was significantly higher, especially of the 10 uM
concentration (Table 1 and Figure 1). The significance of the
decrease in Hue angle was a darker color of the peel due

to the incidence of CI and browning, while the opposite is
shown for the blood oranges treated with 10 wM Br. Regarding
the internal color (pulp), Hue angle of control fruit did not
change during storage, while blood oranges treated with 10 uM
Br showed a significant reduction. The results of pulp color
were confirmed with the measurements of total anthocyanins
measured by spectrophotometer. In fact, correlation analysis
shows that Hue color parameter was negatively correlated with
total anthocyanins (R* = —0.915). According to Lo Piero et al.
(2005) and Butelli et al. (2012), anthocyanin accumulation in the
flesh of blood oranges can be promoted by keeping the fruit at
temperatures between 4 and 10°C, but the present results show
that postharvest application of Br induced higher accumulation
of anthocyanins, especially for the 10 wM concentration. There
is no available literature regarding the effects of Br treatments
on blood orange for comparative purposes, but the preharvest Br
treatments on table and wine grapes, stimulated the accumulation
of anthocyanins in both peel and pulp (Xu et al, 2015;
Asghari and Rezaei-Rad, 2018).

Anthocyanin accumulation depends on storage temperatures
and cultivars (Habibi et al., 2020a). It has been reported that
blood orange cultivars are cold dependent for the synthesis
of anthocyanin after harvest, but enhancement of anthocyanin
at moderate temperature was significantly higher than cold
temperature and efliciency of colder temperature (below 3°C)
was inefficient (Habibi et al., 2020a). In addition, our previous
study revealed that untreated blood oranges fruit need to store
up to 90 days at a moderately cold temperature to reach a good
internal red pigment (Habibi et al., 2020a). In addition, untreated
fruit (control samples) stored for 42 days at 5°C. Therefore, this
storage period was not enough for enhancing anthocyanin in
untreated fruits.

In recent decades, postharvest treatment with some elicitors
enhanced the chilling tolerance of blood oranges by some
involved mechanisms (Habibi et al., 2019). In addition, elicitors
can maintain cellular energy status and delay fruit senescence
and leading to the use of energy for cellular metabolisms.
For example, postharvest application of some elicitors such
as putrescine has been increased total anthocyanin in “Moro”
and “Tarocco” cultivars during 60 days of cold storage (Habibi
and Ramezanian, 2017). Furthermore, postharvest treatment of
some elicitors has been increased the phenylalanine ammonia-
lyase (PAL) as reported in treated fruit with GABA, MeJA, and
MeSA (Habibi et al., 2020b). These differences in anthocyanins
accumulation are due to PAL activity. Therefore, postharvest
application of elicitors could be an effective technique for
increasing anthocyanin concentrations in blood orange fruit
through cold temperature without CI symptom in treated
fruit. In our study, treated fruit with Br had a lower CI and
probably maintained the cellular energy status or increased
PAL activity as reported in tomato fruit (Aghdam et al., 2012).
Consequently, anthocyanin accumulation in Br-treated fruit was
higher than in control samples. Stability and degradation of
anthocyanin molecule depend on polyphenol oxidase (PPO)
activity and PAL/PPO during cold storage as previously
reported (Habibi et al., 2020b). Low activity of PPO activity
is related to acidic conditions, higher content of citric acid,
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and ascorbic acid of blood oranges fruit as occurred in Br-
treated fruit. In addition, CI in the control sample was higher
than the treated fruit. It seems that all of these conditions
affected anthocyanins accumulation in control samples. In
addition, chilling-inducing temperatures (<5°C) cannot enhance
anthocyanin accumulation as previously reported in untreated
blood oranges fruit (Carmona et al., 2017; Habibi et al., 2020a).
Therefore, treated fruit had an enhancement of anthocyanin
accumulation during 42 days at cold temperature with a
significant difference with control samples.

CONCLUSION

The findings of this study indicated that the application of
Br at 10 pM was effective in reducing the incidence of
CI and enhancing fruit quality during cold storage of blood
oranges. The treatments have been shown to avoid the decline
occurring in cold-stored non-treated fruit in many processes
(color, taste, flavor, sugars, and organic acids). Then Br-
treatment maintains the high color index and organoleptic
quality (acidity, sugars, and organic acids), high bioactive
compounds (phenolics, anthocyanins, and ascorbic acid), and
hydrophilic and lipophilic total antioxidant activity, being the
most effective concentration of 10 WM.
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