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Abstract: ‘Arrayana’ mandarin is one of the most cultivated citrus species in Colombia, but this fruit
has a short postharvest life and is sensitive to chilling injury (CI) during cold storage. Generating
strategies that decrease CI to mandarin can reduce quantitative and qualitative losses postharvest.
Brassinosteroids (BR) have been used as a sustainable technology to alleviate CI in fruits and improve
postharvest quality. This study evaluated the effect of applying the 24-epibrasinolide analogue (EBR),
at doses of 5 mg L−1; DI-31 analogue, at 5 and 10 mg L−1; and control, on the main physical and
biochemical characteristics of ‘Arrayana’ mandarin stored at 4 ◦C for 40 days and, subsequently,
7 days at room temperature (shelf life). The application of EBR and DI-31 analogues reduced the
appearance of CI in the exocarp of ‘Arrayana’ mandarin fruits by reducing electrolyte leakage,
maintaining membrane integrity, and increasing antioxidant activity and phenol content at the end of
cold storage and shelf life. This was especially pronounced with 5 mg L−1 of EBR. Similarly, the BR
maintained the postharvest quality of mandarins by reducing weight loss, respiratory intensity, and
chlorophyll degradation; increasing β-carotene; and maintaining titratable acidity and soluble solids.
Our research reports, for the first time, CI tolerance in Arrayana mandarin using natural (EBR) and
spirostanic (DI-31) analogues and illustrates the tolerance functionality of the DI-31 analogue on CI
in the fruit postharvest.

Keywords: plant hormones; Citrus reticulata; shelf life; antioxidants; phenols content

1. Introduction

Mandarin (Citrus reticulata Blanco) cv. ‘Arrayana’ is one of the most cultivated citrus
species in the Colombian tropical regions [1,2]. In the postharvest handling of citrus fruit,
cold storage is considered the most efficient tool for extending its useful life, maintaining its
postharvest quality, and as a quarantine treatment for the export of different fresh fruit [3].
However, citrus fruits stored at temperatures below 10 ◦C may present chilling injury (CI)
and, depending on the citrus species concerned, present alterations in their organoleptic
properties, which restricts the implementation of refrigeration to preserve these fruits [4,5].
In mandarin fruits, this manifests as brown pits, generalized browning and necrosis in the
flavedo, accelerated ripening of fruits, and reduction in the integrity of the cell membrane,
generating loss of cell stability and increased electrolyte leakage (EL) [6,7]. These symptoms
increase in severity and are more visible when the fruits are transferred from storage at
low temperatures to higher temperatures, for example, environmental conditions [8,9]. In
this regard, ‘Arrayana’ mandarin fruits showed CI at the end of their shelf life after being
stored for 40 days at 2 ◦C [2].
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Postharvest CI of horticultural products arises from cellular oxidative stress [10]. The
severity of the damage caused by low storage temperatures depends on the antioxidant
defense system of the fruits, since these mitigate the negative effects of reactive oxygen
species (ROS) through enzymatic and non-enzymatic antioxidant defenses [11]. Recently,
efficient strategies have been developed to reduce CI in citrus fruits. The exogenous
application of substances, such as plant hormones [12], and physical treatments [2,13]
are methods that have been efficient in alleviating CI by maintaining the integrity of the
membranes, increasing the antioxidant system, reducing electrolyte leakage, and delaying
the ripening of the fruits.

Brassinosteroids (BR) are plant growth regulators that signal molecular, physiological,
and biochemical responses in plant organs, including fruits [14]. BR has been used continu-
ously in modern agriculture to increase crop production and generate tolerance to biotic
and abiotic stresses [15,16]. Currently, more than 60 natural BR analogues have been identi-
fied and synthesized in different plant taxonomic groups, and of these, 24-epibrasinolide is
one of the most widely implemented in world agricultural production [17,18]. Moreover,
there are spirostane analogues of BR that arise from modifications in the structure of the
steroidal nucleus and of the side chain in the natural compounds of BR [19], which can
present the same intracellular biological activity at a lower cost in the market [20].

In recent years, various studies have shown the potential of BR in the ripening process
and cold storage of horticultural products. Ji et al. [21] found that endogenous BR levels
regulate ethylene production in climacteric fruits because BRASSINAZOLE-RESISTANT
1 (BZR1), activated by high BR concentrations, suppresses ACC oxidase (ACO) and ACS
synthase (ACS) activity and gene expression of ACO1 and ACS1, which reduces ethylene
production and inhibits fruit ripening. In non-climacteric fruits, the application of BR
improved postharvest quality by increasing total soluble solids, color, and anthocyanin
content in grapes [22]; increased some stress-related metabolites in mandarin [23]; and
accelerated strawberry ripening [24]. In fruits stored at stressful low temperatures, the
application of 24-epibrasinolide reduced CI, weight, and EL, and increased antioxidant ca-
pacity and postharvest life of blood oranges [25], lemons [26], peach [27], pomegranate [28],
and zucchini [29]. Therefore, BR may be involved in the metabolic processes of maturation
and tolerance to cold stress during the storage of horticultural products.

However, the role of BR in the postharvest life of mandarins under cold storage has
not been investigated. Therefore, the objective of this research was to evaluate the effect of
the exogenous application of the natural analogue 24-epibrasinolide and the spirostanic
analogue DI-31 on chilling injury, postharvest quality, and antioxidant compounds in
mandarin fruits (Citrus reticulata Blanco cv. ‘Arrayana’) under cold storage.

2. Materials and Methods
2.1. Plant Material Treatments and Storage Conditions

Mandarin cv. ‘Arrayana’ fruits were extracted from a commercial crop in the munici-
pality of San Juan de Arama (Meta), located at 3◦28′53.2920′′ N, 73◦59′12.2640′′ W, at 512 m
above sea level (a.s.l.) and with a mean annual temperature of 25 ◦C. The fruits had reached
harvest maturity and were free from physical or phytosanitary problems. Table 1 shows
the physicochemical characteristics of the fruits at the beginning of the experiment. The
study was carried out in the Laboratory of “Calidad y Poscosecha de Productos Agrícolas”
of the Universidad National de Colombia, Bogotá, located at 4◦38′13′′ N, 74◦04′46′′ W, at
2630 m a.s.l.

A completely randomized design was used with four treatments: 24-epibrasinolide
(EBR, 5 mg L−1); DI-31 (5 and 10 mg L−1); and control without applications. Each treatment
had 5 repetitions, for a total of 20 experimental units, each made up of 3 kg of fruit. The fruits
were disinfected in a 5% (w/v) sodium hypochlorite solution, washed, and dried at room
temperature for 15 min. The EBR treatment fruits (Sigma-Aldrich Co., New York, NY, USA)
were submerged for 10 min in an aqueous solution of 5 mg L−1, first dissolving the EBR in
ethanol (1:1 ratio). This concentration was selected based on studies carried out on citrus
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and other fruits [25,26,30]. The spirostanic analogue DI-31 [(25 R)—3β. 5α—dihydroxy-
spirostan-6-one] (Biomex DI-31, Minerales exclusivos SA, Bogotá, Colombia) was prepared
in a solution with distilled water at concentrations of 5 and 10 mg L−1, immersing the fruits
for 10 min. The control treatment fruits were subjected only to distilled water for the same
period. After the treatments, all the fruits were dried in the environment and then stored at
4 ◦C with 80% relative humidity for 40 d. Subsequently, all the fruits were transferred to
storage at 19 ◦C for 7 d to simulate their useful life (40 + 7 d) [2]. The measurements of the
variables were made at the end of storage and at the end of the shelf life.

Table 1. Physicochemical parameters of ‘Arrayana’ mandarin fruits at the beginning of the experiment.

Parameter Value

Firmness (N) 24.16 ± 1.28
Titratable acidity (%) 1.34 ± 0.41

Total soluble solid (◦Brix) 9.14 ± 0.55
Respiratory intensity (mg CO2 kg−1 h−1) 17.25 ± 4.75

Color index −12.12 ± 2.51
Chlorophyll a (mg g−1 FW) 0.26 ± 0.02
Chlorophyll b (mg g−1 FW) 0.147 ± 0.06

Total chlorophyll (mg g−1 FW) 0.548 ± 0.04
β-carotene (µg g−1) 728.20 ± 76.99

Antioxidant activity (mM TEAC) 1.00 ± 0.10
DPPH scavenging capacity (%) 43.05 ± 7.06

Total phenolic content (mg GA g−1 FW) 32.45 ± 6.73
FW: fresh weight; TEAC: Trolox equivalent antioxidant capacity; GA: gallic acid; ± standard error (n = 7).

2.2. Evaluation of Chilling Injury Index and Electrolyte Leakage

Chilling injuries were evaluated using the chilling injury index (CII). The CII was
estimated by evaluating the severity of browning on the epidermis surface, following the
scale used by Balaguera-López et al. [2], where 0 = no injuries, 1 = minor lesion with up
to 10% damaged surface, 2 = medium lesion with 10% to 50% of the surface stained, and
3 = severe injury with more than 50% of the surface with major damage, as indicated in
Figure 1. The CII was calculated using Equation (1):

CII = ∑
Number of fruit per class × Class value

Total number of fruit examined
(1)

Figure 1. Visual chilling injury classification scale in mandarin fruits ‘Arrayana’. The images were
obtained in this experiment.

Electrolyte leakage (EL) was calculated according to the methodology adapted from
Wang et al. [31], whereby 10 disks (0.5 cm in diameter) were cut from the epidermis. The
epidermis disks were inserted into a falcon tube with 10 mL of deionized water and left at
room temperature for 30 min. At the end of this time, the electrical conductivity (EC1) was
measured using an EC electrode. After the measurement, the sample was heated at 90 ◦C
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in a water bath for 15 min, and the second EC (EC2) was estimated. This value was used as
the maximum EL, using Equation (2).

EL(%) =
EC1

EC2
× 100 (2)

2.3. Determination of Physicochemical Properties

Firmness (N) was determined with an LSI texturometer (Ametek-LLOYD, Berwyn,
PA, USA) at three equidistant points from the equatorial section of the fruit.

The total soluble solids (TSS, ◦Brix) were obtained from approximately 1 mL of juice by
carrying out the reading in a HANNA HI96801 digital refractometer (Hanna Instruments,
Woonsocket, RI, USA).

The total titratable acidity (TTA) was calculated with a 916 Ti-Touch automatic titrator
(Metrohm, Zofingen, Switzerland). Using acid-base titration with NaOH (0.1 N), the total
titratable acidity corresponding to citric acid was determined, incorporating 2 mL of juice
in 25 mL of distilled water, and proceeding to potentiometric titration until reaching pH 8.2.

2.4. Estimation of Weight Loss and Respiratory Intensity

Weight loss (WL) was calculated by weighing the fruits on a precision semi-analytical
balance PA-3102 (Ohaus-Pioneer, Colombia), with an approximation of 0.01 g, and applying
Equation (3),

WL(%) =
W1−W2

W1
× 100 (3)

where W1 is the weight at the initial time, and W2 the weight at the final time.
Respiratory intensity (RI) was measured with the Dansensor CheckPoint3 portable gas

analyzer (Ametek-Mocon, Berwyn, PA, USA) using hermetic chambers with a volume of
428.94 mL. The same fruit was used for each sample and left for one hour in the chambers.
To estimate the RI, Equation (4) was used:

RI
(

mg CO2 kg−1h−1
)
=

(
Vfree
M
×
(YCO2(t2) − YCO2(t1)

T

))
÷D (4)

where Vfree is the free volume of the chamber with the fruit, M is the mass of the sample,
YCO2(t2) is the numerical value of the final CO2 percentage in the chamber, YCO2(t1) is the
numerical value of the initial CO2 percentage, T is the measurement time, and D is the CO2
density.

2.5. Quantifying Pigments and Color Index

The extraction and quantification of β-carotene and total chlorophyll were carried
out following the methodology of Gómez et al. [32] and Wellburn [33]. Approximately
300 mg of flavedo was taken from the fruit (M) and macerated in a mortar with 5 mL of
acetone (80%), placed in a falcon tube, and vortexed for 1 min. During the extraction, work
was carried out under low light conditions to avoid photodegradation of the pigments.
Subsequently, the samples were taken to the centrifuge at 4000 rpm for 10 min (19 ◦C) and
the supernatant was deposited in a 20 mL amber flask. This process was repeated twice to
obtain a total extraction of pigments until completing a volume of 20 mL (V). Finally, the
samples were taken to the spectrophotometer with absorbance (A) at 450, 647, and 663 nm.
To calculate the chlorophyll a (Chl a), chlorophyll b (Chl b), and total chlorophyll (Chl Total)
content, Equations (5)–(7) were applied, respectively, and the results were expressed in
mg g−1 of fresh mass (FW).

Chl a
(

mg g−1
)
=

[(12.25× A663)− (2.79×A647)]×V
1000×M

(5)
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Chl b
(

mg g−1
)
=

[(21.5× A647)− (5.1×A663)]×V
1000×M

(6)

Chl Total
(

mg g−1
)
=

[(7.15× A647) + (18.7×A663)]×V
1000×M

(7)

For the quantification of β-carotene, a calibration curve was made with different
concentrations of 93% β-carotene (Sigma-Aldrich Co., New York, NY, USA), and it was
measured in absorbance at 450 nm. Then, Equation (6) was used:

β carotene
(
µg g−1

)
=

(A450 − b)×V
m×M

(8)

where m and b are the values obtained in the equation of the line. The results were expressed
in µg g−1 of FW. The color of the epidermis was determined according to González et al. [34]
on the L*, a*, b* scale of the CIELab model at three equidistant equatorial points of the
fruit, using the CR-400 digital colorimeter (Minolta Ko., Japan). With these values, the color
index (CI*) was calculated using Equation (7).

CI∗ =
1000× a∗

L∗ × b∗
(9)

2.6. Antioxidant Activity and Total Phenolic Content

Total antioxidant activity (TAA) and total phenol content (TPC) were extracted us-
ing the methodology proposed by Rey et al. [13]. In total, 500 g of flavedo was cut and
macerated in a pre-cooled mortar with 10 mL methanol (80%). The mixture was cen-
trifuged at 4500 rpm for 10 min (4 ◦C), after which the supernatant was considered for the
measurements.

TAA quantification was performed using two different assays: reaction with
2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid radical (ABTS) and reaction with
2,2-diphenyl-1-picrylhydrazyl radical (DPPH). ABTS was determined using Tesfay et al.’s
method [35]. First, a stock solution of 7 mM ABTS and ammonium persulfate ((NH4)2S2O8)
(2.45 mM) was prepared. To prepare the ABTS radical, 3 mL of the ABTS stock solution
and 3 mL of the ammonium persulfate solution were taken, stirred until homogeneous,
covered with aluminum foil, and incubated for 16 h at room temperature. Once the radical
was formed, it was diluted in ethanol until an absorbance value between 0.7 and 754 nm
was obtained. A calibration curve was prepared with Trolox (6-hydroxy-2,5,7,8-tetramethyl
chroman-2-carboxylic acid) at 200 mM. For quantification, 0.2 mL of the extract was taken,
and 3.8 mL of ABTS + (NH4)2S2O8 was added, leaving it to rest for 45 min. Finally, it
was measured in the spectrophotometer at 754 nm, and the results were expressed in mM
capacity Trolox equivalent antioxidant (TEAC).

TAA using the DPPH radical was carried out according to Rey et al. [13] and Grijalva-
Verdugo et al. [36]. A stock solution of DPPH (100 µM) was prepared. Subsequently, 0.1 mL
of the extract of each sample was diluted in 2.9 mL of the stock solution and left to settle for
30 min at room temperature in complete darkness. For the blank control, 0.1 mL methanol
was diluted. Finally, the samples were taken to the spectrophotometer, and the absorbance
(A) at 515 nm was measured. The results were expressed in DPPH radical scavenging
capacity (%) using Equation (10):

DPPH scavenging capacity (%) =

(
Acontrol515 −Asample515

Acontrol515

)
× 100 (10)

The TPC was estimated using the Folin-Ciocalteu method proposed by Singleton
and Rossi [37]. In total, 0.5 mL of the extract was taken and mixed with 0.75 mL of 1 N
Folin-Ciocalteu. Subsequently, it was left to rest at room temperature for 5 min and 0.75 mL
of 20% sodium carbonate was added, mixed, and left at rest for 90 min (19 ◦C), then
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absorbance at 760 nm was measured for each repetition. The calibration curve was made
with gallic acid (GA) as the reference standard, and the equation of the line was established
based on the GA standard prepared at different doses. Finally, the wavelength at 760 nm
was measured, and the results were expressed in mg GA g−1 of FW.

2.7. Statistical Analysis

Statistical analyses were performed using SAS v.9.2e (SAS Institute Inc., Cary, NC,
USA). Once the assumptions of normality and homogeneity of variances were verified,
analysis of variance (ANOVA) was performed to determine significant differences between
the application of BR and between the measurement times. Subsequently, the Tukey means
comparison tests (p < 0.05) were applied between treatments and between storage times.

3. Results
3.1. Chilling Injury Index and Electrolyte Leakage

The chilling injury index (CII) showed significant differences between treatments
for each storage moment. When comparing the measurements over time, the EBR was
statistically significant when increasing the CII at the end of shelf life, while the other
treatments did not change. The application of BR significantly decreased cold damage in
the mandarin epidermis, both at the end of storage at 4 ◦C and in shelf life at 19 ◦C, with
respect to untreated fruits. The CII in the EBR (5 mg L−1) and DI-31 (5 and 10 mg L−1)
treatments were 62.6%, 49.4%, and 55.7% lower compared to the control, respectively, at
the end of storage at 4 ◦C (Figure 2A). Seven days after being transferred to environmental
conditions, the fruits treated with BR maintained the inhibitory effect of chilling injury,
regardless of the analogue and the dose, presenting 45.2% less CII compared to the fruits
without BR. CI symptoms in ‘Arrayana’ mandarin fruits appeared as brown pits on the
epidermis of BR-treated fruits (Figure 3). In the control treatment, the pitting became a
generalized brownish darkening with depressions in the epidermis, affecting fruit quality.

Figure 2. Cont.
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Figure 2. Effect of BR on the (A) chilling injury index and (B) electrolyte leakage in ‘Arrayana’
mandarin fruits stored at 4 ◦C for 40 days and later transferred to 19 ◦C for 7 days. Different letters
between columns indicate significant differences between treatments for each Tukey test measurement
moment. ns: not significant, ** and *** indicate a significant effect between time according to the
ANOVA analysis (p < 0.01 and p < 0.001, respectively). The vertical bars represent the standard error
(n = 5).

Figure 3. Epidermis of ‘Arrayana’ mandarins after refrigeration for 40 days at 4 ◦C and at the end of
shelf life (7 days at 19 ◦C).
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The application of 10 mg L−1 of DI-31 significantly increased the EL at the end of shelf
life compared to fruits just after refrigerated storage, while the EL in control, EBR, and
DI-31 fruits (5 mg L−1) did not vary over time (Figure 2B). In this sense, the BR reduced the
EL both at the end of storage and shelf life relative to untreated fruits. During shelf life, the
5 mg L−1 dose of EBR kept the EL constant.

3.2. Firmness, Soluble Solids, and Titratable Acidity

The BRs had a significant effect on fruit firmness 40 days after storage, reducing it by
18.9% compared to the control treatment (Table 2). In contrast, at the end of the shelf life,
the firmness values increased in all treatments and did not present significant differences
between treatments, reaching a total average of 21.75 ± 5.05 N.

Table 2. Effect of BRs on firmness, total titratable acidity (TTA), and total soluble solids (TSS) in
‘Arrayana’ mandarin fruits at the end of storage at 4 ◦C (40 days) and of shelf life at 19 ◦C (40 + 7 days).

Treatments Days Firmness (N) TTA
(% of Citric Acid) TSS (◦Brix)

Control
40 22.98 ± 0.87 aA 0.84 ± 0.10 aA 9.48 ± 0.32 aA

40 + 7 20.64 ± 7.50 aA 1.07 ± 0.40 aA 8.90 ± 0.40 abB

EBR (5 mg L−1)
40 18.62 ± 3.92 bA 0.81 ± 0.15 aA 9.20 ± 0.40 aA

40 + 7 22.80 ± 2.88 aA 0.90 ± 0.45 aA 9.54 ± 0.45 aA

DI-31 (5 mg L−1)
40 16.45 ± 1.88 bA 0.81 ± 0.18 aA 9.26 ± 0.31 aA

40 + 7 21.30 ± 6.03 aA 0.83 ± 0.68 aA 8.94 ± 0.68 abA

DI-31 (10 mg L−1)
40 15.81 ± 0.70 bB 0.83 ± 0.18 aA 8.52 ± 0.38 bA

40 + 7 22.27 ± 4.09 aA 0.96 ± 0.90 aA 7.80 ± 0.90 bA
Lowercase letters in the same column indicate statistically significant differences between the treatments. Upper-
case letters in the same column indicate statistically significant differences in measurements over time according
to Tukey (p < 0.05); ± standard error (n = 5).

The TTA values did not show significant differences with the application of BR and
the measurement time (Table 2), reaching an average of 0.88% ± 0.25 citric acid during the
entire experiment.

The fruits treated with the analogue DI-31 (10 mg L−1) presented significant decreases
in TSS at the end of storage and shelf life of 11.26% and 22.3%, respectively, compared to
the other treatments (Table 2). Likewise, the TSS with the highest values occurred after
7 days at room temperature in the fruits subjected to the application of EBR (5 mg L−1)
with respect to the control and DI-31 treatments.

3.3. Weight Loss and Respiratory Intensity

Fruits treated with BR, regardless of the analogue and dose, presented a significant
decrease in weight loss (WL) compared to fruits without BR, both at the end of storage and
during shelf life (Figure 4B). EBR was the treatment that obtained the lowest PM at the end
of the shelf life, with a value of 17.65% ± 4.47.

The application of BR significantly reduced respiratory intensity (RI) compared to
untreated fruits after storage and at the end of the shelf life (Figure 4A). The fruits subjected
to 10 mg L−1 of DI-31 had the lowest RI of all the treatments at the two moments of the
measurements, with values of 9.70 ± 3.62 and 8.69 ± 5.39 mg CO2 kg−1 h−1, respectively.
Likewise, the EBR and DI-31 (5 mg L−1) fruits showed significant decreases in IR in relation
to the control fruits. The results obtained indicate that a higher dose of the DI-31 analogue
causes less cellular respiration and a delayed ripening process in mandarin fruits.
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Figure 4. Effect of BR on (A) weight loss and (B) respiration intensity in ‘Arrayana’ mandarin fruits
stored at 4 ◦C for 40 days and later transferred to 19 ◦C for 7 days (shelf life). Different letters indicate
significant differences between the treatments for each Tukey test measurement moment. ns: not
significant, ** and *** indicate a significant effect according to the ANOVA analysis (p < 0.01 and
p < 0.001, respectively). The vertical bars represent the standard error (n = 5).
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3.4. Pigments and Color Index

Chlorophyll a and b values did not present significant differences between the treat-
ments at the end of cold storage and shelf life, but were highly significant between measure-
ment times. However, the treatments with EBR and DI-31 (5 mg L−1) showed the lowest
values for these pigments (Table 2). Chlorophyll a decreased by an average of 1.72% and
81.27% at 40 days of refrigeration and 40 + 7 days of shelf life, respectively, which highlights
the preservation of color in ‘Arrayana’ mandarin fruits through cold storage. Chlorophyll
b decreased by 29.22% and 81.55% at the end of refrigeration and shelf life, respectively,
showing a lesser effect of low storage temperatures in attenuating the loss of this pigment.
On the other hand, at the end of storage, the total chlorophyll of the fruits treated with EBR
presented significantly lower values. Likewise, the application of DI-31 (5 mg L−1) resulted
in a higher concentration of chlorophyll compared to all other treatments.

The fruits subjected to 5 mg L−1 of DI-31 had the highest concentration of β-carotene,
which was 15.6% higher than the average values obtained with the other treatments after
40 days of storage at 4 ◦C (Table 2). At the end of the shelf life, none of the treatments had a
significant effect on the fruits. These results indicate that DI-31 (5 mg L−1) improved the
color change by increasing β-carotenes, but not the chlorophyll concentration.

There were no statistically significant differences between treatments for the color in-
dex, but there were differences over time (Table 3). On average, for all fruits, the color index
before storage was−12.12± 2.51 (Table 1), which subsequently increased to−9.46± 2.53 af-
ter 40 d of cold storage, and finally increased significantly to −0.35 ± 2.02, indicating a
degreening process over time.

Table 3. Effect of BR on the concentration of pigments in ‘Arrayana’ mandarin fruits at the end of
storage at 4 ◦C (40 days) and shelf life at 19 ◦C (40 + 7 days).

Treatments Days Chl a (mg g−1) Chl b (mg g−1) Total Chl (mg g−1) β-carotene (µg g−1) Color Index

Control
40 0.28 ± 0.02 aA 0.112 ± 0.01 aA 0.56 ± 0.02 abA 1110.1 ± 57.6 bA −9.09 ± 1.33 aA

40 + 7 0.06 ± 0.01 aB 0.026 ± 0.01 aB 0.12 ± 0.04 aB 822.9 ± 56.4 aB −0.83 ± 1.05 aB

EBR
(5 mg L−1)

40 0.20 ± 0.03 aA 0.076 ± 0.04 aA 0.39 ± 0.02 bA 1150.1 ± 26.4 bA −10.23 ± 1.04 aA
40 + 7 0.03 ± 0.01 aB 0.026 ± 0.01 aB 0.07 ± 0.02 aB 980.3 ± 62.1 aA −0.81 ± 0.68 aB

DI-31
(5 mg L−1)

40 0.31 ± 0.01 aA 0.140 ± 0.05 aA 0.62 ± 0.02 aA 1357.7 ± 38.2 aA −10.05 ± 0.69 aA
40 + 7 0.04 ± 0.01 aB 0.023 ± 0.01 aB 0.09 ± 0.02 aB 1072.6 ± 75.8 aB 0.68 ± 0.91 aB

DI-31
(10 mg L−1)

40 0.24 ± 0.03 aA 0.087 ± 0.03 aA 0.47 ± 0.02 abA 1174.4 ± 89.9 bA −8.54 ± 1.49 aA
40 + 7 0.05 ± 0.01 aB 0.033 ± 0.01 aB 0.11 ± 0.03 aB 1004.6 ±119 aA −0.46 ± 1.03 aB

Chl: chlorophyll. Lowercase letters in the same column indicate statistically significant differences between
treatments. Uppercase letters in the same column indicate statistically significant differences in measurements
over time according to Tukey (p < 0.05); ± standard error (n = 5).

3.5. Antioxidant Activity and Phenolic Content

The results of the AAT showed highly significant differences between treatments at
the end of shelf life, both by the ABTS method and by DPPH. The fruits treated with EBR
and 10 mg L−1 of DI-31 had a significantly higher AAT compared to the other treatments,
with ABTS values of 0.629 ± 0.07 and 0.609 ± 0.12 mM TEAC (Figure 5A), and capture of
DPPH radicals of 34.39% ± 2.84 and 31.06% ± 3.66 (Figure 5B), respectively. These values
were 91.8% and 73.2% higher than the control response.

The application of BR increased the TPC by 108% regardless of the treatment applied,
with an average of 19.73 ± 3.59 mg GA g−1 of fresh weight compared to the control
(9.45 ± 0.87 mg GA g−1, Figure 5C). These results indicate that the exogenous application
of BR increases the antioxidant response of ‘Arrayana’ mandarin fruits.
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Figure 5. Effect of BR on (A) total antioxidant activity, (B) DPPH scavenging capacity, and (C) total
phenolic content in ‘Arrayana’ mandarin fruits stored at 4 ◦C for 40 days and later transferred to 19 ◦C
for 7 days. Different letters between columns indicate significant differences between treatments for
each Tukey test (p < 0.05). The vertical bars represent the standard error (n = 5).
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4. Discussion

Like many other citrus fruits, ‘Arrayana’ mandarin fruits exhibit chilling injuries
(CI) when stored at low temperatures. However, the damage is more visible during
shelf life than during cold storage [2,9], as found in this research. CI appeared at the
end of storage, and subsequently increased at the end of the useful life in all treatments,
presenting brown pits and brownish lesions on the epidermis of the fruit (Figure 3). These
are common CI symptoms for mandarin fruits [7,13] that result from a loss in the integrity
of the cell membrane and phenolic substrates in the cytosol [38]. Electrolyte leakage
is a good indicator of membrane integrity and is related to oxidative damage in fruit
cold stress [30,39]. Consequently, increased EL was found at the two moments when CI
increased in the fruits (Figure 2). However, the postharvest application of BR by immersion
significantly reduced CI and EL, which resulted in a better organoleptic appearance of the
fruit, highlighting the treatment of the EBR analogue. Similar results were obtained in blood
orange [25] and eggplant [40] fruits by reducing CI and EL using concentrations of 10 µM
of EBR under cold storage of 5◦ and 1 ◦C, respectively. As an alternative, the postharvest
application by immersion of the spirostanic analogue DI-31 in two concentrations (5 and
10 mg L−1) before storage at 4 ◦C proved to be effective in alleviating chilling injury in
‘Arrayana’ mandarin fruits similar to the EBR. This is a pioneering finding in that it shows
the functionality of the analogue DI-31 in tolerating CI in fruit postharvest.

Cold storage is the most efficient tool to maintain the postharvest quality of citrus, but
at very low temperatures, quality can be affected by the appearance of CI and alterations in
fruit ripening [3]. The respiratory intensity and weight loss values significantly increased
in the fruits that were not subjected to immersion with BR compared to the fruits treated
with DI-31 and EBR (Figure 4). Under chilling injury in citrus fruits, increases in ethylene
production and respiratory rate occur due to increased activity of the ACC synthase and
ACC oxidase enzymes, which raise ATP production and thus activate different stress
defense mechanisms, such as was observed in grapefruit fruits [41]. In addition, WL
is a non-destructive indicator of CI in cold citrus fruits [42], since it correlates with the
appearance of damage in the epidermis of the fruits, which causes microscopic cracks in
the cuticular zone and stomatal epidermis, increasing water loss. This causes increases
in respiratory cell metabolism and transpiration rate caused by CI, which accelerated the
ripening and senescence of ‘Arrayana’ mandarin fruits without BR application. Our results
are consistent with previous studies where the application of BR reduced the RI and WL in
‘Tommy Atkins’ mango fruits stored at 5 ◦C, associated with a lower incidence of CI [43].
Additionally, a lower RI was observed in the fruits treated with 10 mg L−1, which was not
the case with 5 mg L−1 DI-31 (Figure 4B), so with a higher dose, the maturation process of
‘Arrayana’ mandarin fruits should be delayed. Ji et al. [21] reported that a high endogenous
concentration of BRs in climacteric fruits suppresses ethylene synthesis, which could have
happened in this study.

The titratable acidity values were not affected by the application of BR treatments
during storage and shelf life, but the total soluble solids and firmness were. Ladaniya [3]
mentions that citrus fruits tend to present slight decreases in the total concentration of
sugars and organic acids or sometimes do not show changes until the end of their useful
life due to the non-climacteric metabolism that these fruits present and the environmental
storage conditions. The lowest TSS values were obtained when the fruits were treated with
10 mg L−1 DI-31, which presented the lowest respiration rates (Figure 4B), indicating a
lower use of these compounds as respiratory substrates as well as for the synthesis of new
molecules [32] during cold stress. Therefore, as significant differences in acidity are not
presented, it could be inferred that organic acids are not related to the response to cold
stress in mandarin fruits, with sugars being the first affected. Likewise, at the end of the
shelf life, the firmness values increased in all treatments and did not present significant
differences between treatments. This may be due to the elasticity of the epidermis, since
due to the high presence of polysaccharides and proteins during fruit ripening, elasticity
increases the cohesive force when the fruit is faced with mechanical stress [44]. The results
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obtained in this research are different from those obtained in lemon [26] and grape [45],
where BRs in non-climacteric fruits achieved reductions in TSS while maintaining TA and
firmness compared to untreated fruits under cold stress.

Mandarins grown in the tropics rarely develop a uniform color due to high tempera-
tures during fruit ripening, which produces green fruits with low carotenoid content in
the epidermis [46]. Therefore, degreening strategies are sought to degrade chlorophyll
and increase the content of carotenoids to provide more attractive fruits to the consumer.
The results of this study suggest that EBR application accelerated chlorophyll degradation
when fruits were taken out of storage compared to the control, which could indicate faster
degreening. However, the application of DI-31 inhibited this degradation but increased
the synthesis of carotenoids (Table 3). It has been shown that BR are involved in the syn-
thesis of carotenoids during fruit ripening by increasing the expression of genes in the
biosynthesis of these pigments [47]. In addition, carotenoids increase the tolerance of fruits
to cold damage during storage, including mandarin [13]. On the other hand, BR inhibits
chlorophyll degradation at doses of 15 in green bell pepper [30] and 10 µM in lemon [26],
thanks to the ability of BR to inhibit ethylene synthesis [21] and decrease the oxidation of
pigments during cold storage [31].

Recently, it has been shown that BR is involved in the endogenous response to tolera-
tion of postharvest CI by increasing the synthesis of enzymes and antioxidant molecules,
inhibiting protein degradation, and maintaining cellular energy status through signaling
cascades with other hormones, which generates a reduction in the CI of the fruit [48,49].
In our experiment, the fruits with immersion in BR, regardless of the analogue, presented
increased antioxidant activity (ABTS and DPPH radicals) and total phenol content (TPC)
(Figure 5). Despite the fact that BR induces greater DPPH activity, this variable does not
explain all the antioxidant capacity of mandarins. It has been reported that under cold stress
conditions, the fruits can activate biochemical mechanisms other than phenolic compounds,
such as enzymatic and non-enzymatic antioxidants [25–28]. Similar results were found in
lemon [26], orange [25], peach [27], pomegranate [28], and zucchini [29]. In these studies,
fruits presented increased enzymatic (SOD, POD, CAT, APX) and non-enzymatic (proline,
PAL activity, phenols, ascorbic acid) antioxidant responses when applying BR before cold
storage, which meant a reduction in oxidative damage and, therefore, in CI. In satsuma
mandarin, the same effect has been seen, but not under cold storage conditions [23]. There-
fore, the application of the EBR and DI-31 analogues reduced CI and improved the quality
of ‘Arrayana’ mandarin by decreasing EL, WL, and RI; maintaining TTA and TSS; and
increasing TAA and TPC, which in turn increased tolerance to chilling injury. Our research
reports for the first time CI tolerance in common mandarin using natural analogues (EBR)
and spirostanics (DI-31).

5. Conclusions

The exogenous application by immersion of natural analogues (EBR) or spirostanics
(DI-31) significantly reduced the incidence and appearance of CI (55–62% approx.) in the
epidermis of ‘Arrayana’ mandarin fruits at the end of cold storage and shelf life, due to
increased antioxidant activity and phenol content, which decreased EL and maintained
cell membrane integrity. The fruits treated with BR, presenting a lower CI, exhibited better
quality parameters in terms of reduced WL, RI, and chlorophyll degradation and increased
concentration of β-carotene. To the best of our knowledge, this is the first report that BR
application increases CI tolerance in common mandarin orange (C. reticulata Blanco, cv.
‘Arrayana’) and illustrates the tolerance functionality of the DI-31 analogue on postharvest
CI. Therefore, it is recommended to use BR as an effective strategy to maintain postharvest
quality under cold storage of ‘Arrayana’ mandarins, especially with 10 mg L−1 DI-31,
which has a more affordable cost in the market than EBR.
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