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ARTICLE INFO ABSTRACT
Keywords: Oranges are susceptible to many abiotic stresses, and the fruit is particularly susceptible to sunscald, a physio-
Physiological disorder logical disorder caused by excessive solar radiation. Sunscald is commonly controlled by spraying the fruits with

Oxidative metabolism
Malondialdehyde
Ascorbate peroxidase
Superoxide dismutase
Heat stress

calcium hydroxide and/or kaolin, but this procedure is not always effective due to rain and the application of
phytosanitary treatments. Since mycosporine-like amino acids (MAAs), produced by many marine organisms,
protect them against ultraviolet radiation UV-A and UV-B, these compounds could be incorporated into bio-based
emulsions to control sunscald in oranges. Therefore, increasing concentrations of the commercial product
Helioguard™ 365 (0 %, 1 %, 2 %, and 4 % - v/v), a source of MAAs, were incorporated into lipid-based
emulsions. The emulsions were applied during the final stage of development of ‘Hamlin’, ‘Pera-rio’, and
‘Valencia’ oranges at 21-day intervals. Spraying with 5 % (w/v) calcium hydroxide served as the positive control
treatment, while untreated fruits served as the negative control. Incorporating MAA into the emulsion did not
demonstrate effective control of sunburn compared to the positive control treatment with calcium hydroxide, as
all fruits exhibited varying degrees of sunscald, ranging from low to high severity. Regarding physicochemical
parameters, as well as oxidative metabolism, except for color parameters, soluble solids content, ascorbic acid,
and overall biochemical parameters, there was no difference among treatments for any of the evaluated orange
cultivars. The activities of ascorbate peroxidase (APX) and superoxide dismutase (SOD) did not show consistent
with efficient antioxidant potential capable of significantly reducing the malondialdehyde (MDA) content.
Despite using MAA at the evaluated concentrations and experiencing severe climatic interference in 2020,
efficient control of sunscald in oranges was not achieved. Further research is needed to identify more effective
alternatives and gain a better understanding of how climate affects oxidative aspects.

1. Introduction temperature of the fruit, photo-oxidative stress of the pigments, and
irreversible damage to the epidermis tissues (Ferrante and Mariani,

Sunscald or sunburn is a physiological disorder that can affect 2018; Fischer et al., 2022). Thus, the incidence of excess light energy on
various parts of a plant due to exposure to high levels of solar radiation the components that integrate the light capture complex, such as the
and ambient temperatures, often in combination with hydration stress. organelles containing chlorophyll, carotenoids, and anthocyanins
The combination of these factors can induce an increase in the internal (Torres et al., 2016; Hamdy et al., 2022) can stimulate an excessive
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generation of reactive oxygen species (ROS). These can act as stress
signals for free radical generators to induce photo-oxidation, degrada-
tion of cellular structures, photo-inhibition of photosystems, and per-
oxidation of plasma membrane lipids (Naschitz et al., 2015; Torres et al.,
2016; Rodriguez et al., 2019).

Under normal conditions, the pigments absorb the light energy that
reaches the surface of the fruit, however, when in excess, these pigments
are not able to prevent photo-oxidative stress, in addition to being
photodegraded (Torres et al., 2016; Lingvay et al., 2020). ROS are
produced as signals to induce essential metabolic responses in cells,
however, just as the photodegradation of pigments is a sign of the
harmful effect of solar radiation, the excessive production of ROS, which
can further compromise membrane integrity and contribute to cell
death, can be considered as a result of the stress which the plant is
subjected, leading to the performance of antioxidant defense systems
that act efficiently to inhibit photo-oxidative and photoinhibition pro-
cesses (Munné-Bosch and Vincent, 2019; Rodriguez et al., 2019; Parkhe
et al., 2022).

However, in extreme conditions, the development of different in-
juries can occur and in varying degrees of intensity, such as sunscald.
This injury can lead to economic losses, since the occurrence of symp-
toms such as wrinkling, whitening, and necrosis of the peel of the fruit,
do not allow the fruit from reaching the quality standards required by
the consumer market (Ambrozy et al., 2016; Mupambi et al., 2018;
Fischer et al., 2022; Hamdy et al., 2022).

Although the orange tree (Citrus sinensis L.) is a fruit species native to
tropical and subtropical regions (Gmitter and Hu, 1990; Akinde et al.,
2017; Fischer et al., 2022), it is susceptible to the occurrence of physi-
ological injuries that develop in response to excessive exposure to solar
radiation, especially when associated with high temperatures. The high
incidence of solar radiation can induce the development of sunburn in
different organs, such as trunks, branches, leaves, and fruits (Torres
et al., 2016; Ferrante and Mariani, 2018; Kim et al., 2022).

Sunscald control is traditionally done by spraying plants and fruit
with solutions of calcium hydroxide Ca(OH); or calcium carbonate
(CaCO3) (Glenn and Puterka, 2005) and kaolin containing the mineral
kaolinite (Aly03 2 SiO5 2 Ho0) as the main constituent (Hamdy et al.,
2022). The principle of using such compounds is related to the formation
of reflective barriers formed by the solid white-colored mineral parti-
cles, which promotes the blocking and/or reflection of part of the solar
radiation, preventing the increase of the internal temperature and the
surface of the fruit, suppressing the development of sunscald (DPI, 2006;
Gullo et al., 2020).

However, the use of these solutions can be inefficient, because of
their solubility in water. They can be removed during rainfall (Lopes
et al., 2014). In addition, with the emergence of citrus greening, also
known as Huanglongbing or HLB, it is necessary to spray orange or-
chards periodically (10-15 days), which can lead to the removal of the
cover formed by these products.

In this way, several alternatives were developed aiming at the con-
trol of the sunscald caused by the excess of solar radiation. Methods,
such as fruit bagging (Singh et al., 2021), the use of protective nets
(Mupambi et al., 2018; Olivares-Soto et al., 2020), spray with ascorbic
acid (Andrews et al., 1999), clays dissolved in waxes, such as Raynox®
(Schrader, 2011), are conventionally used as photoprotectors during
cultivation. However, these alternatives are characterized as physical
methods of controlling sunscald and the information available on
chemical methods of controlling this injury is scarce.

One possibility for developing chemical sunscald control methods
would be using mycosporine-type amino acids (MAA). MAA acts as the
defense and protection mechanism against the harmful effects of ultra-
violet (UV) radiation in marine organisms such as aquatic microorgan-
isms and algae (Rosic, 2019). Regarding the chemical structure of MAA,
these are compounds formed by an aminocyclohexenimine ring, whose
differences in the central structure result in the different MAAs that exist
(Orfanoudaki et al., 2019). MAA can absorb solar radiation at
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wavelengths of 310 and 360 nm, promoting the dissipation of excess
energy in the form of heat, without the occurrence of high ROS pro-
duction (Libkind et al., 2005; Fuentes-Tristan et al., 2019).

By functioning as “sun protection” in aquatic organisms (Dunlap and
Yamamoto, 1995) and in skin care products exposed to the sun and other
non-biological materials (Bandaranayake, 1998; Hadagalli et al., 2020),
the use of MAA could be an alternative for the control of sunscald on
orange fruits. We incorporated MAAs into emulsified lipid-based emul-
sions and an increase in absorbance in the UV-C region was observed
(Pedrosa et al., 2022), however, there is a need to verify the efficiency of
these emulsions under pre-harvest field conditions. Thus, the objective
of this study was to verify the photo-protective capacity of lipid-based
emulsions containing MAAs for use in the pre-harvest of orange fruits,
which were compared with Ca(OH), sprays, evaluating the quality and
determining the biomarkers related to the chemical and biochemical
aspects of the fruit submitted to these treatments.

2. Material and methods
2.1. Plant material

The experiments were performed in the orchards of the Estacao
Experimental de Citricultura de Bebedouro (EECB), located in Bebe-
douro (20° 56 *59” South, 48° 28 *44” West, 575 m altitude), Sao Paulo,
Brazil. Three different orchards were used based on the orange tree
(Citrus sinensis L.) maturity. Thus, a 7-year-old ‘Hamlin’/‘Citrumelo
Swingle’ orchard (early season cultivar), a 9-year-old ‘Pera-Rio’/‘Limao
Cravo’ orchard (mid-season cultivar), and a 9-year-old ‘Valencia’/“Cit-
rumelo Swingle’ orchard (late season cultivar) were used. These or-
chards were managed according to the cultural and phytosanitary
requirements normally used by EECB and they were not irrigated.

Ten plants were chosen randomly for each cultivar. The fruits that
were situated in the direction of maximum sun exposure and at the
appropriate growth stage were treated in the following manner: i.
negative controls (C-), without application of any treatment/coating; ii.
positive control (C+), spray with a solution containing 5 % calcium
hydroxide (w/v), iii. spray with a lipid-based emulsion containing 0 %
Helioguard™ 365; iv. spray with a lipid-based emulsion containing 1 %
Helioguard™ 365, v. spray with a lipid-based emulsion containing 2 %
Helioguard ™ 365, and vi. spray with a lipid-based emulsion containing
4 % Helioguard™ 365. The emulsions were prepared according to the
methodology described by Pedrosa et al., (2022). Treatments were
applied every 21 days, in a volume of 15-20 mL, to avoid excessive
coating build-up, using manual sprayers (Unilux, Brazil) up to fruit
maturity, which happened at 42, 84, and 105 days after the beginning of
the applications. Therefore, two sprays were made on the fruits of the
cultivar ‘Hamlin’, four on ‘Pera-Rio’, and five on ‘Valencia’. For each
cultivar, the experiments were arranged in a randomized complete block
design with the trees (n=10) serving as blocks and 6 treatments
(including controls and MAA emulsions), with 5 fruits in each replicate,
analyzed together.

2.2. Climatological conditions

From May to September, climatological data was gathered at the
weather station of Estacao Experimental de Citricultura de Bebedouro
(EECB) in Bebedouro, Sao Paulo, Brazil. The station is located at 20° 56’
59" South, 48° 28’ 44" West, and 575 m above sea level. The data
collected from January to September 2020 includes temperature, total
solar radiation (MJ.m’Z), average air relative humidity (RH), and
rainfall (mm), which are all presented in Fig. 18S.

2.3. Sunscald incidence

Sunscald incidence was determined according to the scale proposed
by Amarante et al. (2010) with modifications, as such: 0 = nil (without
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Fig. 1. Sunscald incidence (A), luminosity (B), hue angle (C), chromaticity (D) of ‘Hamlin’ oranges treated with emulsions containing 0 %, 1 %, 2 %, and 4 %
Helioguard™ 365 (source of mycosporine-like amino acids - MAA), positive control (C+, 5 % calcium hydroxide) and negative control (without any treatment).
Means followed by distinct letters are significantly different by the multiple comparison test using Tukey’s multiplicity adjustment (P<0.05). The bars indicate the

standard deviation of 10 repetitions.

the presence of sunscald); 1 = low (development of yellowish areas); 2 =
moderate (presence of yellowish areas); 3 = high (yellowish areas with
the onset of necrosis); and 4 = extremely high (yellowish areas with
severe necrosis). The results expressed the degree and severity of sun-
scald on the peel (flavedo) of the fruits.

2.4. Physicochemical analysis

All fruits were submitted to physical and chemical quality evalua-
tions. Color (flavedo) was measured using a digital colorimeter (Minolta,
model CR-400, Osaka, Japan) as L*, a*, and b*. Chroma (Chroma=[(a*?
= b*z] v 2]) and hue angle (Hue = (arctangent b*/a*) were calculated
according to McGuire (1992). Soluble solids content (SSC) was measured
using a digital refractometer (Atago, Alpha model, Osaka, Japan) and
expressed as Brix® (AOAC, 2016). Titratable acidity (TA) was measured
by titration as described by the AOAC (2016), with the results expressed
in mg citric acid equivalents per gram (g) of juice (mng.g™!). SSC/TA
(Ratio) was calculated according to AOAC (2016). Hydrogenionic poten-
tial (pH) was measured according to AOAC (2016). Ascorbic acid content
was determined via titration with 0.02 % 2,

6-dichloro-phenolindophenol (Strohecker et al., 1967), and results
expressed in mg of AsA per g of fresh mass (mg.g™1). Fruit mass and Juice
yield were measured using a scale and the results were expressed in
grams (g) and percentages (%), respectively (Pereira et al., 2018).

2.5. Oxidative metabolism

2.5.1. Sample preparation

A total of 0.7 g samples of peel (flavedo) were frozen in liquid ni-
trogen and stored at —20°C. These samples were ground using a ceramic
mortar and pestle until a fine powder was obtained for the analysis
related to oxidative metabolism.

2.5.2. Lipid peroxidation

The degree of lipid peroxidation of the peel (flavedo) was determined
based on the formation of malondialdehyde (MDA) as a function of the
reactivity of this substance to thiobarbituric acid (TBA). The extract was
obtained by homogenizing the tissue with 0.1 % (w/v) trichloroacetic
acid (TCA), 20 % polyvinylpyrrolidone (PVPP), and centrifuging
(Thermo Scientific, ST16-R, USA) at 15,000 g at 4 °C for 15 minutes,
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Fig. 2. Fruit mass (A), juice yield (B), pH (C), titratable acidity (D), soluble solids content (E), SSC/TA ratio (F), and ascorbic acid content (G) of ‘Hamlin’ oranges

treated with emulsions containing 0 %, 1 %, 2 %, and 4 % Helioguard™ 365 (source of mycosporine-like amino acids - MAA), positive control (C+,

5 % calcium

hydroxide) and negative control (without any treatment). Means followed by distinct letters are significantly different by the multiple comparison test using Tukey’s
multiplicity adjustment (P<0.05). The bars indicate the standard deviation of 10 repetitions.

followed by incubation in a water bath at 95 °C for 30 min. The su-
pernatant was homogenized with a 0.5 % (v/v) solution of thio-
barbituric acid dissolved in 20 % (v/v) trichloroacetic acid. The
concentration of malondialdehyde equivalents (MDA) was calculated
using an extinction coefficient of 1.55 x10~>.mol.cm ™!, with readings
between 535 and 600 nm using the spectrophotometer (Shimadzu, UV-
1280, Japan) and the results were expressed in nmol of MDA per g
(Gratao et al., 2012).

2.5.3. Protein content
To quantify the protein content in the peel (flavedo) of the fruits,
0.7 mg of the sample was macerated in a mortar with liquid nitrogen and

homogenized with 100 mM potassium phosphate buffer (pH 7.0), con-
taining ethylenediaminetetraacetic acid (EDTA) and insoluble poly-
vinylpolypyrrolidone (PVPP). The homogenate was centrifuged at
10,000 rpm for 30 minutes at 4°C and the resulting supernatant was
stored at —80°C for use in enzymatic assays (Azevedo et al., 1998).
Protein quantification was determined by the method of Bradford
(1976), using bovine serum albumin as a standard.

2.5.4. Ascorbate peroxidase activity (APX)

APX (APX, EC 1.11.1.1) activity was determined as described by
Gratao et al. (2012). The enzymatic extract (50 pL) was homogenized
with 80 mM potassium phosphate buffer (pH 7.0) containing 5 mM
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Fig. 3. Malondialdehyde (MDA) content (A), protein content (B), ascorbate peroxidase (APX) activity (C), and superoxide dismutase (SOD) activity (D) of ‘Hamlin’
oranges treated with emulsions containing 0 %, 1 %, 2 %, and 4 % Helioguard™ 365 (source of mycosporine-like amino acids - MAA), positive control (C+, 5 %
calcium hydroxide) and negative control (without any treatment). Means followed by distinct letters are significantly different by the multiple comparison test using
Tukey’s multiplicity adjustment (P<0.05). The bars indicate the standard deviation of 10 repetitions.

ascorbate (w/v). APX activity was determined by monitoring the
oxidation of ascorbate at 290 nm with a spectrophotometer (Shimadzu,
UV-1280, Japan) for 60 seconds. The results were expressed as APX
(pmol.min~.mg~! protein).

2.5.5. Superoxide dismutase (SOD) activity

The determination of the activity of the SOD (EC 1.15.1.1) was
carried out following the protocol described by Giannopolitis and Ries
(1977). The enzymatic extract (50 pL) was homogenized in 100 mM
potassium phosphate buffer at pH 7.8, 50 mM methionine (w/v), 10 mM
EDTA (w/v), 1 mM blue nitrotetrazolium chloride (NBT) and 0.1 mM
riboflavin (w/v). The solution was placed to react under a fluorescent
lamp at 25°C for 5 minutes and the absorbance was measured at a
wavelength of 560 nm using the spectrophotometer (Shimadzu,
UV-1280, Japan) and the results expressed in UAE (Unit of Enzyme
Activity).mg ™! of protein.

2.6. Statistical analysis

The data relating to each cultivar were subjected to analysis of

variance (ANOVA) using the functions gls from the package nlme
(Pinheiro et al., 2020) and the new one from the package stats R (Fox
and Weisberg, 2010) of the software R (R Core Team, 2020). The means
were compared using multiple comparisons using Tukey’s multiplicity
adjustment available in the emmeans function of the emmeans package
(Lenth, 2019) of the R software (R Core Team, 2020). P values less than
0.05 were significant.

3. Results
3.1. Climatological conditions

In 2020, Sao Paulo State had an extremely hot and dry year, with
temperatures reaching as high as 34°C from May to September. During
the experiment, the total solar radiation was lower in June due to the
winter solstice, but increased afterward and reached its peak in
September. The average relative humidity (RH) of the air decreased as
rainfall sharply reduced during the study, resulting in a water deficit
observed throughout the experiment (Figure 1Sa).
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Fig. 4. Sunscald incidence (A), luminosity (B), hue angle (C), chromaticity (D) of ‘Pera Rio’ oranges treated with emulsions containing 0 %, 1 %, 2 %, and 4 %
Helioguard™ 365 (source of mycosporine-like amino acids - MAA), positive control (C+, 5 % calcium hydroxide) and negative control (without any treatment).
Means followed by distinct letters are significantly different by the multiple comparison test using Tukey’s multiplicity adjustment (P<0.05). The bars indicate the

standard deviation of 10 repetitions.
3.2. ‘Hamlin’ orange

Regarding the development of sunscald, differences were observed
between the values obtained in the fruits treated with the emulsion
containing 2 % Helioguard™ 365 than the other control treatments, C +
and C-, which did not differ (Fig. 1A). The sunscald incidence ranged
from low (score=1) to moderate (score=2) with the fruits treated with
2 % Helioguard™ 365 showing an average score of 1.2 while the con-
trols had moderate sunscald incidence, scores close to 1.7 (Fig. 1A).

The color of the area with sunscald symptoms showed significant
differences regarding luminosity (L*), hue angle (°h), and chromaticity
(Fig. 1). In general, it was possible to observe higher values of L*, h°, and
chromaticity in the flavedo of C+ and C- fruits in relation to the fruits
treated with the emulsions (Figs. 1B, 1C, 1D). The value of °h on the
flavedo was found to decrease with an increase in the concentration of
Helioguard™ 365 in the emulsions. This suggests that higher concen-
tration of this product significantly affects the value of °h. (Fig. 1C).

As for the physicochemical parameters, the mass of the fruits ranged
from 93.73 g in those treated with 4 % Helioguard™ 365-105.36 g in
the fruits treated with 1 % Helioguard™ 365, but without statistical

differences between treatments (Fig. 2A). Similarly, there were no sig-
nificant differences in juice yield, which varied from 30 % to 37 %
(Fig. 2B). The ‘Hamlin’ fruits were small and had hardened flesh and a
dry interior.

For the other physicochemical parameters of the juice, significant
differences between treatments were observed for pH, soluble solids
content (SSC), and ascorbic acid content (Fig. 2). The pH values varied
only between the fruits of the 0% Helioguard™ 365 treatment
compared to those treated with 4 % Helioguard™ 365 (Fig. 2C). The SSC
was higher in the control fruits, both C+ (Brix°=14.22) and C-
(Brix°=13.98), in relation to the fruits that were sprayed with the
emulsions, which did not differ from each other (Fig. 2E). On the other
hand, the ascorbic acid content was higher in the fruits treated with the
emulsions compared to the controls (Fig. 2G). It was observed an in-
crease in the ascorbic acid content in the flavedo of the fruits treated
with 0 % Helioguard™ 365 (43.77 mg.g~ ') and with 4 % Helioguard™
365 (54.53 mg.g " 1).

Regarding the oxidative metabolism parameters, there was no sig-
nificant difference between treatments for malondialdehyde (MDA)
content, protein, as well as for the activities of the ascorbate peroxidase
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and negative control (without any treatment). Means followed by distinct letters are significantly different by the multiple comparison test using Tukey’s multiplicity

adjustment (P<0.05). The bars indicate the standard deviation of 10 repetitions.

(APX) and superoxide dismutase (SOD) (Fig. 3).

3.3. ‘Pera-Rio’ orange

The severity of the sunscald on ‘Pera Rio’ fruits showed significant
differences between treatments (Fig. 4A). Moderate (score=2.3) to high
(score=2.8) incidence of sunscald was observed on fruits treated with
emulsions containing 2 % and 4 % Helioguard™ 365, respectively. On
the other hand, the fruits of the control treatments showed low to
moderate symptoms (Fig. 4A).

The fruits sprayed with emulsions containing Helioguard™ 365
showed changes in the color parameters (Fig. 4), with significant

differences observed for luminosity (L*) and hue angle (°h). Higher
values of L* were observed on the fruits treated with the emulsions
containing Helioguard™ 365 in relation to the fruits of the control
treatments (C+=72.03; C-=71.34). Although sunscald leads to whit-
ening and whitening of the peel, the lower L* on the flavedo of fruits
treated with emulsions containing Helioguard™ 365 was related to the
darkening of emulsions when exposed to solar radiation under field
conditions.

Similarly, except for the fruits of the 4 % Helioguard™ 365 treat-
ment, the fruits of the control treatments (C + and C-) were more yellow
than the other treatments (Fig. 4C). Regarding the chroma parameter,
no significant difference was found in its observed values (Fig. 4D).
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multiplicity adjustment (P<0.05). The bars indicate the standard deviation of 10 repetitions.

No significant differences were observed for fruit mass and juice
yield was an average of 39 % (Fig. 5A and B). The same can be observed
for the results obtained for the parameters of quality pH, titratable
acidity (TA), and SSC/TA (ratio), which did not present significant dif-
ferences between treatments (Fig. 5). On the other hand, the levels of
SSC and ascorbic acid (AsA) were significantly higher in the fruits of the
controls (C + and C-) compared to those treated with emulsions con-
taining MAA (Figs. 5E and 5G).

The results of the oxidative metabolism parameters showed varia-
tions between the treatments (Fig. 6). However, these differences were
not significant for the MDA (Fig. 6A) and protein content (Fig. 6B), as
well as for the enzymatic activities of APX (Fig. 6C) and SOD (Fig. 6D).

3.4. ‘Valencia’ orange

The incidence of sunscald on the fruits of this cultivar was also not
shown significantly affected by the treatments, and the severity of this
injury ranged from low to moderate (Fig. 7A).

Despite chromaticity (chroma), the color of the fruits showed sig-
nificant differences between treatments (Fig. 7). Luminosity (L *) was

different from fruits of treatment C- in relation to oranges treated with
the emulsion containing 1 % Helioguard™ 365 (Fig. 7B). On the other
hand, the hue angle (° h) was significantly higher in the fruits of the
control treatments (C + and C-) compared to those treated with emul-
sions, which were darker than the controls (Fig. 7C).

No significant differences were observed for all physicochemical
parameters (Fig. 8). Fruit mass, juice yield, pH, SSC, TA, ratio, and AsA
were not affected by the treatments with emulsions containing MAA and
the controls (C+ and C-).

Similarly, no significant differences were observed for oxidative
parameters (Fig. 9). However, the protein content in the fruit flavedo,
especially when comparing the concentrations determined in the fruits
of C+ (1.64 mg. g’l) were lower than those observed in the fruits treated
with the formulation containing 0 % of Helioguard™ 365 (4.26 mg.
g~1), Fig. 9B. The activities of the enzymes APX (Fig. 9C) and SOD
(Fig. 9D), as well as the levels of MDA, were not affected by the treat-
ments (Fig. 9 A).
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4. Discussion

Although lipid emulsions containing Helioguard™ 365 showed an
increase in absorbance in the UV-B region (Pedrosa et al., 2022), they
had little or no efficiency in controlling sunscald in oranges of three
cultivars, especially when compared to control treatments, without the
application of coating (C-) and fruits treated with calcium hydroxide
(C+) (Fig. 1A, Fig. 4A, and Fig. 7A).

Clear changes in the fruit color were observed in response to the
application of emulsions. These color changes could be attributed to the
harmful effects of excessive solar radiation on chlorophyll degradation,
resulting in yellowing due to mechanisms such as photodamage, pho-
toinhibition, or photobleaching (Asrey et al., 2020; Cai, Zheng, Liang,
2022). Furthermore, the color changed as a result of the emulsions
darkening upon exposure to solar radiation. Regarding the orange va-
rieties, all varieties exhibited scald symptoms, however, ‘Pera-Rio’ or-
anges exhibited more severe scald symptoms compared to the others.
Their fruits had moderate to high sunscald severity, indicating that the
emulsions were less effective in this particular cultivar, resulting in more
severe lesions (Fig. 4A), and did not inhibit the development of damage

in any of the cultivars or with the use of the treatments.

Although less intense, symptoms of sunscald were observed in the
fruits of the negative control treatment (C-), given the lack of protection.
However, traditional treatment with 5 % calcium hydroxide (C+) was
also not effective in controlling this injury, particularly in the cultivars
‘Hamlin’ and ‘Valencia’ (Figs. 1A and 7A). The low efficiency of C+ can
be related to the water solubility of calcium hydroxide which might have
been removed from the fruit surface by rainfalls (Lopes et al., 2014), as
well as by the large number of sprays carried out to control Huan-
glongbing (HLB). In this regard, other alternatives must be developed
aiming to control sunscald caused by the excess of solar radiation in
orange fruits.

Despite the documented photoprotective effects of MAA in aquatic
organisms (Fuentes-Tristan et al., 2019; Browne et al., 2023), as well as
its successful application in the cosmetics industry (Dunlap et al., 1998),
incorporating MAA in lipid-based emulsions as a sunscald inhibitor
proved to be ineffective in field applications. Although an increase in
UV-B absorbance was observed in emulsions containing MAA (Pedrosa
et al., 2022), it should be noted that the concentrations used may have
been insufficient, considering that the commercial product
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Fig. 8. Fruit mass (A), juice yield (B), pH (C), titratable acidity (D), soluble solids content (E), SSC/TA ratio (F), and ascorbic acid (G) of ‘Valencia’ oranges treated

with emulsions containing 0 %,

1 %, 2 %, and 4 % Helioguard™ 365 (source of mycosporine-like amino acids - MAA), positive control (C+, 5

% calcium hydroxide)

and negative control (without any treatment). Means followed by distinct letters are significantly different by the multiple comparison test using Tukey’s multiplicity
adjustment (P<0.05). The bars indicate the standard deviation of 10 repetitions.

Helioguard™ 365 contained only 1 mg of MAAs per mL. Moreover, it is
crucial to take into account the severe climatic conditions of drought
and high temperatures observed during the experiments, which likely
contributed to the inefficiency of MAA emulsions in controlling sunscald
(Fig. 1S).

The combination of high temperatures, intense solar radiation, low
relative humidity, and limited precipitation had a detrimental impact on
citrus plants, which are known to be sensitive to water scarcity and other
climatic conditions. As a result, the produced fruits exhibited reduced
quality, poor development, and firm pulp, leading to low juice yield and
deformities. The fragility of these fruits made them more susceptible to
the occurrence of other disorders, such as sunscald (Ferrante and

Mariani, 2018; Youssef et al., 2023). This effect was particularly pro-
nounced in the ‘Hamlin’ and ‘Valencia’ cultivars (Figs. 1A and 7A).

The incidence of solar radiation in excess can promote the develop-
ment of harmful processes such as photo-inhibition of photosynthesis
and photo-oxidation of pigments, which result in physiological disorders
such as sunscald (Gullo et al., 2020). The excessive production of ROS
may indicate the occurrence of stress and the responses of antioxidant
systems to external agents, in response to a high incidence of solar ra-
diation (Ferrante and Mariani, 2018; Enaru et al., 2021).

Abiotic stresses imposed on plant organs trigger complex cellular
reactions, ranging from oxidative cascades involving the overproduction
and accumulation of reactive oxygen species (ROS) such as superoxide,

10



V.M.D. Pedrosa et al.

A
6 -
C
R
=
L")
=]
°
E
g
g
=
0
C C+ 0 MAA 1 MAA 2 MAA 4 MAA
Treatments
Cc
1500 <
Y
g
E
T
m e~
2 1000
3
£
B 500
<
0"
I I I I I

0 MAA 1 MAA 2 MAA 4 MAA
Treatments

C- C+

Industrial Crops & Products 222 (2024) 119747

B a
ab

4 -
— ab ab
ialil
&) 1
é P~
E
2 b
S 24
£
2
g
.

(} o

I I | ] I I
C C+ 0MAA | MAA 2 MAA 4 MAA
Treatments
D
20 —

10

SOD (UAE. mg™")

0

I I I I I 1

C- c+ 0O MAA 1 MAA 2 MAA 4 MAA

Treatments

Fig. 9. Malondialdehyde (MDA) content (A), protein (B), ascorbate peroxidase (APX) activity (C), and superoxide dismutase (SOD) activity (D) of ‘Valencia’ oranges
treated with emulsions containing 0 %, 1 %, 2 %, and 4 % Helioguard™ 365 (source of mycosporine-like amino acids - MAA), positive control (C+, 5 % calcium
hydroxide) and negative control (without any treatment). Means followed by distinct letters are significantly different by the multiple comparison test using Tukey’s
multiplicity adjustment (P<0.05). The bars indicate the standard deviation of 10 repetitions.

hydrogen peroxide, and hydroxyl radicals, generated by the excess
transfer of electrons to molecular oxygen, to metabolic disorders and
subsequent cell death (Huang et al., 2019; Morales-Quintana et al.,
2020). Specifically, concerning extreme climatic conditions such as high
radiation and temperature, the most prominent damages involve
cellular structures, such as damage to pigment components of photo-
systems, reduced electron transport efficiency in the chloroplast’s elec-
tron transport chain, and inhibition of antioxidant enzyme activity and
metabolic cycles, such as the Calvin-Benson cycle, resulting in physio-
logical damage and morphological deformations of plant structures
(Gourlay et al., 2022; Qi et al., 2023).

Interferences with the proper functioning of cellular processes
caused by the incidence of stressful factors, as demonstrated by Con-
sidine and Foyer (2021), explain the effects of stress on the reactive
oxygen species-dependent regulation of plant growth and development.
Although plants possess the capacity to regulate themselves under un-
favorable conditions and counteract deep cellular damage, their redox
signaling pathways and induced responses via enzymatic
(Morales-Quintana et al., 2020) and non-enzymatic (Enaru et al., 2021;
Gourlay et al., 2022) antioxidant activity become compromised and
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often inefficient. This could have contributed to the lack of effectiveness
in controlling sunscald through the use of emulsions in this study, as
indicated by the parameters related to antioxidant activity, APX, and
SOD, as well as sunscald and MDA content, showing no significant dif-
ferences or trends among treatments suggesting inhibition or satisfac-
tory antioxidant activity in sunscald occurrence.

It is well-established that MDA concentrations, as well as the activ-
ities of antioxidant enzymes such as SOD and APX, are related to the
activation of the antioxidant system in regulating ROS in response to
stress, such as light exposure, to control redox processes (Torres et al.,
2016). However, these parameters were not sufficient to prevent the
progression of photo-oxidative damage in orange fruits with sunscald
(Figs. 1A, 4A, and 7A), even with the application of calcium hydroxide
treatments and MAA-containing emulsions.

In an efficient stress response system, with the involvement of anti-
oxidant enzymes, an increase in their activity is expected in response to
stress signaling through ROS accumulation, leading to a reduction in
MDA content, a biomarker used to evaluate oxidative stress. This has
been observed by Yadav et al. (2022), who used alpha-lipoic acid as an
attenuator of cadmium toxicity in Solanum lycopersicum L., and by
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Kumar et al. (2023), who obtained similar behavior in antioxidant
enzyme activity using titanium dioxide nanoparticles to regulate
different mechanisms in relation to hexavalent chromium toxicity in
Helianthus annuus.

Regarding the results obtained for the control treatments, they sup-
port the findings of Weerakkody et al. (2010), who reported the in-
efficiency of kaolin-based sunscreens in controlling sunburn in
pomegranates (Punica granatum L.). Similarly, the treatment with 5 %
calcium hydroxide (C+) was also ineffective in activating the antioxi-
dant metabolism and controlling sunscald in oranges, demonstrating
that the occurrence of these disorders may be more related to external
factors and cultivation environment characteristics than solely the
response capacity of the plant organ or the isolated efficiency of treat-
ments acting as physical or chemical barriers. In this context, lipid-based
emulsions containing Helioguard™ 365 had little or no effect on the
physicochemical and biochemical parameters of orange fruits.

5. Conclusion

The application of a bio-based emulsion containing different con-
centrations of Helioguard™ 365, a source of mycosporin-like amino acid
(MAA), as well as the traditional spray treatment with 5 % calcium
hydroxide, did not effectively prevent the occurrence of sunscald in
three orange cultivars. ‘Hamlin’ and ‘Valencia’ cultivars exhibited low
to moderate severity of scald, while the ‘Pera-Rio’ cultivar showed high
severity.

Overall, the physicochemical and oxidative metabolism parameters
remained unaffected by the treatments, highlighting the need for further
studies to gain a better understanding of how abiotic stress truly impacts
plant cells. Additionally, there is a need to explore new sources of
physical and/or chemical protection to effectively control sunscald in
oranges.
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Abstract: Our previous studies have shown that ‘Palmer” mangoes immersed in solutions containing
2.5% sorbitol and stored under a controlled atmosphere (CA) at 8 °C for 30 days had fewer symptoms
of a chilling injury. However, there is no information regarding the effectiveness of sorbitol treatment
in other atmospheres and/or in combination with lower temperatures. Thus, the objective of this
study was to assess the impact of dipping ‘Palmer” mangoes in 0.1% and 2.5% (w/v) sorbitol solutions
and storing the fruit under a CA without atmosphere modification (21 kPa O, + 0.03 kPa CO,) at
8 °C/95% relative humidity (RH) or with 5 kPa O, + 5 kPa CO; at 4 °C/95% RH for 28 days. The fruits
were evaluated periodically for chilling injuries, quality, and oxidative metabolism. A chilling injury
(CI) was correlated with increased fresh weight loss (FWL) and changes in the color of the epicarp
(Lpeet, hpeel, and Cpeer) and mesocarp (L*,yp). Lipid peroxidation (LPpyyp and LPpe) and the
hydrogen peroxide content (HyOpee) and HyOopy1pp) were associated with the development of a CI,
particularly after being transferred to ambient. The treatment with 2.5% sorbitol was more effective in
minimizing the chilling injury symptoms and did not compromise the fruit quality, especially when it
was stored at 4 °C in association with a CA containing 5 kPa O + 5 kPa CO,. This treatment reduced
lipid peroxidation and increased the activities of the superoxide dismutase (SOD) and ascorbate
peroxidase (APX) enzymes in the epicarp and mesocarp, providing greater cold tolerance. The use of
2.5% sorbitol has been identified as the most efficacious approach for mitigating the adverse impacts
of chilling injuries, preserving the fruit quality, and enhancing oxidative metabolism, even at lower
temperatures. Thus, this treatment represents a viable alternative for managing chilling injuries
in mangoes.

Keywords: Mangifera indica L.; polyols; oxidative metabolism; SOD; APX

1. Introduction

As observed in other horticultural products, cold storage is the primary post-harvest
technology used to extend the shelf life of mangoes because low temperatures reduce
their metabolic activity [1]. Mangoes stored at temperatures between 8 and 13 °C have a
post-harvest shelf life of up to 21-30 days, depending on the cultivar and fruit maturity [2,3].
However, prolonged storage at temperatures below 13 °C can lead to the development
of a physiological disorder known as a chilling injury (CI), resulting in qualitative and
quantitative losses [4,5].

The symptoms of a Cl in mangoes are most evident in the epicarp and are characterized
by the presence of dark, sunken spots resembling burns, which can hinder the marketing
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of fresh fruit, as this defect may render the product unacceptable according to market
standards. The mesocarp is also affected, as the fruit may exhibit irregular ripening [5,6].

The mechanisms related to the development of CIs in plants are related to changes
in the lipid bilayer of the plasma membrane, i.e., transitioning from a more flexible fluid
state to a rigid gel phase due to exposure to low temperatures. This change in rigidity
leads to the loss of functions and the rupture of cell membranes, resulting in cell death [7].
Several studies have reported changes in the rigidity of cell membranes in mangoes with
CIs [8-11].

Exposure to low temperatures also induces the overproduction of reactive oxygen
species (ROS), such as hydrogen peroxide (H,O;), superoxide radicals (O,°~), and hydroxyl
radicals (*OH), that react with various molecules, leading to lipid membrane peroxida-
tion [12]. In mangoes, ROS overproduction has been correlated with a higher incidence of
ClIs [5,13-15] and the manifestation of their various symptoms [16-19].

Sorbitol (C¢H1404) is a water-soluble polyol that naturally occurs in various fruits [20,21]
and plays an important role in the osmotic adjustment of the cytoplasm under stress condi-
tions, potentially stabilizing membranes [22]. It can increase cold stress tolerance [23] by
binding to water and lowering the dielectric constant, even at temperatures above freez-
ing [24]. Sorbitol acts as an osmoprotective agent that has been linked to CI tolerance [25],
contributing to membrane stabilization and reducing structural damage [26]. It can also act
as an antioxidant, affecting the activity of enzymes, such as superoxide dismutase (SOD),
peroxidase (POD), and catalase (CAT), as well as scavenging ROS [27].

In this context, Sanches et al. [15] have reported that ‘Palmer” mangoes stored at 8 °C
for 30 days, when treated with 2.5% sorbitol, showed reduced H,O, accumulation and
polyphenol oxidase (PPO) activity, higher membrane integrity (malondialdehyde—MDA),
and increased activity of the enzymes SOD, CAT, and ascorbate peroxidase (APX), both
in the epicarp and the mesocarp compared to those in standard storage or storage after
treatment with the polyols propylene glycol and glycerol. Consequently, sorbitol immersion
has been considered a feasible approach to alleviating CI during refrigerated storage.

Under standard cold quarantine treatment conditions (1 °C for 14 days), immersion
in a solution containing 0.1% sorbitol was the most effective in mitigating Cis. This effect
was associated with lower MDA and H,O, concentrations and PPO activity levels, as well
as higher SOD, CAT, and APX enzyme activity and ascorbic acid levels, especially in the
pericarp [28]. The combination of immersion of ‘Palmer’ mangoes in solutions containing
2.5% sorbitol with controlled atmosphere (CA) storage reduced Cls through the activation
of non-enzymatic (ascorbic acid and total phenolic compounds) and enzymatic (SOD, CAT,
and APX) mechanisms in fruits kept at 8 °C for 30 days [28]. Despite these results, there is
no information available regarding the effectiveness of sorbitol treatment in other storage
atmospheres and/or in combination with lower temperatures.

Thus, the objective of this study was to evaluate the effect of dipping ‘Palmer’ mangoes
in 0.1 and 2.5% (w/v) sorbitol solutions and storing them under a CA with ambient
atmospheric conditions (21 kPa O, + 0.03 kPa CO;) at 8 °C/95% relative humidity (RH)
or under 5 kPa O; + 5 kPa CO; at 4 °C/95% RH for 28 days. The development of chilling
injuries, quality modification, and oxidative metabolism were evaluated periodically.

2. Materials and Methods
2.1. Plant Material

‘Palmer’ mangoes were obtained from commercial orchards located in Taquaritinga
(21°25'57.72" latitude south, 48°32'50.46" longitude west), Sao Paulo, Brazil (Experiment
I), and Belém do Sao Francisco (8°32/1.89” latitude south, 38°58'53.97” longitude west),
Pernambuco, Brazil (Experiment II). The fruits were harvested at physiological maturity
and selected manually, and then classified according to size, soundness, the absence of me-
chanical damage, and pest and disease lesions. Fruit physiological maturity was evaluated
based on the dry matter (DM) content of 20 fruits from each experiment. The DM content
was 13.1% =+ 1% and 13.0% =+ 1% in the fruits from Experiments I and II, respectively.
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2.2. Experiment I: Without Gas Modification (Air)

After selection, the mangoes were washed with soap, rinsed with running water, and
dried. Following that, they were dipped in one of the following solutions at 5 °C for 60 min:
i. distilled water (control), ii. 0.1% (w/v) food-grade sorbitol, or iii. 2.5% (w/v) food-grade
sorbitol (Sigma-Aldrich, St. Louis, MO, USA) [15]. Subsequently, the mangoes were stored
at 8.0 £ 1.0 °C and 95 £ 0.5% RH in a controlled atmosphere chamber (Venezia PCM
1000 model; Fruit Control Equipment, Milan, Italy), with ambient atmosphere conditions
maintained (21 kPa O, + 0.03 kPa CO,) for 28 days. The fruits were evaluated every 7 days.
During each evaluation, the chilling injury was immediately evaluated, and some of the
fruits were moved to ambient conditions (~24 4+ 2.0 °C and 75 + 2.0% RH) to evaluate them
for signs of chilling injuries whenever the fruit became ripe (from 5 to 10 days). This study
was set according to a completely randomized design (CRD) in a factorial arrangement of
3 (treatments: control, 0.1% sorbitol, and 2.5% sorbitol) x 5 (storage periods: 0, 7, 14, 21,
and 28 days) with three replicates.

2.3. Experiment 1I: CA—Modification of Atmosphere Gases

The fruits for this experiment were washed, rinsed with water, and dried as in the
other study. Following this, they were i. dipped in distilled water and stored in CA with
21 kPa Oy + 0.03 kPa CO; (negative control), ii. dipped in distilled water and stored in CA
with 5 kPa O; + 5 kPa CO, (positive control), iii. dipped in 0.1% (w/v) sorbitol and stored
in CA with 5 kPa O, + 5 kPa CO,, or iv. dipped in 2.5% (w/v) sorbitol and stored in CA
with 5 kPa O, + 5 kPa CO,. The fruits were stored at 4.0 4+ 1.0 °C and 95 4+ 0.5% RH in a
controlled atmosphere chamber (Venezia PCM 1000 model; Fruit Control Equipment, Milan,
Italy), and control of the oxygen (O,), carbon dioxide (CO;), and ethylene (C;Hjy) levels
was performed using SWINGLOS® software, GAC 5000 (Fruit Control Equipment, Milan,
Italy). These conditions were maintained for 28 days, and evaluations were conducted
every 7 days. At each evaluation, some of the fruits were moved to ambient conditions
(~24 £ 2.0 °C and 75 £ 2.0% RH) to be evaluated for signs of chilling injuries whenever the
fruit became ripe (from 4 to 7 days). This experiment was set according to a completely
randomized design (CRD) in a factorial arrangement of 4 (treatments: negative control,
positive control, 0.1% sorbitol, and 2.5% sorbitol) x 5 (storage periods: 0, 7, 14, 21, and
28 days) with three replications.

2.4. Evaluations
In both experiments, the fruits were evaluated using the same method.

2.4.1. Chilling Injury Development

To evaluate chilling injury (CI) development, the fruits had their pericarp lesions
visually rated according to the process of Miguel et al. [29] with modifications. Fruits with
no visible symptoms (CI = 0%) were rated as 1, mild symptoms (CI = 0-25%) as 2, moderate
symptoms (CI = 25-50%) as 3, and severe symptoms (CI > 50%) as 4.

2.4.2. Fresh Weight Loss

Fresh weight loss (FWL) was determined by weighing the mangoes on an analytical
balance (AS 2000 model; Mars, Brazil), and the accumulated weight loss was calculated
according to the method of Sanches et al. [15] for each experiment and each evaluation day.
FWL is expressed as a percentage (%).

2.4.3. Firmness

Fruit firmness was measured in the mid portion between the stem end and the remains
of stigma and style of each mango without the epicarp (skin). Firmness was measured
using a penetrometer (Effegi Fruit Tester, Forli, Italy) with an 8 mm tip, and the results are
expressed in Newtons (N), as has been previously described by Watkins and Harman [30].
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2.4.4. Color

The epicarp (skin) and mesocarp (flesh) colors were measured in the mid portion
between the stem end and the remains of the stigma and style. The skin color was also
measured on opposite sides of each fruit on the blush and green areas of the protruding
side. A reflectometer (CR-400; Minolta, Osaka, Japan) was used to obtain the L*, a*, and b*
values, and chromaticity (C*) and hue angle (h°) were calculated according to the method
of McGuire [31].

2.4.5. Physicochemical Evaluation

The soluble solid content (SSC) of the fruits was measured using a digital refractometer
(Alpha; Atago Co., Ltd., Tokyo, Japan), and the results are expressed as percentages [32].
Titratable acidity (TA) was measured via titration using 0.1% phenolphthalein as an in-
dicator, and the results are expressed in g kg~ ! citric acid [31]. The ratio (SSC/TA) was
calculated according to the method of the AOAC [31], and the pH was determined using a
pH meter (Orion 3 Star; Thermo Scientific, Waltham, MA, USA).

2.5. Oxidative Metabolism
2.5.1. Lipid Peroxidation

For this analysis, samples of peel and pulp (0.5 g) were homogenized with 2.5 mL of a
solution containing 0.1% (w/7v) trichloroacetic acid (TCA) and 20% (w/v) polyvinylpyrroli-
done (PVP). After centrifugation (ST16-R; Thermo Scientific, Waltham, MA, USA) at
12,298 g and 4 °C for 15 min, 250 pL of the supernatant was mixed with 1 mL 20%
TCA (w/v) and 0.5% thiobarbituric acid (TBA) and incubated in a water bath at 95 °C
for 30 min. After this period, the samples were cooled in ice for 10 min and centrifuged
at 12,298 x g for 15 min at 4 °C. Lipid peroxidation was calculated according to Gratao
et al. [33] and is expressed in pmol of malondialdehyde (MDA) per kg of fresh weight.

2.5.2. Hydrogen Peroxide (H,O,)

The hydrogen peroxide (HyO,) content was determined in 1.0 g peel and pulp samples
according to the process of Alexieva et al. [34]. The samples were homogenized in 0.1%
(w/v) trichloroacetic acid at 4 °C and centrifuged at 12,298 x g for 20 min at 4 °C. Following
this, the supernatant (200 uL) was mixed with 200 pL of 100 mM potassium phosphate
buffer (pH 7.5) and 800 pL of 1 M potassium iodide (KI). The samples were incubated in ice
for 1 h in the dark. The hydrogen peroxide content was measured at 390 nm and expressed
in mol HyO, per kg of fresh weight.

2.5.3. Superoxide Dismutase (SOD) and Ascorbate Peroxidase (APX) Extraction

These two enzymes were extracted according to the process of Yang et al. [35]. The peel
and pulp samples (1.0 g) were homogenized in 100 mM potassium phosphate buffer (pH 7.0),
1 mM ethylenediaminetetraacetic acid (EDTA), and 20% (w/v) polyvinylpolypyrrolidone
(PVP). The homogenates were filtered using a fine nylon mesh, centrifuged at 12,298 x g for
25 min, and immediately frozen at —18 °C. The protein levels of the homogenates were
determined [36].

2.5.4. Superoxide Dismutase (SOD) Activity

SOD (SOD, EC 1.15.1.1) activity was measured using the method described by Gian-
nopolitis and Ries [37]. The enzymatic extract (50 uL) was mixed with 1.0 mL of 50 mM
sodium phosphate buffer (pH 7.8), 19.5 mM methionine, 150 puL of NBT, and 300 uL of
riboflavin. The incubation took place under light, and after 15 min, the absorbance was
measured at 560 nm (Beckman spectrophotometer, DU-640; GMI: Mequon, W1, USA). The
SOD activity is defined and expressed in U min~! kg~! 10 protein [38].
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2.5.5. Ascorbate Peroxidase (APX) Activity

APX (APX, EC 1.11.1.1) activity was measured according to the process of Nakano and
Asada [39]. The enzymatic extract (50 uL) was mixed with 800 pL of 50 mM potassium phos-
phate buffer (pH 7.0), 0.1 mM EDTA, 100 pL of H,O, (0.03 M), and 50 puL of ascorbic acid
(0.015 M). Ascorbic acid oxidation was measured at 290 nm (Beckman spectrophotometer,
DU-640; USA), and the APX results are expressed in mol HyO, min~! kg~! protein.

2.5.6. Polyphenol Oxidase (PPO) Extraction and Activity Measurements

To extract the polyphenol oxidase (PPO) enzyme (EC 1.14.18.1), 1.0 g of peel and
pulp was homogenized with 50 mM potassium phosphate buffer (pH 7.0) and 1% (w/v)
polyvinylpyrrolidone (PVP) at 4 °C. The homogenate was centrifuged (12,298 x ¢ for 10 min
at 4 °C), and the supernatant was immediately frozen [40]. PPO activity was measured by
mixing 100 uL of enzymatic extract with 1.85 mL of 100 mM potassium phosphate buffer
(pH 6.0). Catechol (100 mM) was used as a substrate, and after 30 min of incubation in a
water bath (30 °C for 30 min), the reactions were terminated (800 uL of 2 N perchloric acid)
and the absorbance measured at 395 nm (Beckman spectrophotometer, DU-640; USA). The
activity is expressed in U min~! kg~! 10° protein [41].

2.6. Statistical Analysis
2.6.1. Univariate

Analysis of variance (ANOVA) was performed on the data. R software version 3.0
(R Core Team, 2020; Auckland, New Zealand) was employed to obtain the means and
compare them using Tukey’s test at 0.05%.

2.6.2. Multivariate

Multivariate analysis was performed to reduce the variables capable of interpretation,
summarizing much of the variability among them. Numerical matrices were constructed
using chilling injury (CI) symptoms, physicochemical variables, and oxidative metabolism
in the peel and pulp of the fruits from the different storage periods in Experiment I (0,
0+10,7,7+5,14,14 + 6,21, 21 + 5,28, 28 + 5 days) and Experiment I (0,0 +7, 7,7 + 6, 14,
14 + 4,21, 21 + 4, 28, and 28 + 4 days). Principal component analysis (PCA) was performed
by extracting the principal components via correlation matrix using R software (R Core
Team, 2020; Auckland, New Zealand), and the first two principal components (PC1 and
PC2) were used.

3. Results

The results of univariate analysis can be observed in the Supplementary Materials.
Due to the large number of variables evaluated, we chose to focus on the results from
multivariate analysis. Thus, the score plots and loading plots (biplots) of the PCA were
obtained through correlation matrices based on the analyzed variables (Tables 1 and 2).
The factor loadings used in both the experiments were based on the first two principal
components (PC1 and PC2), correlating chilling injuries with the other analyzed variables.

Table 1. Variable codes for quality attributes used in the principal component analysis of Experiments
Iand IL

Variables Codes
Firmness Firmness
pH pH
Soluble solids content SSC
Titratable acidity TA
Ratio SSC/TA SSC/TA
Fresh weight loss FWL
Chilling injury CI
Luminosity peel L*peel
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Table 1. Cont.

Variables Codes
Luminosity pulp L*pulp
Hue angle peel h®peel
Hue angle pulp h®pulp
Chromaticity peel C*peel
Chromaticity pulp C*pulp

Table 2. Variable codes for oxidative metabolism variables used in the principal component analysis
of Experiments I and II

Variables Codes

Lipid peroxidation peel LPpeel

Lipid peroxidation pulp LPpuip

Hydrogen peroxide peel HyOnpeel
Hydrogen peroxide pulp HyOpurp
Superoxide dismutase peel SODpeel
Superoxide dismutase pulp SODpuip
Ascorbate peroxidase peel APXpeel
Ascorbate peroxidase pulp APXpulp
Polyphenol oxidase peel PPOpeel
Polyphenol oxidase pulp PPOpuip

3.1. Experiment I: Without Gas Modification (Air)
3.1.1. Chilling Injury and Physicochemical Variables

During cold storage, chilling injury (CI) development was not affected by the sorbitol
treatments (Table 3). At the end of cold storage, the mangoes showed mild-to-moderate
CI symptoms (Figure 1). On the other hand, after being transferred to ambient conditions,
the 2.5% sorbitol treatment reduced CI development (Table 4) and the mangoes showed a
better visual quality (Figures S1 and S2). If the score 3 (moderate symptoms—CI = 25-50%)
is used as a shelf-life threshold, mangoes from the control treatment had a shelf-life of
21 + 5 days and 28 + 5 days when treated with 0.1 and 2.5% sorbitol (Figure 2).

Table 3. Effect of dipping ‘Palmer’ mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and storage
at 8.0 + 1.0 °C and 95 £ 0.5% RH without atmosphere modification (21 kPa O, + 0.03 kPa CO,) for
28 days on parameters fresh weight loss (FWL), chilling injury (CI), soluble solids content (5S5C),
titratable acidity (TA), ratio (SSC/TA), and pH.

Main Effect FWL (%) CI(1-4) SSC (%) TA (g kgh) SSC/TA pH
Treatments (A)

Control 0.86 2 1.302 6.49 0.2802 24.392 3.832
Sorbitol 0.1% 0.86 2 1.154 6.39 2 0.276 2 25914 3.792
Sorbitol 2.5% 0.72b 1.10@ 6.472 0.2542 23.70 @ 3.882
F test 7.63 ** 1.86 18 0.44 18 29108 1.96 1S 1.54 18
Days (B)

0 0.00¢ 1.00¢ 6.38 ab 0.255 be 25.07 P 3842
7 0.464 1.11be 6210 0.267 abe 23.74b 3872
14 0.82¢ 1.11 be 6.38 ab 0.305 2 21.70 3752
21 1.23P 1.25ab 6.54 ab 0.292 ab 23.22b 3.802
28 1.60 2 1.502 6.73 2 0.231°¢ 29.60 2 3.932
F test 220.93 ** 4,07 ** 3.59 * 7.74 %% 8.33 ** 2.001s
Interaction

T test 0.75 1S 1.50 1s 0.50 1s 3.12%* 2.86 * 0.70 1s

Means followed by the same letter within each column do not differ statistically from each other using Tukey’s test.
Non-significant interaction ("), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).
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Chilling injury development (1 - 4)

(98]
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—

—e— Control — 4 -Sorbitol 0.1% --& - Sorbitol 2.5%

0 7 14 21 28
Storage period (days)

Figure 1. Interaction between treatments and storage period for chilling injury (CI) in ‘Palmer”
mangoes (Experiment I) stored at 8.0 + 1.0 °C and 95 £ 0.5% RH without atmosphere modification
(21 kPa Oy + 0.03 kPa CO;) for 28 days, and then transferred to ambient conditions (24 4 2.0 °C and
75 £+ 2.0% RH).

Table 4. Effect of dipping ‘Palmer’ mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and storage
at 8.0 £ 1.0 °C and 95 + 0.5% RH without atmosphere modification (21 kPa O, + 0.03 kPa CO;) for
28 days on the parameters of chilling injury (CI), soluble solids content (SSC), titratable acidity (TA),
SSC/TA ratio, and pH after being transferred to ambient conditions (24 &+ 2.0 °C and 75 + 2.0% RH)
from 5 to 10 days.

Main Effects CI (1-4) SSC (%) TA (gkg™1) SSC/ITA pH
Treatments (A)

Control 1.802 14.132 0.2522 60.53 b 4002
Sorbitol 0.1% 1.702 14.052 0.209 b 73212 4042
Sorbitol 2.5% 1.652 14.29 2 0.234 b 66.64 b 4062
Test F 0.30 1 0.27 ns 452 % 7.77 0.38 s
Days (B)

0+10 1.25b 15.192 0.245 ab 62.562 3.94ab
7+5 1.33P 13.98 ab 0.197b 70.46 2 4192
14+6 1.75P 14.06 2P 0.209 b 67.302 4122
21+5 1.41°P 14.35ab 0.214b 67.052 4,09 ab
28+5 2.832 13.19b 0.2922 45.17° 3.83P
Test F 12.95 ** 5.44 ** 8.40 ** 3.171s 4.49 **
Interaction

Test F 2.46 ** 1.69 1 3.77 ** 3.81 ** 1.50m8

Means followed by the same letter within each column do not differ statistically from each other using Tukey’s test.
Non-significant interaction (™), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).
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Chilling injury incidence (1-4)

(3]

—&— Control —# Sorbitol 0.1% ==& = Sorbitol 2.5%

0+10

7+5 14+6 2145 28+5
Storage period (days)

Figure 2. Interaction between treatments and storage period for (Experiment I) stored at 8.0 1.0 °C
and 95 + 0.5% RH without atmosphere modification (21 kPa O, + 0.03 kPa CO,) for 28 days, and
then transferred to ambient conditions (24 + 2.0 °C and 75 £ 2.0% RH) from 5 to 10 days. Means
followed by double asterisks (**) are significantly different using Tukey’s test at p < 0.01.

The variable related to chilling injury lesions (CI vector) was positioned in the lower
positive quadrant of PC1, grouping with fresh weight loss (FWL), the soluble solid content
(S8C), and pulp luminosity (Lpyp), as shown in Figure 3A. Cls do not correlate with
firmness, peel and pulp chromaticity (C*pee and C*pyyp), the pulp hue angle (h®,yp), the
ratio (S§5C/TA), or the pH. The data from the treatments evaluated on the last storage days
(21 and 28 days) tended to be closer to the CI vector, while those from the control treatment,
followed by immersion in 0.1% sorbitol and the 2.5% sorbitol treatment, were distanced
more from this vector (Figure 3A).

Upon moving the fruits to ambient conditions, the CI vector was positioned in the
upper-left quadrant of PC2, grouping with pulp luminosity (Lyup), titratable acidity (TA),
and firmness, and was not associated with the SSC levels, pH, SSC/TA, peel chromaticity
(C*peet), or peel hue angle (h®peel), as shown in Figure 3A. At the beginning of the storage
period, CIs were associated with the control treatment and with the 0.1% and 2.5% sorbitol
treatments at the end of storage (21 and 28 days) (Figure 3B).
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Figure 3. Biplot of the first principal component (PC1) and the second principal component (PC2) of
‘Palmer” mango samples (Experiment I) stored at 8.0 = 1.0 °C and 95 £ 0.5% RH without atmosphere
modification (21 kPa O, + 0.03 kPa CO;) for 28 days (A) and transferred to ambient conditions
(24 £2.0°Cand 75 £ 2.0% RH) from 5 to 10 days (B). Chilling injury (CI), fresh weight loss (FWL),
luminosity (L*), hue angle (h°), chromaticity (C*), firmness, soluble solids content (S5C), titratable
acidity (TA), ratio (S5C/TA), and pH. Treatments include control, 0.1% sorbitol, and 2.5% sorbitol.

3.1.2. Cold Damage and Oxidative Metabolism

The sorbitol treatments affected the oxidative metabolism during cold storage (Table 5)
and after moving to ambient conditions (Table 6). The CI vector correlated with the
hydrogen peroxide content in the peel (H2O5pee1), especially for the samples evaluated at
the end of storage (21 and 28 days). The 0.1% and 2.5% sorbitol treatments were distanced
from the CI vector, associating with the vectors of the superoxide dismutase enzyme in the
peel and pulp (SODpee] and SODp,y1,) and the ascorbate peroxidase in the peel (APXpeer).
On the other hand, the control treatment correlated with the vectors related to the hydrogen
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peroxide content in the pulp (H2O2pup) and the PPO activity in the peel (PPOpeel), as
shown in Figure 4A.

Table 5. Effect of dipping ‘Palmer” mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and storage
at 8.0 £ 1.0 °C and 95 + 0.5% RH without atmosphere modification (21 kPa O, + 0.03 kPa CO;) for
28 days on the parameters of lipid peroxidation (LP), hydrogen peroxide content (H,O,), and the
activity of the enzymes superoxide dismutase (SOD), ascorbate peroxidase (APX), and polyphenol

oxidase (PPO).
. LP LP H,0; H,0; SOD SOD APX APX PPO PPO
Main Effects Peel Pulp Peel Pulp Peel Pulp Peel Pulp Peel Pulp

Treatments (A)

Control 2722  2028a 76.87 2 57.59 @ 129.062 204122  6465°¢  123.60P  133.132  180.132
Sorbitol 0.1% 2762  2.282 75.04 2 51.68P 120663 218502  83.82b 127873  107.08P  161.14P
Sorbitol 2.5% 2512  205P 70.57 2 4852P 129.062  227.542% 96212 134762 10053  119.17¢

Test F 227108 27%  26ENS 9.41 ** 4.63* 280M  70.62** 490 * 51.85**  56.95**
Days (B)

0 3062 2342 8.80 d 91.94b 105242 101469 411949 227412  184.02° 81.63°¢
7 233b 2212 53.14 ¢ 100932 106242  203.85¢ 96773  9737¢ 90.32¢d  151.36°
14 256P  1.87b 89.08 b 14.944 125342 296.07P 102152 84.06°9  107.83P  307.772
21 2783 2272 108912 37.63°¢ 130.582 362512  77.83°¢ 15471  10246Pc  133.20P
28 259b 2332  110.862 17.48 4 105242 119714 89.85P 80.18 d 83.274d 93.45 ¢
Test F 5.67 %  820*  284.82*  450.63* 2551  15209% 9921 *  364.92*  172.00**  289.64 **
Interaction

Test F 204M 16208 (.991Ns 1.40 1S 0.94 18 03710 14.67% 13208 5.59 ** 24.47 **

Means followed by the same letter within each column do not differ statistically from each other by Tukey’s test.
Non-significant interaction ("), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).

Table 6. Effect of dipping ‘Palmer” mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and storage
at 8.0 = 1.0 °C and 95 + 0.5% RH without atmosphere modification (21 kPa O, + 0.03 kPa CO,) for
28 days on the parameters of lipid peroxidation (LP), hydrogen peroxide content (H,O;), and the
activity of the enzymes superoxide dismutase (SOD), ascorbate peroxidase (APX), and polyphenol
oxidase (PPO) after transferring the mangoes to ambient conditions (24 4 2.0 °C and 75 + 2.0% RH)
from 5 to 10 days.

LP LP H;0; H;0; SOD SOD APX APX PPO PPO

Main Effects Peel Pulp Peel Pulp Peel Pulp Peel Pulp Peel Pulp

Treatments (A)

Control 4932 4233 104.032 41434 89.19b 181.85¢ 80.55 ¢ 27641¢ 212562  269.282
Sorbitol 0.1%  4.573b 4322 99593 373gab  gpogb 192.95P 90.17 b 32059b  183.17P 233.92°P
Sorbitol 2.5%  4.21°P 4012 95550 3571 113962 202522 110692  353.812  170.95¢ 197.12¢

Test F 488* 17908 729 % 5.15* 4545%  1543* 15949 *  25476%  5Q74**  37.95%*
Days (B)

0+10 464> 4083  8985°  63.872 57914 257262 90.37 b 374252  189.69P  150.12°¢
7+5 5.102 361P 108412 2525°¢ 162492  119.01¢  111.85P  311.69¢ 236.1112 284.722
14+6 4672 4562 90.78¢  23.75¢ 77.87 ¢ 120.19 ¢ 87.39 ¢ 263.10¢  203.12P 300592
21+5 427 3b 4512 99112 4092P  12227P  200.14P  129.062  345.08P  154.53¢ 208.38P
28 +5 418b 416 110472 3701P 71.91¢ 265.26 2 63684 290734 16153°¢ 223.38b
Test F 3.11*% 6.14%  2241%  92.83*%  26585*  436.84*  260.14*  194.87*  76.03*  64.76*
Interaction

Test F 1.65%8 0337 01208 03908 1552 % 0.81 18 1459 *  4850*  12.07*  2.0507S

Means followed by the same letter within each column do not differ statistically from each other by Tukey’s test.
Non-significant interaction (™), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).
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Figure 4. Biplot of the first principal component (PC1) and the second principal component (PC2) of
‘Palmer” mango samples (Experiment I) stored at 8.0 &= 1.0 °C and 95 + 0.5% RH without atmosphere
modification (21 kPa O, + 0.03 kPa CO;) for 28 days (A) and transferred to ambient conditions
(24 £ 2.0 °Cand 75 £ 2.0% RH) from 5 to 10 days (B). Lipid peroxidation (LP), hydrogen peroxide
(Hy0,), superoxide dismutase (SOD), ascorbate peroxidase (APX), and polyphenol oxidase (PPO).
Treatments: control, 0.1% sorbitol, and 2.5% sorbitol.

Upon being transferred to ambient conditions, the vector related to chilling injuries
(Cis) was positioned in the lower positive quadrant of PC1, grouping with the vectors of
lipid peroxidation (LPpyp) and superoxide dismutase (SODpyyp), and even more with the
data from the control treatment on evaluation days 21 + 5 and 28 + 5, which were closer to
the CI vector (Figure 4B).

3.2. Experiment II: CA—Modification of Atmospheric Gases
3.2.1. Cold Damage and Physicochemical Variables

The association of sorbitol treatments and CA resulted in fewer chilling injuries (Cls)
developing (Table 7) and a better fruit quality during cold storage compared to the control
treatment (Figure 5). However, the CI symptoms were more severe in this condition with
respect to Experiment I (Tables 3 and 4). Upon moving the fruits to ambient conditions,
the 0.1% and 2.5% sorbitol treatments reduced CI development (Table 8), and the mangoes
showed a better visual quality (Figures S3 and S4). Again, if score 3 (moderate symptoms—
CI = 25-50%) is used as the shelf-life threshold, the only treatment that reached this level
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of CI was the control and CA treatments (Figure 6). Overall, the shelf-life was 21 + 4 and
28 + 4 days for all the treatments (Figure 6).

Table 7. Effect of dipping ‘Palmer” mangoes (Experiment II) in sorbitol (0.1 and 2.5%) and storage at
4.0 £ 1.0 °C and 95 £ 0.5% RH under controlled atmosphere with modified gases (5 kPa O, + 5 kPa
COy) for 28 days on the parameters of fresh weight loss (FWL), chilling injury (CI), soluble solids
content (SSC), titratable acidity (TA), the ratio (SSC/TA), and pH.

Main Effect FWL (%) CI(1-4) SSC(%) TA (gkg') SSC/TA pH
Treatments (A)

Control 0.86 2 1.702 8912 0.435 ab 20.65 2 3.632
CA 0.772 1.60 @b 8.742 0.427 ab 20.88 ab 3.702
Sorbitol 0.1% + CA 0.76 2 1.40P 8.382 0.476 2 18.37b 3.722
Sorbitol 2.5% + CA 0.732 1.35P 8.66 2 0.418P 21.1623b 3712
Test F 1.43 18 5.24 ** 24318 3.15*% 3.06 * 1.14 18
Days (B)

0 0.00¢ 1.00°¢ 6.90 4 0.340 ¢ 21.70 @b 3812
7 0394 1.00¢ 7.88¢ 0.5212 15.37 ¢ 3.57b
14 0.76 ¢ 1.00¢ 8.42°¢ 0.452b 18.81 be 3.66 b
21 1.12° 1.68P 9.74 P 0.439b 22.414b 3.73ab
28 1.622 2874 10422 0.441b 24282 3.683b
Test F 149.57 *  102.72*  80.90 ** 15.60 ** 13.84 ** 423 #*
Interaction

Test F 0.821s 2.64 ** 2.85 ** 1.78 1 0.851s 0.43 18

Means followed by the same letter within each column do not differ statistically from each other using Tukey’s test.
Non-significant interaction ("), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).

—&— Control ---l-- Control + CA -4 Sorbitol 0.1% + CA ==&=Sorbitol 2.5% + CA

Chilling injury incidence (1-4)
)

0 7 14 21 28
Storage period (days)

Figure 5. Interaction between treatments and storage period for chilling injury (CI) in ‘Palmer’
mangoes (Experiment II) stored at 4.0 = 1.0 °C and 95 £ 0.5% RH under controlled atmosphere with
gas modification (5 kPa O, + 5 kPa CO;) for 28 days, and then transferred to ambient conditions
(24 £2.0°Cand 75 £ 2.0% RH).
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Chilling injury incidence (1-4)

Table 8. Effect of dipping ‘Palmer’ mangoes (Experiment II) in sorbitol (0.1 and 2.5%) and
storage at 4.0 &+ 1.0 °C and 95 + 0.5% RH under controlled atmosphere with modified gases
(5 kPa O, + 5 kPa COy) for 28 days on the parameters of chilling injury (CI), soluble solids content
(SSC), titratable acidity (TA), ratio (SSC/TA), and pH after being transferred to ambient conditions
(24 £2.0°Cand 75 £ 2.0% RH) from 4 to 7 days.

Main Effects CI (1-4) SSC (%) TA (gkg™1) SSC/TA pH
Treatments (A)

Control 2102 11.862 0.3512 34,072 3.992
CA 1.90ab 11.752 0.3363b 35.282 4062
Sorbitol 0.1% + CA 1.55b 11502 0.330 b 34.872 4.082
Sorbitol 2.5% + CA 150k 10.61° 0.3502 3052 4132
Test F 5.41 ** 6.63 ** 4.96 ** 7.65 ** 1.29 18
Days (B)

0+7 1.12¢ 11.40 b 0.338 b¢ 33.85b 4022
7+6 1.12°¢ 12212 0.324 ¢ 37.812 4192
14 +4 1.56 ¢ 11.41 2P 0.327°¢ 35.04 ab 4022
21 +4 2.18P 10.83 P 0.368 2 2944 ¢ 4072
28 +4 2812 11.30 3 0.353 ab 32.30 be 4032
Test F 28.09 ** 411 % 12.77 12.59 ** 1.72 18
Interaction

Test F 0.86 1 2.68 ** 3.74 ** 1.75 18 1.34 18

Means followed by the same letter within each column do not differ statistically from each other using Tukey’s
test. Non-significant interaction (), and significant interaction at p < 0.01 (**).

—e— Control

2

--M-- Control + CA — 4 Sorbitol 0.1% + CA -k -Sorbitol 2.5% + CA

0+7

7+6 14+4 21+4 28+4
Storage period (days)

Figure 6. Interaction between treatments and storage period for chilling injury (CI) in ‘Palmer’
mangoes (Experiment II) stored at 4.0 £ 1.0 °C and 95 £ 0.5% RH under controlled atmosphere with
gas modification (5 kPa O, + 5 kPa CO;) for 28 days, and then transferred to ambient conditions
(24 £2.0°C and 75 £ 2.0% RH) from 4 to 7 days. Means followed by double asterisks (**) are
significantly different using Tukey’s test at p<0.01.
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The CI vector was in the lower-right quadrant of PC1 and correlated with the FWL,
SSC, C¥peet, SSC/TA, and hue angle (h®peel) vectors, grouping with the vectors of the
control and CA treatments at both 21 and 28 days of storage (Figure 7A). The vectors of the
variables of firmness, Lyy1p, PH, h®puip, and C*pyyp were in PC2 and did not correlate with
CIs. In the ambient conditions, the CI vector positioned itself in the upper quadrant of PC1
and correlated with Lpeel, Lpuip, h®peel, and C*peel, with the vectors of the control and CA
treatments more grouped with this vector, especially on the last evaluation days (14 + 4,
21 + 4, and 28 + 4). On the other hand, the data from the 2.5% sorbitol treatment grouped
in the lower quadrant of PC1 (Figure 7B).
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Figure 7. Biplot of the first principal component (PC1) and the second principal component (PC2) of
‘Palmer’ mango samples (Experiment II) stored at 4 £+ 1.0 °C and 95 =+ 0.5% RH under controlled
atmosphere (5 kPa O, + 5 kPa COy) for 28 days (A) and transferred to ambient conditions (24 £ 2.0 °C
and 75 =+ 2.0% RH) from 4 to 7 days (B). Chilling injury (CI), fresh weight loss (FWL), luminosity (L*), hue
angle (h°), chromaticity (C*), firmness, soluble solids content (SSC), titratable acidity (TA), ratio (SSC/TA),
and pH. Treatments: negative control, positive CA, 0.1% sorbitol + CA, and 2.5% sorbitol + CA.

3.2.2. Cold Damage and Oxidative Metabolism

The sorbitol treatments affected the oxidative metabolism during cold storage (Table 9)
and after the move to ambient conditions (Table 10). The CI vector was positioned in the
upper-right quadrant of PC1, correlating with LPp, and grouping with the data from the
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negative control treatment on all the evaluated days as well as the CA and 0.1% sorbitol
treatments on day 28 (Figure 8A). On the other hand, the vectors related to the activity
of the ascorbate peroxidase enzyme (APXpee; and APX,,y;,) and superoxide dismutase
(SODpy1p) were located on the opposite side of CI, highlighting the 0.1% and 2.5% sorbitol
treatments (7 and 14 days), which grouped with the vectors of these enzymes (Figure 8A).

Table 9. Effect of dipping ‘Palmer’ mangoes (Experiment II) in sorbitol (0.1 and 2.5%) and
storage at 4.0 + 1.0 °C and 95 + 0.5% RH under controlled atmosphere with modified gases
(5 kPa O, + 5 kPa CO5) for 28 days on the parameters of lipid peroxidation (LP), hydrogen peroxide
content (H,O;), and the activity of the enzymes superoxide dismutase (SOD), ascorbate peroxidase
(APX), and polyphenol oxidase (PPO).

Main Effects LP LP H,0, H,0, SOD SOD APX APX PPO PPO
Peel Pulp Peel Pulp Peel Pulp Peel Pulp Peel Pulp

Treatments (A)

Control 2922 2272 58.452 68.712 168.40 4 363.31¢ 86.98 © 193.83 ¢ 84.942 149.18 2

CA 2762 1972 56.05 ab 53.46 182.48 378.48°¢ 99.39 b 232.09P 73.16 ° 131.22°

Sorbitol 0.1% + CA 2762 1912 52.08 P 48.18" 200.17 P 403.71b 102.88 © 238.93P 67.59 © 100.98 ©

Sorbitol 2.5% + CA 2724 1.882 50.21P 38.46 ¢ 207.86 2 4241472 112.192 267.532 61.38d 91.344

Test F 05308 2.74™ms 5.4 ** 54.63 ** 176.66 ** 27.05 ** 24.05 ** 157.39 ** 50.98 ** 275.54 **

Days (B)

0 210°¢ 1.82P 69.99 2 11.85¢ 178.66 P 646.47 2 160.552  2131.24P 134.80 2 127.04

7 245b¢  199ab 46.25¢ 54.71P 148.81 4 420.82b 79.08 4 268.812 39.30 4 119.52 ¢

14 2.66P 2432 46.77 ¢ 59.99 b 112.11°¢ 320.52¢ 124.69 P 261.822 50.98 ¢ 142.112

21 3422 1.76 P 46.36 ¢ 80.532 349.38 2 333.08 102.28 © 216.51 ¢ 47.32°¢ 94.19 ¢

28 3332 2.05 b 61.56 P 53.94b 159.67 ¢ 241.174 35.20°¢€ 186.10 4 86.43 P 108.05 4

Test F 18.12*  471*  36.18*  170.95*  3837.48**  722.86*  39441*  156.76**  637.60 ** 102.51 **

Interaction

Test F 0.59M  0.64M 1.2218 6.59 ** 65.60 ** 6.12 ** 411 29.51 ** 13.01 ** 30.02 **
Means followed by the same letter within each column do not differ statistically from each other using Tukey’s
test. Non-significant interaction (), and significant interaction at p < 0.01 (**).
Table 10. Effect of dipping ‘Palmer’ mangoes (Experiment II) in sorbitol (0.1 and 2.5%) and
storage at 4.0 = 1.0 °C and 95 £ 0.5% RH under controlled atmosphere with modified gases
(5 kPa O, + 5 kPa COy) for 28 days on the parameters of lipid peroxidation (LP), hydrogen peroxide
content (H,O;), and the activity of the enzymes superoxide dismutase (SOD), ascorbate peroxidase
(APX), and polyphenol oxidase (PPO) after being transferred to the environment (24 & 2.0 °C and
75 + 2.0% RH) from 4 to 7 days.

Main Effects LP LP H,0, H,0, SOD SOD APX APX PPO PPO

Peel Pulp Peel Pulp Peel Pulp Peel Pulp Peel Pulp

Treatments (A)

Control 4112 34142 82294 53.852 104.39 d 125.64 4 56.16 ¢ 162.154 190.58 2 119.27 4

CA 4012 3.322 71.72b 50.94 2 131.48 131.77 ¢ 65.07 174.05 © 167.62 ° 104.32°

Sorbitol 0.1% + CA 3.812 3302 66.37 © 42.66° 145.41° 141.46 ° 67.27 " 181.72° 160.28 © 99.93 b

Sorbitol 2.5% + CA  3.752 2952 58.92 ¢ 36.86 P 161.922 155.30 2 76.922 190.04 2 143.4549 90.31¢

Test F 1.04™  1.84™ 3223 % 18.74 ** 241.88 ** 86.97 ** 45.45 ** 44.85 ** 149.68 ** 50.56 **

Days (B)

0+7 3.43b 3153 718743 47.60" 69.92 ¢ 202.64 2 67.60 ¢ 185.59 b 140.00 4 57.69 4

7+6 3.58b 3.802 71.01 @b 27.92¢ 95.68 ¢ 103.92 4 86.84 2 166.61 © 180.65 ¢ 33.91°¢

14 + 4 4422 290P 77.66 2 59.88 2 241432 147.17° 75.51P 147.69 4 82.92°¢ 111.31°¢

21 +4 3420 290P 62.66 ¢ 64.252 185.57 P 103.124 51.554 178.61 ¢ 232322 128.54 P

28 + 4 4742 348  6593b¢ 27.90 ¢ 86.39 4 135.87 ¢ 50.33 4 206.15 2 191.52 b 185.912

Test F 11.35*  537%* 8.91 ** 67.64* 179624 *  690.96*  121.81*  120.85**  1005.68 **  1003.14 **

Interaction

Test F 0.14Ms 0.21s 1.041s 245* 63.20 ** 9.55 ** 3.38 ** 3.95 ** 26.77 ** 3.45 **

Means followed by the same letter within each column do not differ statistically from each other using Tukey’s test.
Non-significant interaction ("), significant interaction at p < 0.05 (*), and significant interaction at p < 0.01 (**).
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Figure 8. Biplot of the first principal component (PC1) and the second principal component (PC2) of
‘Palmer’ mango samples (Experiment II) stored at 4 + 1.0 °C and 95 £ 0.5% RH under controlled
atmosphere (5 kPa O, + 5 kPa COy) for 28 days (A) and transferred to ambient conditions (24 £ 2.0 °C
and 75 £ 2.0% RH) from 4 to 7 days (B). Lipid peroxidation (LP), hydrogen peroxide (H,O,),
superoxide dismutase (SOD), ascorbate peroxidase (APX), and polyphenol oxidase (PPO). Treatments:
negative control, CA, 0.1% sorbitol + CA, and 2.5% sorbitol + CA.

When the fruits were transferred to ambient conditions, the vector of chilling injury
(CI) was positioned in the lower-right quadrant of PC1, correlating with the activity of
the PPO enzyme in the pulp (PPOpuip), LPpeel, H2O2peel, and HyOopyp and grouping with
the data from the negative control and CA treatments on days 21 + 4 and 28 + 4, which
presented more pronounced chilling injury lesions at the end of storage compared to the
2.5% sorbitol treatment (Figure 8B).

4. Discussion
4.1. Cold Damage and Physicochemical Variables

In both the experiments, the incidence of chilling injuries (Cls) correlated with fresh
weight loss (FWL), especially in the control treatments on the last evaluation days. The same
was reported by Sanches et al. [15], who stored mangoes at 8 °C. However, those authors
reported that a 75% RH cold room provided a fresh weight loss of 18%, and even under
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those conditions, immersion in solutions containing polyols (propylene glycol, glycerol,
and sorbitol) significantly reduced the fresh weight loss to 17% [15]. This may suggest an
effect of the modified atmosphere even at reduced sorbitol concentrations (0.1%).

To verify the effectiveness of sorbitol immersion by isolating the control of fresh weight
loss on chilling injury development, we stored the fruit at 8.0 & 1.0 °C and 95 £ 0.5% RH
without gas modification (21 kPa O + 0.03 kPa CO,) for 28 days in CA chambers. This
minimized the fresh weight loss (0.78-0.89%), and the sorbitol treatments had no significant
effect. The same occurred during the storage of the fruits at 4.0 £ 1.0 °C and 95 + 0.5%
RH under a CA containing 5 kPa O; + 5 kPa CO; for 28 days, i.e., the fresh weight loss
was reduced to 0.65-0.88%. Thus, the effect of the immersion in the sorbitol-containing
solutions was not related to the reduction in fresh weight loss, as there was no significant
effect compared to the control treatments, which showed more severe chilling injury
symptoms regardless of the CA conditions.

The worsening of the chilling injury symptoms when the fruits were moved to ambient
conditions was evidenced by the darkening of the epicarp, which is usually observed
after removal from cold storage and fruits become ripe [42]. For this reason, the chilling
injuries correlated with variables such as Lpeel, h®peel, C*peet, and h®pyyp, (Tables S1-54).
However, the chilling injuries were not restricted to damage to the epicarp and led to
irregular ripening, affecting the color parameters of the pulp, the SSC, the TA, and the ratio.
The discoloration of the epicarp (peel) and irregular ripening are commonly observed in
mangoes stored at low temperatures [43].

Sanches et al. [44] have reported that a combination of immersion in solutions contain-
ing 2.5% sorbitol with storage in CA (5 kPa O; + 5 kPa CO;) has delayed mango ripening
and controlled chilling injury development. We observed that the mangoes subjected to the
0.1% and 2.5% sorbitol treatments were firmer even after being transferred to the ambient
conditions, which may have affected the ripening process. In both of our experiments,
dipping the fruit in 2.5% sorbitol reduced chilling injury incidence, and the fruits remained
firmer. Thus, maintaining firmness may be related to the control of chilling injuries. Salazar-
Salas et al. [45] observed that ‘Keitt’ mangoes dipped in hot water (HWT) showed a lower
incidence of chilling injuries and had better firmness. Thus, firmness may be indicative of
maintaining the structure of the cell wall and plasma membrane and be associated with
reduced chilling injuries.

4.2. Cold Damage and Oxidative Metabolism

Chilling injury development was related to the accumulation of malondialdehyde
(MDA) (LPpyp and LPpee), which is considered a marker of lipid membrane peroxida-
tion [46]. In PCA, it was observed that chilling injury correlated with hydrogen peroxide
content (H2Oppeet), LPpuip, LPputp, LPpeet, H2O2peel, HaO2pulp, and LPpeel, especially in the
control treatment on the last evaluation days (21, 21 + 4, 28, and 28 + 4 days), as represented
by increases in the MDA and H;O; contents.

Dipping the mangoes in sorbitol (0.1% and 2.5%) resulted in a higher activity level
of superoxide dismutase (SOD), which is considered the first enzyme to be activated in
the elimination of ROS via O, dismutation [13]. Thus, it can be inferred that the sorbitol
influenced the control of oxidative stress by increasing the SOD activity level in the fruit,
similar to other polyols [47].

Other enzymes, such as APX, CAT, and POD, are also considered important in initi-
ating plant defenses against oxidative stress. In this sense, higher activity levels of APX
enzymes can reduce hydrogen peroxide accumulation, which was observed in the fruit
treated with the sorbitol (0.1% and 2.5%) compared to the HyOspeel and HyOppyyp vectors
of the control fruit, which showed significant increases in HyO, and more severe chill-
ing injury symptoms. Pomegranates (Punica granatum L.) with chilling injury symptoms
had a higher accumulation of H,O,, which was lower in the fruits treated with arginine,
also resulting in increased activity levels of the SOD, CAT, and APX enzymes [48]. Thus,
the activation of the enzymatic defense system (SOD, APX, and CAT) is fundamental for
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reducing H,O, accumulation in plants under stress conditions [49] and, consequently,
minimizes chilling injuries in fruits stored at low temperatures, which was possible with
the immersion in 2.5% sorbitol.

The most visible symptom of chilling injuries in mangoes is the presence of dark,
sunken spots, similar to burns, associated with a higher polyphenol oxidase enzyme (PPO)
activity level [50]. In both the experiments, the PPO activity correlated with the highest
incidence of chilling injuries, especially in the control treatment of the experiment without
gas modification (21 kPa O, + 0.03 kPa COs) after the fruits were transferred to the ambient
conditions in the last days of storage (21 + 4, 28 + 4). However, the treatments with sorbitol,
especially the 2.5% treatment, significantly reduced the PPO activity. This effect was evident
when the CA (5 kPa O, + 5 kPa CO,) and 2.5% sorbitol treatment were combined, even at
lower temperatures (4.0 °C). This demonstrates a synergistic effect between CA and sorbitol
treatment in activating oxidative metabolism to control chilling injuries. However, this
combination only minimizes the chilling injuries, and further studies should be conducted
to explain which mechanisms are involved combining sorbitol and CA.

5. Conclusions

The immersion of ‘Palmer’ mangoes in sorbitol-containing solutions demonstrated
efficacy in mitigating chilling injuries under varied storage conditions, which has not
been extensively explored in the existing literature, such as differing gas compositions
(21 kPa O, + 0.03 kPa CO; and 5 kPa Oy + 5 kPa CO,) and temperatures (8 °C and 4 °C).
When the mangoes were stored under controlled atmosphere (CA) conditions with 95% RH,
it was possible to mitigate the impact of fresh weight loss and chilling injury symptom:s,
enabling the preservation of fruit quality for up to 21 + 5 days at 8 °C and to 21 + 4 days at
4°C.

The effectiveness of controlling chilling injury was attributed to the attenuation of
lipid peroxidation in the cell membranes and the activation of the antioxidant enzymes
SOD and APX in the epicarp and mesocarp, particularly in the mangoes treated with
sorbitol. Notably, the application of 2.5% sorbitol emerged as the most effective approach to
mitigating chilling injuries, sustaining the fruit quality, and enhancing oxidative metabolism
even at lower temperatures. Thus, this treatment option has established itself as a viable
strategy for chilling injury management in mangoes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /horticulturae10040354/s1, Figure S1: Epicarp chilling injury (CI)
development in ‘Palmer” mangoes (Experiment I) stored at 8.0 £ 1.0 °C and 95 + 0.5% RH without
atmosphere modification (21 kPa O, + 0.03 kPa CO,) for 28 days and then transferred to ambient
conditions (24 £ 2.0 °C and 75 + 2.0% RH) for up to 10 to 5 days; Figure S2: Mesocarp chilling
injury (CI) development in ‘Palmer” mangoes (Experiment I) stored at 8.0 + 1.0 °C and 95 £ 0.5%
RH without atmosphere modification (21 kPa O, + 0.03 kPa CO;) for 28 days and then transferred to
ambient conditions (24 & 2.0 °C and 75 £ 2.0% RH) for up to 10 to 5 days; Figure S3: Epicarp chilling
injury (CI) development in ‘Palmer” mangoes (Experiment II) stored at 4.0 £ 1.0°C and 95 £ 0.5%
RH under controlled atmosphere with gas modification (5 kPa O, + 5 kPa CO5) for 28 days and then
transferred to ambient conditions (24 £ 2.0 °C and 75 + 2.0% RH) for up to 7 to 4 days; Figure S4:
Mesocarp chilling injury (CI) development in ‘Palmer” mangoes (Experiment II) stored at 4.0 & 1.0
°C and 95 £ 0.5% RH under controlled atmosphere with gas modification (5 kPa O, + 5 kPa CO;)
for 28 days and then transferred to ambient conditions (24 £ 2.0°C and 75 + 2.0% RH) for up to 7 to
4 days. Table S1: Effect of dipping ‘Palmer” mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and
storage at 8.0 £ 1.0 °C and 95 £ 0.5% RH RH without atmosphere modification (21 kPa O, + 0.03 kPa
CO,) for 28 days on firmness, luminosity, hue angle, and chromaticity parameters; Table S2: Effect of
dipping ‘Palmer’ mangoes (Experiment I) in sorbitol (0.1 and 2.5%) and storage at 8.0 + 1.0 °C and
95 + 0.5% RH RH without atmosphere modification (21 kPa O, + 0.03 kPa CO,) for 28 days on the
parameters of firmness, luminosity, hue angle, and chromaticity after transfer to ambient conditions
(24 £2.0°C and 75 =+ 2.0% RH) for up to 10 to 7 days. Table S3: Effect of dipping ‘Palmer’ mangoes
(Experiment II) in sorbitol (0.1 and 2.5%) and storage at 4.0 £ 1.0 °C and 95 £ 0.5% RH under
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controlled atmosphere with modification of gases (5 kPa O, + 5 kPa CO,) for 28 days on firmness,
luminosity, hue angle, and chromaticity. Table S4: Effect of dipping ‘Palmer’ mangoes (Experiment II)
in sorbitol (0.1 and 2.5%) and storage at 4.0 £ 1.0 °C and 95 £ 0.5% RH under controlled atmosphere
with modified gases (5 kPa O, + 5 kPa CO,) for 28 days on the parameters of firmness, luminosity,
hue angle, and chromaticity after transfer to ambient conditions (24 £ 2.0 °C and 75 £ 2.0% RH) for
up to 7 to 4 days.
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ARTICLE INFO ABSTRACT

Keywords: Considering the susceptibility of mangoes to chilling injury (CI) during storage at low temperatures (<13 °C), the
Mangifera indica L. objective of this study was to evaluate the use of polyols to alleviate the damage caused by CI, and to verify the
Glycerol effect of these additives on the quality and oxidative metabolism of ‘Palmer’ mangoes stored at 8.0 °C for 28 days
lsbg(;giflne glycol with subsequent transfer to ambient conditions (23 °C). Therefore, physiologically mature ‘Palmer’ mangoes

were harvested and immersed in solutions containing propylene glycol, sorbitol, and glycerol (concentrations,
0.1%, 0.5%, and 2.5%, respectively for 1 h). The fruits were stored at 8 + 1.0 °C for 28 days and transferred to
ambient temperature (23 £ 2.0 °C) every 7 days to evaluate the development of CI, modification of physico-
chemical parameters, and oxidative metabolism. The symptoms of CI were minimized during cold storage,
mainly when the mangoes were treated with sorbitol solutions. Fruits treated with polyols were firmer and
showed less fresh weight loss and browning (luminosity), higher titratable acidity, and soluble solids content
than the controls. The epicarp (peel) and mesocarp (pulp) of fruits treated with 2.5% sorbitol exhibited lower
accumulation of H303 and polyphenol oxidase (PPO) activity, higher membrane integrity (malondialdehyde —
MDA), and higher activities of superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX);
further, sorbitol treatment preserved the ascorbate content in these tissues compared to other treatments. Thus,
immersion of mangoes in sorbitol can serve as an alternate strategy to alleviate CI during cold storage.

Oxidative metabolism

2000), and salicylic acid (Ding et al., 2007) have been reported to
alleviate the development of CI in mangoes during cold storage

1. Introduction

Chilling injury (CI) is a physiological disorder that affects fruits and
vegetables stored below a critical threshold temperature and above the
freezing point (Purvis, 2004). Mangoes (Mangifera indica L.) are
economically important fruits, but their sensitivity to CI when stored at
temperatures below 13 °C (Ayele et al., 2017; Mitra & Baldwin, 1997)
limits their storage potential for long periods because of the develop-
ment of black spots, pitting, and sunken lesions on the epicarp (Nair
et al., 2003; Sivankalyani et al., 2016), abnormal ripening (peel and
pulp), and increased susceptibility to post-harvest decay, especially
when transferred from low temperatures to ambient conditions (Nair &
Singh, 2009).

Natural products such as methyl jasmonate (Gonzalez-Aguilar et al.,

* Corresponding author.
E-mail address: gustavo.teixeira@unesp.br (G.H.A. Teixeira).

https://doi.org/10.1016/j.foodcont.2021.108248

(<13 °C). However, the results only showed retardation in the onset of
CI symptoms. Thus, a possible alternative to prevent or alleviate this
physiological disorder would be the use of polyols, which are commonly
used additives in the food industry (Alvarez et al., 2011; Liu et al., 2014;
Murthy et al., 2017).

Polyols or polyhydric alcohols are used for controlling viscosity and
texture, adding bulk, retaining moisture, reducing water activity, and as
humectant, emulsifier, and osmoprotective agents (Linday, 2008). Pol-
yols also have the ability to penetrate cells, leading to a reduction in the
freezing temperature inside them and preventing the formation of ice
crystals (Elliott et al., 2017; MacDonald & Lanier, 1997). Polyols such as
glycerol, propylene glycol, and sorbitol are classified as generally
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recognized as safe (GRAS) additives (Codex Alimentarius, 2019; FDA,
2016) and have been used in many frozen products (Bikaki et al., 2013;
Chikalikar et al., 2000; Temkov et al., 2015; Velickova et al., 2013).
However, to our knowledge, no studies have been conducted regarding
the use of these compounds during the cold storage of fresh fruits to
control CL

Polyols can bind water and decrease the dielectric constant even at
temperatures above freezing (Shirgire et al., 2012). Therefore, these
additives are osmoprotective agents that have been related to CI toler-
ance (Bustamante et al., 2016), contributing to membrane stabilization
and structural damage avoidance (Thomashow, 1999). It is important to
state the relationship between molecular mobility and stability of foods.
As food is cooled, molecular mobility decreases, and at some point, the
mobility of large molecules is so constrained that their diffusion is highly
restricted and the processes depending on their mobility slow down
markedly (Reid & Fennema, 2008). This phenomenon increases the
production of reactive oxygen species (ROS) and causes membrane
damage, and is particularly important in mangoes, as it is a tropical fruit,
and cold-stress-induced ROS ultimately react with the monounsaturated
and polyunsaturated fatty acids present in the cell membrane, leading to
lipid peroxidation (Vega-Alvarez et al., 2020).

Thus, considering the CI susceptibility of mangoes during storage at
low temperatures (<13 °C), the objective of this study was to evaluate
the use of polyols (glycerol, propylene glycol, and sorbitol) to alleviate
the damage caused by CI, and to verify the effect of these additives on
the quality and oxidative metabolism of ‘Palmer’ mangoes stored at
8.0 °C for 28 days, with subsequent transfer to ambient conditions
(23 °0).

2. Material and methods
2.1. Plant material

Mango (Mangifera indica L.) fruits of the ‘Palmer’ cultivar were ob-
tained from a commercial orchard located at Taquaritinga (21° 24’ 23"
South, 48° 30’ 20” West, 579 m altitude), Sao Paulo, Brazil. Fruits were
harvested at maturity stage 2 based on the epicarp color chart proposed
by Trindade et al. (2015), which represents the physiological maturity
stage. Further, the fruits were selected considering uniform size absence
of mechanical or physiological damage, and/or absence of pests and
diseases. Dry matter content of 15 + 1% was determined in a batch of 20
fruits.

2.2. Polyol treatments

Mangoes were washed with neutral detergent (Ype Clear, Sao Paulo,
Brazil) and rinsed in running water prior to treatment with polyols. The
fruits were immersed in distilled water (control) and in three different
polyol solutions containing glycerol (Mendel, Sao Paulo, Brazil), pro-
pylene glycol (Mendel, Sao Paulo, Brazil), and sorbitol (Sigma-Aldrich,
St. Louis, USA), respectively at 5 °C for 60 min at three concentrations, i.
e., 0.1% (v/v), 0.5% (v/v), and 2.5% (v/v). These concentrations were
chosen based on the Codex Alimentarius recommendation for fresh fruit
consumption (Codex Alimentarius, 2019). Notably, Codex Alimentarius
recommends a maximum dose of 0.1% of these products for the con-
sumption of fresh fruits (Codex Alimentarius, 2019); however, we tested
this concentration as well as higher doses. After immersion in these
solutions, the fruits were transferred to a cold room at 8.0 4= 1.0 °C and
75 + 3.0% RH and stored for 28 days. At 7-day intervals, the fruits were
transferred to the ambient environment (23 + 2.0 °C and 65 + 4.0% RH)
to determine the development of injuries caused by low-temperature
storage (CI), in addition to the physicochemical and oxidative meta-
bolism parameters.

The experiment was set with a completely randomized design (DIC)
in a factorial arrangement of 3 (polyols: glycerol, propylene glycol, and
sorbitol) x 3 (concentrations: 0.1, 0.5, and 2.5%) x 5 (storage period: O,

Food Control 129 (2021) 108248

7,14, 21, and 28 days) + 1 (control), with five repetitions of one fruit for
each condition. A total of 500 fruits were used in this study.

2.3. Fruit quality evaluations
Fruit quality was assessed by determining the following parameters:

2.3.1. Chilling injury severity - CI

The CI symptoms (black spots, depressions, and sunken lesions in the
epicarp) were recorded visually using the scale proposed by Miguel et al.
(2011), with some modifications as follows: 1 = no visible symptoms (CI
= 0%); 2 = mild symptoms (CI = 2-5%); 3 = moderate symptoms (CI =
25-50%); and 4 = severe symptoms (CI=> 50%).

2.3.2. Fresh weight loss (FWL)

This was calculated according to the variation of fruit mass at
different storage periods by weighing the mangoes on a semi-analytical
balance with an accuracy of 0.01 g (Mars, model AS 2000; Sao Paulo,
Brazil). The results were expressed as percentages (%).

2.3.3. Color

The color of the epicarp (peel) was determined using a colorimeter
(CR-400, Minolta, Osaka, Japan), and was recorded as L*, a*, and b*.
These values were transformed into chromaticity and hue angles, as
described by McGuire (1992).

2.3.4. Firmness

For this evaluation, the epicarp was removed and fruit firmness was
measured on two opposite sides of five replicate fruits using a textur-
ometer (Effegi Fruit Tester, Italy) equipped with an 8 mm tip. The results
were expressed in Newtons (N) as described by Watkins and Harman
(1981).

2.3.5. Physicochemical analysis

The soluble solid content (SSC) of the liquid obtained by pressing 10
g of pulp was determined using a digital refractometer (Alpha, Atago
Co., Ltd, Japan) and the results expressed as °Brix. Titratable acidity
(TA) was determined by titrating 10 g of pulp with 0.1 N NaOH, using
0.1% phenolphthalein as an indicator. The results were expressed as
equivalent grams of citric acid in 100 g of pulp. The ratio was calculated
using the SSC/TA. The pH of the samples was measured using a pH
meter (Thermo Scientific, Orion 3 Star, USA) directly on the fruit pulp.
The ascorbic acid (AsA) content was determined by titrating a 10 mL
aliquot of the extract with 2,6-dichlorophenolindophenol. The results
were expressed as mg 100 g’1 (AOAC, 2016).

2.4. Oxidative metabolism determinations

2.4.1. Sample preparation

From each of the 500 fruits, 10 g of epicarp (peel) and mesocarp
(pulp) were frozen using liquid nitrogen and stored at —20 °C. The
epicarp was removed using a potato peeler, and the mesocarp was
immediately (2 cm) was cut with a sharp knife. These samples were
ground using a ceramic mortar and pestle using liquid nitrogen to obtain
a fine powder for oxidative metabolism analysis. The samples were
prepared in triplicate.

2.4.2. Lipid peroxidation

Peel (0.3 g) and pulp (0.4 g) samples were homogenized with 2 mL of
0.1% (w/v) trichloroacetic acid (TCA) and 20% polyvinylpyrrolidone
(PVPP) and were centrifuged (Thermo Scientific, ST16-R, USA) at
15,000 x g for 15 min at 4 °C. To the supernatant (250 pL), 1 mL of a
solution containing 20% TCA (w/v) and 0.5% thiobarbituric acid (TBA)
(w/v) was added, followed by incubation in a water bath at 95 °C for 30
min. The readings were obtained using a spectrophotometer (Shimadzu,
UV-1280, Japan) at 535 and 600 nm. The malondialdehyde
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concentration equivalent (MDA) was calculated using the molar
extinction coefficient of 155 mM cm ™, and the results were expressed as
nmol of MDA g’1 of fresh weight mass (Gratao et al., 2012).

2.4.3. Hydrogen peroxide (H202)

H50, content was determined as described by Alexieva et al. (2001).
Peel (0.5 g) and pulp (1.0 g) samples were homogenized in 0.1% tri-
chloroacetic acid at 4 °C and centrifuged at 10,000 x g for 15 min. Then,
200 pL of the supernatant was mixed with 200 pL of 100 mM potassium
phosphate buffer (pH 7.5) and 800 pL of 1 M potassium iodide (KI).
H20; content was determined using a standard curve at 390 nm, and the
results were expressed as pmol HoO» mg ™! of fresh weight mass.

2.4.4. Enzyme activities

The enzymes superoxide dismutase (SOD, EC 1.15.1.1), catalase
(CAT, EC 1.11.1.6), and ascorbate peroxidase (APX, EC 1.11.1.1) were
extracted as described by Boaretto et al. (2014), using 3.0 g of peel and
1.0 g of pulp. These samples were macerated in 100 mM potassium
phosphate buffer (pH 7.5) containing 1 mM ethylenediaminetetraacetic
acid (EDTA), 3 mM DL-dithiothreitol, and 5% polyvinylpolypyrrolidone
(w/v). The homogenate was filtered through a fine nylon mesh and
centrifuged at 10,000 x g for 30 min. The supernatant was used as an
extract to determine the following enzymes:

2.4.5. Superoxide dismutase (SOD)

The activity of this enzyme was determined according to the method
described by Rendon et al. (2013). The reaction mixture (1.0 mL) con-
tained 50 mM sodium phosphate (pH 7.8), methionine (13 mM), NBT
(75 mM), EDTA (0.1 mM), and riboflavin (2 pM), and 50 pL of the
extract. After 15 min of reaction in a chamber under light, absorbance
was measured at 560 nm using a spectrophotometer (Shimadzu,
UV-1280, Japan), and the results were expressed as UAE SOD mg ™! of
protein.

2.4.6. Catalase (CAT)

CAT activity was measured as per the methodology described by
Nogueirol et al. (2015). The reaction medium comprised 1.0 mL of 100
mM potassium phosphate buffer (pH 7.5), 25 pL of 1 mM H0,, and 25
pL of the extract. The degradation of HyO5 was monitored and quantified
using the molar extinction coefficient (36 mM ! em™1) at 420 nm. The
results were expressed as pmol HoO» min~! mg™! of protein.

2.4.7. Ascorbate peroxidase (APX)

APX activity was determined by reacting 750 pL of 80 mM potassium
phosphate buffer (pH 7.0) containing EDTA (1 mM), 100 pL of ascorbic
acid (5 mM), 100 pL of 1 mM H30,, and 20 pL of the extract. Enzyme
activity was determined by monitoring ascorbate oxidation at 290 nm.
The activity results were expressed as pmol HyOy mg ™! min~! of protein
using the molar extinction coefficient of ascorbate (2.8 mM ' em! )
(Nakano & Asada, 1981).

2.4.8. Polyphenoloxidase (PPO)

For determining PPO (EC1. 14.18.1) activity, it was necessary to
carry out a different extraction following the method described by Sojo
et al. (1998). Briefly, 0.5 g of peel and 1.0 g of pulp were homogenized
with 0.1 M potassium phosphate buffer (pH 6.1) containing 4% (v/v)
Triton X-100, and 0.02 g of polyvinylpolypyrrolidone (PVPP). The re-
action medium comprised 1.85 mL of 100 mM potassium phosphate
buffer (pH 6.0), 30 pL of 0.1 M pyrocatechol, and 300 pL of the extract.
After incubation at 30 °C for 30 min, absorbance was measured at 395
nm and the results were expressed as UEA min~' mg~! of protein
(Robinson, 1987, p. 320).

2.4.9. Protein determination
The total soluble protein content in the peel and pulp was deter-
mined following the method described by Bradford (1976) using bovine
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serum albumin as the standard.
2.5. Statistical analysis

The data were subjected to analysis of variance (ANOVA) using R
software, and the means were compared using Tukey’s test at a signif-
icance level of 0.05%. The effect of polyol concentration, when signifi-
cant (P < 0.05), was subjected to polynomial regression analysis (R Core
Team, 2020).

3. Results
3.1. Polyol treatments

With respect to chilling injury (CI) symptoms, no significant effect (P
> 0.05) of polyol concentration (0.1, 0.5, and 2.5%) was observed
during cold storage; however, there was a significant interaction (P <
0.05) between polyols and the storage period (Fig. 1).

During cold storage, fruits treated with polyols showed less severity
of the damage caused by CI compared to the control (Fig. 1A). The CI
lesions became visible only after 14 days of cold storage and were less
severe in fruits treated with sorbitol compared to other polyols (Figs. 1A
and 28S). After 21 days, this treatment still showed less severe lesions, but
without significant differences from the fruit treated with glycerol.
Propylene glycol alleviated the CI symptoms in relation to the control
fruit, which were the most affected (Fig. 1A). However, on the last day of
cold storage (28 days), no differences were observed between the pol-
yols, though they reduced the severity of CI symptoms in relation to the
control (Fig. 1A).

When the fruit were transferred to ambient temperature (23 °C), CI
damage began to be observed after 7 days of storage at 8.0 °C, but no
difference was observed between the treatments (Figs. 1B and 2S).
However, after 14 and 21 days of cold storage and subsequent transfer to
ambient conditions, the fruit treated with polyols showed less severity of
CI damage compared to the control (Fig. 1B). In the last transfer (28 4+ 7
days), no further effect of polyols was observed compared to the control
fruit (Fig. 1B).

CI damage affected the color of the fruit, mainly the luminosity (L*),
with a significant interaction (P < 0.05) between polyols and the storage
period, both when refrigerated (Table 1S) and after transfer to ambient
conditions (Table 2S). During cold storage, reductions in L* values were
observed, which were associated with epicarp browning, especially in
the final third of the storage period (21 and 28 days), when the control
fruit showed lower L* values compared to those treated with polyols
(Fig. 2A). Similar results were found when the fruits were transferred to
ambient conditions (Fig. 2B). Chromaticity and hue angle (°h) were not
affected by any factor when the fruits were subjected to cold storage
(Table 18); however, after transfer to ambient conditions, a significant
effect of the storage period was observed, along with a consequent in-
crease in the values of these two parameters (Table 2S).

Regarding changes in other quality parameters during cold storage,
no significant effect (P > 0.05) of the polyol levels was observed
(Table 1S). However, there was a significant interaction (P < 0.05) be-
tween polyols and storage period for fresh weight loss (Fig. 3), firmness
(Fig. 4), titratable acidity (Fig. 5), and the ratio of SSC to TA (Fig. 6). SSC
was affected by polyol treatments, as well as by the storage period,
which resulted in increased SSC during cold storage (Table 1S). pH was
not affected by any of these factors (Table 1S). After transfer to ambient
conditions, it was possible to observe the effect of polyols on SSC, with
the control fruit showing lower SSC in relation to those treated with
propylene glycol and sorbitol (Table 2S). Likewise, SSC was increased in
different samples and reached an average value of 14.96 + 0.37°Brix
(Table 2S). The pH values were also affected by the storage period and
increased over time (Table 2S).
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3.2. Oxidative metabolism

Significant increases (P < 0.05) in malondialdehyde (MDA) were
observed in the epicarp (peel) and mesocarp (pulp) of the fruit during
cold storage and after transfer to ambient conditions. However, sorbitol
treatment significantly decreased (P < 0.05) the degree of lipid perox-
idation of the membrane in the peel of fruit stored at 8.0 °C for 28 days
(3.66 + 0.11 nMol MDA g’l) and until the fourth transfer to 23 °C (21 +
7 days) (4.85 + 0.25 nMol MDA g’l) (Figs. 7 and 8A). Similarly, sorbitol
reduced the MDA in pulp during cold storage (3.01 + 0.13 nMol MDA
g’l) and after 14 + 7 days at ambient conditions (2.61 + 0.21 nMol
MDA g’l) in relation to the other treatments (Figs. 9 and 10A). The
sorbitol concentration of 2.5% resulted in peel (Fig. 9) and pulp
(Fig. 10A) with lower lipid peroxidation (P < 0.05), regardless of storage
conditions (Table 48S).

Immersion of mangoes in sorbitol resulted in lower levels (P < 0.05)
of hydrogen peroxide (H2053) in the peel (72.51 + 2.18 pmol Hy02 mg’l)
and pulp (17.23 + 0.27 pmol Hy05 mg 1) during cold storage in relation
to the other treatments, Tables 3S and 5S A similar result was observed

after transferring the fruit to ambient conditions. The Hy05 levels were
lower until the fourth (21 + 7 days) and third transfer (14 + 7 days) in
the peel (288.95 + 31.80 pmol Hy0, rng’l) and pulp (49.98 + 3.19 pmol
H,0, mg™!) (Figs. 8B and 10C), respectively. Regarding the peel, the
concentration of 2.5% for both sorbitol (62.84 = 3.81 pmol Hy05 mg™!)
and propylene glycol (67.07 + 2.06 pmol Hy0, mg 1) resulted in less
accumulation of HyO (P < 0.01) (Fig. 7B) under refrigeration. However,
when the fruit were transferred to ambient conditions (23 °C) the HyO,
level was lower (P < 0.05) only in mangoes treated with sorbitol
(197.52 + 3.69 pmol Hy09 mg_l) (Table 48S). In the pulp, there was no
significant effect (P > 0.05) of polyol concentration on the HyO5 content,
regardless of storage temperature (Tables 5S and 6S).

Despite the reduction in its content during storage, the AsA levels
remained significantly higher (P < 0.05) in the peel of the fruit treated
with sorbitol (31.03 + 1.27 mg 100 g~1) and propylene glycol (30.43 +
1.81 mg 100 g~ 1) during cold storage (Table 3S) and after transfer to
ambient conditions, but here, only sorbitol maintained the highest
content of AsA (19.02 + 1.68 mg 100 g’l) in relation to the other
treatments (Table 4S). In the ambient condition, the highest levels of
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AsA (P < 0.05) were observed in the pulp of fruit treated with sorbitol
(43.34 + 1.69 mg 100 g~1) and glycerol (41.24 + 1.17 mg 100 g~1)
(Table 6S). There was a significant difference in the AsA concentrations
(P < 0.05) only in the pulp of fruit under refrigeration and in response to
treatment with 0.5% and 2.5% polyols (Table 5S).

During cold storage, superoxide dismutase (SOD) activity increased
from day zero (72.86 + 3.35 UAE SOD mg’l) to day 14 (85.72 + 2.86
UAE SOD mg’l), with a subsequent reduction in activity (P < 0.01).
Further, greater SOD activity (p < 0.01) was observed in the peel of the
fruit treated with sorbitol (83.07 + 2.64 UAE SOD mg™!) and glycerol
(81.25 + 3.35 UAE SOD mg ™) in relation to propylene glycol and the
control treatments, (79.87 + 2.06 and 78.44 + 2.23 UAE SOD mg_l,
respectively) (Table 3S). Further, a significant effect (P < 0.05) of the
treatment with sorbitol (31.10 + 1.08 UAE SOD mg’l) was observed
compared to the other treatments (mean 27.79 + 0.98 UAE SOD mg’l)
in the pulp (Table 5S). After transfer to ambient conditions, SOD activity
remained higher (P < 0.05) in the peel (14 + 7 days) and pulp (21 + 7

days) when mangoes were treated with sorbitol (129.19 + 5.84 and
49.23 + 1.23 UAE SOD mg’l, respectively) (Figs. 8C and 10D). The
concentration of the polyol also increased the SOD activity in the pulp
(Tables 5S and 6S) and the peel (Table 3S), mainly in mangoes treated
with 2.5% sorbitol solution (122.34 + 2.95 UAE SOD mg_l) and pro-
pylene glycol (117.46 + 2.83 UAE SOD mg™!) (Fig. 8D).

The catalase (CAT) activity in the peel of fruit treated with polyols
was not significantly affected (P > 0.05) during cold storage, but sig-
nificant increase (P < 0.05) was observed between day 0 (327.77 +
13.08 pmol Hy0, min ! mg™1) and day 14 (406.32 + 12.19 pmol H,0,
min~! mg’l) (Table 3S). After the increase in CAT activity up to 14 + 7
days in the ambient environment, the activity of this enzyme remained
significantly higher (P < 0.05) in fruits treated with sorbitol (990.29 +
39.18 pmol H0, min~? mg’l) until the fourth transfer to ambient
conditions (21 + 7 days) in relation to the other polyols (average of
824.89 + 38.09 pmol H,0, min~! mg™!) (Fig. 8E). During cold storage,
the pulp of fruit treated with sorbitol had a higher CAT activity (253.77
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+ 7.28 pmol Hy05 min~! mg™!) (Fig. 9C) and the same trend was
observed for up to the 21 + 7 days of transfer to ambient conditions
(182.98 £ 6.23 pmol Hp0, min~? mg’l) (Fig. 10E). Regarding the peel,
the concentrations of 0.5% and 2.5% resulted in higher CAT activities,
especially when transferred to ambient conditions (Table 3S). Polyol
solutions containing 0.5% glycerol (901.58 + 12.19 pmol H,0, min?
mg 1) and propylene glycol (912.80 =+ 35.13 pmol HyOy min~! mg™1),
and 2.5% sorbitol (947.17 + 32.45 pmol HyOy min~! mg™!) showed
greater CAT activities (Fig. 8F). However, a significant effect (P < 0.05)
was observed only after the fruit was transferred to ambient conditions,
and the highest CAT activity was observed in the pulp of fruit treated
with 2.5% sorbitol (176.90 + 11.95 pmol Hy0, min~! mg™!) (Fig. 10F).

During cold storage, ascorbate peroxidase (APX) activity in the peel
remained significantly high (P < 0.05) when mangoes were treated with
sorbitol (31.82 + 0.51 pmol HyOp min~! mg™!) (Fig. 7C). Similarly, a
higher APX activity (36.98 + 1.23 pmol HyOp min~' mg™1) was
observed after transfer to ambient condition (14 + 7 days) (Fig. 8G), and
the concentration of 2.5% resulted in increased APX activity (Table 3S
and Fig. 8H). Regarding the pulp, the greatest APX activity was observed
when the fruit were treated with sorbitol (12.48 + 0.46 pmol Hy0
min ! mg™1) and glycerol (10.23 + 0.32 pmol Hy0, min ! mg ™) under

refrigeration (Fig. 9D) and after transfer to ambient condition (8.79 +
0.87 and 9.01 + 0.58 pmol HyO, min~! mg™?) (Table 6S).

Despite the increase (P < 0.05) in polyphenoloxidase (PPO) activity
during cold storage and after transfer to ambient condition, the PPO
activity was significantly lower (P < 0.01) in the peel of fruit treated
with sorbitol for up to 21 days under refrigeration (309.27 + 18.69 UAE
min~! mg’l) (Fig. 7D) and, when transferred to ambient conditions
(502.51 + 13.51 UAE min~! mg’l) in relation to the other treatments
(Table 48). In contrast, the PPO activity in the pulp was higher (163.89
+ 4.07 UAE min~! mg™!) when the fruit were treated with propylene
glycol (Table 5S). At ambient temperature, there was no effect on PPO
activity (P > 0.05) between the polyol solutions and control treatment
(Table 6S). Regardless of the storage condition, the concentrations of
0.5% (299.00 + 10.27 UAE min~! mgfl) and 2.5% (510.62 + 11.18
UAE min~! mg™?) resulted in lower PPO activity in the peel compared to
0.1%, with 306.41 + 10.05 and 527.90 + 15.68 UAE min ' mg~?,
respectively (Tables 3S and 4S). Regarding the pulp, the lowest PPO
activity was observed at a concentration of 2.5% during cold storage
(Table 5S) and when fruits were transferred to ambient conditions
(Table 6S).
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4. Discussion
4.1. Polyol treatment

Chilling injury (CI) lesions develop in ‘Palmer’ mangoes when the
fruits are stored at temperatures below 13 °C (Chaplin, 1991; Miguel
et al., 2013). Thus, during storage at 8.0 £+ 1.0 °C the fruit were sub-
jected to temperatures that led to CI development after 7 days (Fig. 1A).
However, the CI symptoms were less intense in fruits treated with so-
lutions containing polyols (Fig. 1A and B). The alleviation of CI by
polyols might be due to their osmoprotective effect (Bustamante et al.,
2016; Linday, 2008), which contributes to membrane stabilization and
prevents structural damage (Thomashow, 1999). Likewise, polyols
maintain cytoplasmic movement (Fuller, 2004), which reduces the
accumulation of compounds that can lead to CI development.

One of the main symptoms of CI is epicarp browning with the
development of black spots, pitting, and sunken lesions (Nair et al.,
2003). These symptoms are associated with a decrease in the luminosity
(L*) of the epidermis during the cold storage of ‘Palmer’ mangoes
(Miguel et al., 2013) and ‘Tommy Atkins’ (Miguel et al., 2016). There-
fore, maintenance of higher L* values in fruit treated with polyols (with
respect to the control fruit) indicated the protective action of these
compounds in alleviating the cumulative effect of CI, both during cold
storage and at ambient conditions (Fig. 2A and B). However, the
mangoes did not develop the typical yellow-reddish color of ripe
‘Palmer’ mangoes (Table 1S), possibly due to the combined effect of
maturity stage (stage 2) and low storage temperature (8 °C). These ef-
fects may have affected the activity of enzymes involved in chlorophyll
degradation and carotenoid synthesis. Abnormal ripening has also been
reported by Ambuko et al. (2018) in ‘Apple’ mangoes and by Wanna-
bussapawich and Seraypheap (2018) in ‘Nam Dok Mai No.4’ mangoes.

Further, when fruits were transferred to ambient temperature (23 °C),
some changes in the color parameters were observed after 14 days of
storage, but without significant differences (Table 2S). These results
might be related to the period of exposure to low temperature and the
development of CI, even in fruits treated with polyols.

Another positive effect of polyols in controlling CI may be related to
the decrease in fresh weight loss during cold storage, especially after 14
days (Fig. 3). According to MacDonald and Lanier (1997), food preser-
vation is related to the stability of cellular structure and control of water
movement to avoid collapse at low temperatures, which may justify
these results. Likewise, firmer fruit when treated with solutions con-
taining polyols during cold storage (Fig. 4A and B) demonstrated that
these compounds also delayed secondary responses such as the loss of
membrane integrity, which is a characteristic symptom of cold stress
(Lyons & Raison, 1970; Raison & Orr, 1990) and is associated with loss
of firmness. Similarly, higher SSC was observed in fruits treated with
polyol solutions (Table 1S), which can be related to their role in
reducing the freezing temperature (MacDonald & Lanier, 1997), thus
allowing ethylene biosynthesis and activation of sugar metabolism
(Sivankalyani et al., 2016), making them more tolerant to CI as ripe
mangoes are more resistant to CI due to their higher sugar concentration
(Patil et al., 2019) compared to immature fruit (Medlicott, 1990; Zhao
et al., 2009).

Polyols also affected the titratable acidity (TA), especially after 14
days of cold storage (Fig. 5A) and up to the fourth transfer to ambient
conditions (21 + 7) (Fig. 5B), when an increase in TA was observed in
relation to the control fruit. This suggests that fruit treated with polyols
have less irregular and slow ripening as TA normally reduces during
mango ripening (Mitra & Baldwin, 1997). In this respect, reduction in
the SSC/TA ratio from 21 days of cold storage (Fig. 6A and B) was
related to the increase in SSC (Tables 1s and 2s) and maintenance of TA,
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even though mangoes treated with polyols presented higher SSC/TA
ratios (Fig. 6A and B).

4.2. Oxidative metabolism

The main effect of polyols in alleviating the development of CI
symptoms is related to oxidative metabolism. During cold storage, a 3.5-
and 2.5-fold increase was observed in the malondialdehyde (MDA)
content of the peel and pulp, respectively. These increases indicated that
lipid peroxidation occurred during storage, which was associated with
increasing levels of hydrogen peroxide (Hy03) in the peel
(59.17-414.44 pmol H,0, mg™1) and pulp (19.30-94.33 pmol Hy0,
mg’l), irrespective of the storage temperature (Tables 3S, 4S, 5S, and
6S). MDA is a product of lipid peroxidation and an indicator of the
structural integrity of cell membranes (Khaliq et al., 2016). Therefore,
accumulation of reactive oxygen species (ROS) during storage promoted
lipid degradation in the membranes and consequently increased the
MDA levels.

As CI developed only after 7 days of storage (Fig. 1A and B), oxida-
tive stress caused by HyO, accumulation may be an early response of
‘Palmer’ mangoes to this physiological disorder, as low ROS concen-
trations act as signaling molecules (Halliwel, 2006). A correlation be-
tween the increase in the MDA content and H,O5 was also associated
with CI development during the cold storage of ‘Guifei’ (Zhang et al.,
2017), ‘Cogshall’ (Rosalie et al., 2018), and ‘Keitt’ mangoes (Patil et al.,
2019). Therefore, lower accumulation of MDA and H»05 in the peel and
pulp of fruit treated with sorbitol suggests a reduction in oxidative
damage and thus, better integrity of the cell membrane during the
storage period (Tables 3S, 4S, 55, and 6S).

Polyols are also involved in non-enzymatic antioxidants (ascorbate
content) and enzymatic (SOD, CAT, and APX) defense systems, which

mainly act by eliminating ROS accumulation in the cellular environment
(Halliwel, 2006). Reports involving CI in mangoes have demonstrated a
positive relationship between antioxidant defense mechanisms and cold
tolerance (Jiang et al., 2015; Ren et al., 2017; Sudheeran et al., 2018;
Tarabih, 2020). Regarding the non-enzymatic antioxidant defense sys-
tem, an association between increased oxidative stress (MDA and H505)
and reduction in AsA content was observed during storage (Tables 3S,
4S8, 58, and 6S). This demonstrates the role of AsA in ROS detoxification,
either through electron donation or as a cofactor for the activity of
peroxidase enzymes, especially APXs (Akran et al., 2017). Overall, the
greatest decline in AsA content of the peel and pulp occurred when the
fruits were transferred to ambient conditions (63.76 and 45.56%) in
relation to cold storage (40.75% and 25.40%), respectively. These re-
sults occurred due to the intensification of CI lesions when the fruits
were exposed to ambient temperature (Fig. 1B) and to the ripening
process itself, resulting in greater oxidative stress where AsA is required
more. Thus, the highest levels of AsA observed in the peel (Tables 3S and
48) and pulp (Tables 55 and 6S) of mangoes treated with sorbitol
demonstrate that this polyol alleviates the stress associated with low
temperatures.

Regarding the enzymatic defense system, Wannabussapawich and
Seraypheap (2018) reported that oxidative stress reduces the activity of
enzymes associated with ROS accumulation. This justifies the increase
and reduction in SOD, CAT, and APX activities due to the lesser/greater
accumulation of HyO» at the beginning and end of the storage period,
respectively (Tables 3S, 45, 58, and 65).

SOD is primarily involved in combating ROS by catalyzing the dis-
mutation of superoxide radicals (02") into H2O5 and molecular oxygen
(Mittler, 2002). Increased SOD activity in the peel and pulp during cold
storage indicates that the enzymatic mechanism of superoxide radical
catalysis remained active over 28 days, corroborating the low MDA
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Fig. 10. Lipid peroxidation (A-B), hydrogen peroxide content (C), superoxide dismutase (D), catalase (E-F) activities of ‘Palmer’ mangoes mesocarp (pulp) treated
with polyols and stored at 8.0 + 2 °C for up to 28 days and transfer to ambient (23 + 2 °C) for 7 days. Statistical significance at P < 0.05 (**) and P < 0.01 (*) for the
treatments within each storage period. The bars represent the standard deviation of 5 repetitions.

accumulation in the fruit (Halliwell, 2006). In contrast, the decreased
SOD activity after the second transfer to ambient conditions (7 + 7 days)
can be attributed to the increase in oxidative stress characterized by the
intensification of CI (Fig. 1B) and the accumulation of MDA itself,
associated with low dismutation of the O2" anion (Tables 4S and 6S).
In turn, CAT and APX act in the conversion of H,O, into water; CAT
activity was 35- and 15-fold higher in the peel (Tables 3S and 4S) and
17-fold higher in the pulp (Tables 5S and 6S) in relation to APX, sug-
gesting that CAT acts directly in the removal of excess HyO,, whereas
APX plays a more refined role in modulating ROS, especially at the
beginning of the storage period, when H,0O5 accumulation was lower.
Further, APX uses AsA as a substrate to remove H5O,, and a decrease in
the content of this antioxidant during storage contributed to the low
expression of this enzyme. Chongchatuporn et al. (2013) reported that
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the increases in SOD and CAT activities in ‘Nam Dok Mai’ mangoes and
of APX in ‘Choke Anan’ mangoes served as a mechanism for neutralizing
ROS and enhancing CI tolerance. Further, the overexpression of SOD,
CAT, and APX genes in ‘Nam Dok Mai No. 4’ mangoes was correlated
with increased activity of these enzymes and resistance to CI over 6
weeks of storage at 5 °C (Junmatong et al., 2015). Therefore, the higher
activities of SOD, CAT, and APX in the peel and pulp for up to 21 days of
cold storage and the third transfer to ambient conditions (14 + 7 days),
when mangoes were treated with 2.5% sorbitol, suggests alleviation of
oxidative stress by eliminating ROS and improvement of CI tolerance in
these fruits.

Polyphenoloxidase (PPO) catalyzes the conversion of polyphenols to
polymeric quinones via enzymatic oxidation, resulting in tissue
browning (Yoruk & Marshall, 2003). The loss of membrane structural
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integrity is the main factor for the solubilization of phenolic compounds
in cellular medium with consequent browning due to their oxidation by
PPO (Vela et al., 2003). In this regard, the stress caused by low tem-
peratures to induce lipid peroxidation is in agreement with the in-
crements in PPO activity observed during the storage period (Tables 3S,
48, 58, and 6S). This was more evident in the peel, where the activity
was 3-fold greater than the pulp, as the CI (browning) was more evident
in the peel, especially when fruits were transferred to ambient condi-
tions (Table 4S). In ‘Tainong’ mangoes stored at 20 °C for 20 days, the
increase in PPO activity was also related to the intensification of CI (Ren
etal., 2017). Likewise, the effect of polyols was observed only in the peel
(Tables 3S and 4S), and mangoes treated with sorbitol shoed less PPO
activity, which might be associated with low lipid peroxidation (MDA)
and CI intensity in these fruits (Fig. 3).

Low temperature stress triggers the accumulation of sugars that
provide cryoprotection as part of a cold acclimatization mechanism
contributing to the osmotic stabilization of phospholipid membranes
(Thomashow, 1999; Wang et al., 2013, 2020). In ‘Keitt’ mangoes stored
at 5 °C, transcriptome analysis showed that CI tolerance was related to
the activation of genes involved in sugar metabolism (sucrose, trehalose,
raffinose, and stachyose), possibly to maintain osmotic balance and deal
with the stress caused by low temperature (Sivankalyani et al., 2016).
Sorbitol is a six-carbon sugar belonging to the group of alcohols and is
found naturally in fruit such as cherry (19.13 mg g~ 1), peach (1.2-19.4
mg g~ 1), pear (35-70.2 mg g~ 1), and apple (0.31-72.15 mg g~ 1) (Fang
et al., 2019; Ma et al., 2014; Wang et al., 2018; Yu et al., 2019). In this
context, absorption of sorbitol solution during the immersion of ‘Palmer’
mangoes may have allowed improved adaptation of the fruit to cold
stress at a cellular level based on the status of sugar, conferring increased
resistance to the CI (Fig. 3) and homeostasis of oxidative metabolism.

5. Conclusions

The use of solutions containing glycerol, propylene glycol, and sor-
bitol alleviated CI development caused by cold storage in ‘Palmer’
mangoes, with sorbitol being the most efficient in controlling the
development of this physiological disorder. These additives did not
compromise the physicochemical quality the fruit.

Regarding polyol doses, chilling injury symptoms were not fully
evident at the dose recommended by Codex Alimentarius (0.1%), and
this was related to lower levels of lipid peroxidation (MDA) and H30,
accumulation. The antioxidant defense system was associated with the
maintenance of AsA content and increased activities of SOD, CAT, and
APX enzymes, mainly in mangoes treated with solutions containing
2.5% sorbitol.
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ABSTRACT

The diets of populations in developing countries are mainly composed of plant-based foods, which are low in
micronutrients and may lead to the incidence of nutritional deficiencies. The deficiency of zinc (Zn), among other
nutrients, has been associated with growth deficit in children, especially when the Recommended Dietary
Allowance (RDA) of Zn is not achieved. In these countries, bananas and plantains are considered staple foods of
massive consumption, but with low Zn content. Therefore, the objective of this study was to verify the feasibility
of the fortification and biofortification of banana fruit aiming to reach the RDA of Zn for children at the age of
1-3 years (3.0 mg day™!) and to verify the effect of these treatments on the postharvest shelf-life and fruit
quality. Banana fruit fortification by immersion was not effective due to the low infiltration of the acid blue 9
dye, used to predict the infiltration of zinc sulfate solutions (ZnSO4*7 H30). On the other hand, it was possible to
biofortify the banana fruit by means of the injection of zinc sulfate solutions into the pseudostem, tripling the Zn
content in the fruits compared to the control. The consumption of 81.9 or 88.5 g of dehydrated bananas from the
treatments that received 20 and 40 g L7! of zinc sulfate, respectively, supplies 100 % of RDA of Zn for children at
the age of 1-3 years. Likewise, the consumption of three biofortified fresh bananas per day from these treatments
would supply this RDA. The postharvest shelf-life of zinc sulfate biofortified bananas was not affected by these
treatments, but it was observed a decrease in the organic acids content and an increase in ratio, which might
improve the acceptability of biofortified fruits, without compromising its nutritional potential.

1. Introduction

children, who may develop growth deficit syndrome due to lack of zinc
(Zn), vitamin A, and iron (Fe) in the diet (Figueroa Pedraza et al., 2011).

The consumption of fruit and vegetables is essential for the supply of
vitamins and minerals to the diet. In addition, the polysaccharides
present in these foods are important sources of dietary fiber (Chitarra
and Chitarra, 2005). Fruit and vegetables are good sources of minerals,
notably calcium (Ca), phosphorus (P), and potassium (K), but generally
are poor in micronutrients (Zhu et al., 2007). In this regard, as a large
part of the nutrients consumed by humans comes from plant based-diets,
the lack of micronutrients can lead to nutritional deficiencies (Dia-
z-Gomez et al., 2017).

Assis et al. (2020) reported that the Brazilian population, as well as
others from developing countries, has problems of malnutrition,
including micronutrient deficiencies. These deficiencies mainly affect
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Regarding Zn deficiency, it also affects the immune system, wound
healing and causes lack of appetite, in addition to the growth deficit
(Miller, 2008). The Recommended Dietary Allowances (RDA) of Zn for
children varies according to the age group, as such; 2.0 mg day ! for
children at the age of 0-6 months, and 3.0 mg day ! for children at the
age of 7-12 months (Padovani et al., 2006). As children get older, the
RDA also increases to 3.0 and 5.0 mg day ! for children at age of 1-3
and 4-8 years, respectively, and the RDA of Zn can reach 14 mg day ! in
lactating women under 18 years (Padovani et al., 2006).

Several strategies can be used to reduce the problem of food nutrient
deficiencies, notably food fortification which is the practice of deliber-
ately increasing the content of vitamins and nutrients, for example, it
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can be used to increase nutrient quality and promote health benefits
with minimal risk to consumers (WHO, 2015). On the other hand, bio-
fortification differs from conventional fortification, since bio-
fortification aims to increase the nutrient content during the
development of the plant, which results in a gain in nutritional quality
through biological means, such as conventional breeding, but not during
food processing. Thus, biofortification can reach populations where the
actions of conventional supplementation and fortification are difficult to
be implemented and/or are limited (WHO, 2015). Therefore, bio-
fortification has been used to increase the iron (Fe) content in rice,
beans, sweet potatoes, and cassava; Zn in wheat, rice, beans, sweet po-
tatoes, and corn (Bouis et al., 2011; Bouis and Welch, 2010); provitamin
A in sweet potatoes, corn, cassava, and rice (Saltzman et al., 2013),
among other examples.

Although abundant in the soil, Zn is partially mobile in the plants or
with low mobility (Malavolta, 1986). Therefore, the main disadvantages
of Zn biofortification by means of fertilization is related to the mobility
of Zn present in the soil, which is depended to physicochemical prop-
erties of the soil, and the capability of the plant roots to absorb this
chemical element (Gupta et al., 2016). Other biofortification strategies,
such as Zn sprays on banana bunches were tested (Assis et al., 2020), but
only partially efficient in increase the content of Zn in the fruits. As
nutrients can translocate in the banana bunch (Sobhana and Aravin-
dakshan, 1989), the use of injection of nutrients directly in the vascular
system would be and strategy to biofortify bananas.

Bananas and plantains are among the most consumed plant species in
developing countries and they are considered staple foods in many
countries in South America and Africa (Churchill, 2011). Bananas have
only 0.17 mg 100g~! of Zn and are considered a poor source of this
chemical element (TACO, 2011; TBCA, 2019), and their consumption
does not achieve the RDA of Zn for children at age of 1-3 years, that is
3.0mg day’1 (Padovani et al., 2006). However, due to the importance of
the consumption this fruit in developing countries, there are great pos-
sibilities for supplying biofortified bananas with Zn to these populations.
Therefore, the general objective of this study was to verify the feasibility
of the fortification and biofortification of banana fruit aiming to reach
the RDA of Zn for children at the age of 1-3 years (3.0 mg day~!) and as
specific objectives; i. to compare the effectiveness of Zn enrichment
strategies via immersion of banana fruits (fortification) and injections of
zinc sulfate into the banana tree pseudostem, and ii. to verify the effect
of the application of zinc sulfate on the postharvest shelf-life and fruit
quality.

2. Material and methods
2.1. Water internalization in banana fruit

2.1.1. Plant material

The fruits of two banana cultivars were used; 'Nanica’, the most
consumed banana fruit in Sao Paulo State, Brazil (Agrianual, 2020), and
’Prata’, which represents 60 % of the Brazilian production (Coltro and
Karaski, 2019). Fruits were physiologically mature and were not treated
with ethylene.

2.1.2. Experiment layout

Water internalization was evaluated to verify if the fortification of
bananas via immersing the fruits in solutions containing zinc would be
efficient. Therefore, before testing the fortification a trial was carried out
by immersing the fruits of both cultivars in a solution containing 10 g
L7! (m/v) of the acid blue 9 dye, C3yH34N2Nas0gS3, (Chem-Impex In-
ternational Inc., Wood Dale, USA). In this regard, the infiltration of this
solution was tested according to Macarisin et al. (2017) in four im-
mersion periods (15, 30, 45, and 60 min) and at two temperatures (20 °C
and 38 °C). Therefore, the experiment was set up according to a
completely randomized design (CRD) in a factorial design 2 (cultivars) x
2 (temperatures) x 4 (immersion periods) with six replications of two
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fruits, totaling 192 samples.

2.1.3. Evaluations

In order to evaluate the internalization of the solution containing the
acid blue 9 dye, which would correspond to the zinc sulfate solution, the
area of banana pulp stained by this solution was determined. In this
regard, one day after the treatments the fruits were cut in half, length-
wise, and placed on a scanner (Hewlett-Packard, HP 300, USA) to obtain
the image of each fruit half (Fig. 1S). These images were printed, both
sides, and the fruit images were cut manually. The representative areas
of the pulps were weighed on an analytical balance (Sartorius, model
Cubis, Germany). Similarly, the colored area in the pulp image was cut
manually and the representative areas of the internalization of the so-
lution of acid blue 9 dye were weighed on an analytical balance. To
calculate the percentage of pulp stained with the solution of acid blue 9
we used the formula described by Goncalves et al. (2000):

Stained area = (m x 100) / M

Where: m = mass of the stained pulp and M = total mass of the pulp.

2.1.4. Statistical analysis

The data was subjected to analysis of variance (ANOVA) using the
AgroEstat computer system (Barbosa and Maldonado Jtnor, 2015) and
the treatment means were compared using the Tukey’s test at a signif-
icant level of P < 0.05.

2.2. Biofortification of banana fruit

2.2.1. Plant material

The biofortification of banana fruit was tested by injecting zinc sul-
fate solutions into the banana tree pseudostems. The experiment was
carried out at the farm called Fazenda Brejo Limpo, located in Colina -
SP, Brazil (20° 48’ 0.39” South, 48° 37’ 54.86"” West, and altitude 594
m). The climate in which the property is located is characterized as dry
winter mesothermal (Cwa). The soil is classified as a type of Oxisol Red
Al soil with a clayey texture (Vianna et al., 2020). The commercial
production of banana trees is based on the cultivation of Cavendish
group, cultivar ’Grand Naine’. The banana trees were planted in August
2017, spacing 2 x 4 m, using micro-propagated plants, therefore with
two years of cultivation.

2.2.2. Experiment layout

The biofortification of banana fruit with zinc was carried out by
mean of injections of solutions containing zinc sulfate (ZnSO4*7 Hy0)
into the pseudostem of banana trees. However, to evaluate the trans-
location of this solution from the point where the injection was made to
the fruits, prior to install the experiment, solutions containing 10 g L™}
(m/v) of the acid blue 9 dye were injected in different positions on the
pseudostem and the translocation was evaluated (Fig. 2S). The distance
of 30 cm below the insertion of the peduncle was established as the most
effective.

With the confirmation of the translocation of the acid blue 9 dye
(Fig. 2S), 15 days before the fruit harvest, 24 banana trees were selected,
and solutions of ZnSO4*7 H,O were applied via injection into the
pseudostem, according to the following treatments: i. control, without
Zn application, Milli-RO® water (n = 6 plants). ii. ZnSO4*7 H20 at a
dose of 10.83 g L lor1%ofthesalt(n=6 plants). iii. ZnSO4*7 Hy0 at a
dose of 21.66 g L' or 2% of the salt (n = 6 plants), and iv. ZnSO4*7 Hy0
at 43.32 g L™} or 4% of the salt (n = 6 plants). The injections were
performed 30 cm below the insertion of the bunches using a 9 cm needle,
aiming to reach the central axis of the banana trees, and 500 mL of the
different zinc sulfate solutions were applied to each plant (Fig. 3S). The
estimated time for each injection was approximately 5 min.

After 15 days of the injections of the solutions the bunches were
harvested and transported to the packaging house, where they were de-
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handing and splitted into three parts, as such: i. upper hand (close to the
peduncle), ii. median hand, and iii. lower hand (close to the rachis). Each
of these hands were subdivided into three parts, placed in plastic boxes,
and treated with ethylene in a cold room at 15 + 1 °C, with relative
humidity (RH) close to 90 %. Ethylene applications of 15 mL m™> were
carried out every 12 h, with a total cycle of 48 h (procedure adopted by
the grower). Thus, for the evaluation of the zinc content in the bio-
fortified fruits, the experiment was set up according to a completely
randomized design (DIC) in a factorial design 4 (zinc sulfate doses) x 3
(positions of the hand in the bunch) with 6 replications of two fruits,
totaling 72 samples.

2.2.3. Postharvest storage

As the biofortification of banana fruits with zinc sulfate solutions
could affect the quality and postharvest shelf-life, fruits were stored at
room temperature (24 + 2 °C) with RH close to 72 % for 4 days. In this
regard, a hand from the median portion of each bunch was stored under
the conditions previously described. The experiment related to the
postharvest storage was set up according to a completely randomized
design (DIC) in a factorial design 4 (zinc sulfate doses) x 3 (evaluation
periods —0, 2, and 4 days) with 6 replications of two fruits, totaling 72
samples.

2.2.4. Evaluations

2.2.4.1. Zinc content in banana fruit. The banana fruits of the different
treatments were manually processed using plastic forks and plates in
order to avoid contamination of the pulp with chemical elements,
especially with zinc. Then the samples were placed in plastic containers
previously treated with a solution containing 200 mL L™! (v/v) of nitric
acid (HNO3) for 24 h, rinsed with Milli-RO® water, and air dried. The
samples were stored at —18 °C + 2 °C until the determination of the zinc
content. Prior to this determination, the fruit pulp was oven dried (Luca
82/250, Lucadema, Brazil) at 65 °C for 56 h, until constant weight, and
the moisture and dry matter (DM) content determined according to
AOAC (1997). The dehydrated pulp was milled using a porcelain mortar
and pistil, previously washed by immersion in a solution containing 200
mL L7! (v/v) of nitric acid (HNO3), for 24 h, rinsed with Milli-RO®
water, and air dried.

To determine the zinc (Zn) content in the pulp of banana fruits, 250
mg of the milled dry pulp were weighed, incinerated in a muffle furnace
(Quimis, Q318M21, Brazil) at 500 °C for four hours (Carmo et al., 2000).
The ashes were dissolved with 25 mL of the 0.1 mol L™ nitric acid so-
lution (HNOs), and the Zn content was determined using atomic ab-
sorption spectrophotometer (Varian, model AA50B, USA). The results of
the Zn content in the fruits were expressed in mg 100 g_1 based on the
content of dry matter (DM) and moisture content (MC).

2.2.4.2. Quality determination during the postharvest storage. Initially
(day 0) and every two days, until the fourth day, the banana fruits were
evaluated regarding:

Color: The skin color of the banana fruits was determined using a
Minolta reflectometer (CR-400, Minolta Corp., Japan). Color was
expressed according to the “Commission Internacionale de L’Eclaraige”
(CIE) in luminosity (L*), a*, b*. L* values can range from 100 (white) to
0 (black). The other parameters have no specific numerical limit and a
positive a* value represents a red object and a negative a* value a green
object. Regarding b* values, positive b* is yellow and negative b* is
blue. Both a* and b* were used to calculate the chromaticity and hue
angle according to McGuire (1992).

Fresh weight loss (FWL): The percentage of the fresh weigh loss was
calculated in relation to the initial masses of the fruits by weighting the
fruits in an analytical balance (Cubos, Sartorius, Germany) with an ac-
curacy of 0.0001 g (Teixeira et al., 2007).

Firmness: The pulp firmness was determined using an “Effegi Fruit
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Tester” penetrometer (Bishop FT 327, Alfonsine, Italy) with an 8 mm tip.
The results were expressed in Newton (N).

Soluble Solids Content (SSC): The SSC was determined using a digital
refractometer (Alpha, Atago Co, Japan) and expressed as a percentage
(%), proc. 932-12 (AOAC, 1997).

Titratable acidity (TA): The TA was determined by weighing 10 g of
pulp, which was mixed with 50 mL of distilled water, and titrated with
0.01 mol L™! NaOH solution using phenolphthalein (10 g L-1) as an
indicator, proc. 942-15 (AOAC, 1997).

Ratio (SSC/TA): The ratio (SSC/TA) was determined by dividing the
soluble solids content (SSC) by the titratable acidity (TA), as proposed
by AOAC (1997).

PH: The pH of the pulp was determined using a potentiometer (Orion
3 Star, Thermo Scientific, USA), inserting the electrode directly into the
homogenized pulp, proc. 945—27 (AOAC, 1997).

Ascorbic acid content (AA): The AA was determined by weighing 5 g
of pulp, which was mixed with 25 mL of oxalic acid solution at 5 g L.
Then, the mixture was filtered, and the volume made up to 25 mL using
oxalic acid (5 g L™1). Of this solution, 10 mL was transferred to an
erlenmeyer and titrated with 2.6 dichlorophenol indo phenol (DFI) at
02¢g L1 (m/v), as described by Strohecker and Henning (1967). The
results were expressed in mg 100 g~ 1.

2.2.5. Statistical analysis

The data related to zinc content (DM and MC) was submitted to
regression analysis, this variable along the others was subjected to
analysis of variance (ANOVA) using the AgroEstat computer system
(Barbosa and Maldonado Junor, 2015) and the treatment means were
compared using the Tukey’s test at a significant level of P < 0.05.

3. Results
3.1. Water internalization in banana fruit

Although a significant interaction between the factors, cultivar,

Table 1

Internalization of the acid blue 9 dye solution (10 g L) in the ba-
nana pulp of ’Nanica’ and ’Prata’ cultivar subjected to different
temperatures and immersion period treatments.

Main effect Internalization
(%)
Cultivar (A)
Nanica 0.09
Prata 0.08
P (0.05) 0.0874
Temperature (B)
Without heating (20 °C) 0.10
Heat at 38°C 0.07
P (0.05) 0.4306
Immersion period (C)
15 min. 0.08
30 min. 0.06
45 min. 0.07
60 min. 0.13
P (0.05) 0.1559
Interaction
AXB 0.2465™°
AxC 0.0009**
BxC 0.0277*
AxBxC 0.0083**
CV (%) 48.95

Means followed by the same letter within each column do not differ
statistically from each other by the Tukey test (P < 0.05). Non-
significant interaction (NS), significant interaction at P < 0.05 (*)
and significant interaction at P < 0.01 (**).
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temperatures, and infiltration period was observed (Table 1), the
average internalization of the acid blue 9 dye into the pulp was 0.09 %
and 0.08 % for 'Nanica’ and ’Prata’ cultivars, respectively. The highest
internalization was of only 0.66 % in "Nanica’ banana fruits immersed
for 60 min into the dye and heated to 20 °C (Fig. 4S).

3.2. Biofortification of banana fruit

3.2.1. Zinc content

The ash content, a possible indicator of the content of minerals in
food, was not affected by the zinc sulfate injections in the banana
pseudostem, as well as by the position of the hands (Table 2). On the
other hand, regarding the Zn content in the dry matter (DM), a signifi-
cant effect was observed for the doses of zinc sulfate, with no effect of
the position of the hands in the bunches (Table 2). The biofortification of
the fruits through injections in the pseudostems with solutions con-
taining 20 and 40 g L™! of zinc sulfate resulted in an increase in the
content of Zn in the DM, from 1.01 to 1.33 mg 100 g~! observed in the
control treatments and 10 g L™} zinc sulfate to 3.66 and 3.39 mg 100
g%, respectively (Table 2). These results were above the value of 3.0 mg
100 g~ ! necessary to achieve the RDA of Zn for children.

The Zn content also increased in fresh pulp (MC), reflecting the levels
observed in DM (Table 2). The injections in the banana pseudocaules
with solutions containing 20 and 40 g L™! of zinc sulphate tripled the
levels of Zn in the MC as the control fruits showed Zn contents of 0.21 mg
100 g~ ! while the of these treatments reached 0.66 and 0.68 mg 100 g},
respectively (Table 2). Similarly, to the Zn content in DM, the position of
the hands in the bunches had no effect on the Zn content. Regarding the
RDA of 3.0 mg 100 g~ for children, the maximum Zn content observed
in the MC were three times lower than this value.

The regression analyzes were significant for the first degree equa-
tions, both for the Zn content based on the DM (y = -0.0175 + 0.9471x,
RZ= 0.80, F =75.29, P < 0.0001) and on MC (y = 0.0205 + 0.1761x, R?
=0.87,F=91.77,P < 0.0001), indicating that the maximum value of Zn
content in the pulp has not been reached.

3.2.2. Postharvest storage: fruit quality

During the storage of banana fruits in the ambient (24 + 2 °C; 72 %
RH) was observed a significant increase in the fresh weight loss (FWL),
which reached 10.23 % on the fourth day of storage, but without effect
of the injections with sulfate of zinc solutions (Table 3).

Similarly, the injections did not affect the luminosity (L*),
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chromaticity and hue angle (°h) of the fruits (Table 3). On the other
hand, during storage was observed a significant decrease of the values of
these variables (Table 3). The reductions in the values of L* and chro-
maticity indicated the browning of banana fruits during storage and the
changes in °h showed that the color of the fruits changed from yellow (°h
= 99.88) to dark orange (°h = 64.32).

As for the physical-chemical variables, only the soluble solids con-
tents (SSC) were not affected by the biofortification of the fruits by
means of injections of zinc sulfate in the pseudostem (Table 3). Signif-
icant interactions between the doses of zinc sulfate and storage period
were observed for the titratable acidity (TA), ratio (SSC/TA), and pH
(Fig. 1). However, SSC increased significantly during storage, going
from 17.04%-20.59% on the fourth day (Table 3).

Regarding TA, bananas biofortified by means of zinc sulfate in-
jections into the pseudostem, regardless of the dose, showed lower levels
of TA on the fourth day of storage compared to the control (Fig. 1c). This
affected the ratio (SSC/TA), thus the biofortified fruits with 20 and 40 g
L~! of zinc sulfate showed a higher ratio than the control fruits and those
treated with 10 g L~ of zinc sulfate (Fig. 1a). As for the pH, the bio-
fortified fruits with the dose of 40 g L™! of zinc sulfate presented lower
initial pH values than those observed in the other treatments. However,
during storage, these differences were no longer observed, and the pH
values increased equally for all treatments (Fig. 1b). The effect of the
injections of zinc sulfate in the pseudostem on the firmness of the fruits
was less pronounced, with a more marked reduction during storage in
the control fruits until the second day in relation to the biofortified fruits
with 40 g L™! of zinc sulfate, however, on the last day of storage, the
differences between treatments were no longer observed (Fig. 1d).

Regarding the ascorbic acid (AA) content, there were no significant
differences between treatments (Table 3).

4. Discussion

The possibility of using banana fruit immersion in solutions con-
taining minerals as a fortification method did not prove to be viable as
the infiltration of the solution of acid blue 9 dye was very low (Table 1).
The penetration of solutions of organic and inorganic compounds into
fruits is generally very low, as reported by other authors (del Valle et al.,
1998; Martinez et al., 2007; Balaguera-Lopez et al., 2014; Luna Guevara
et al., 2015). Chen et al. (2016), reported low penetration of acid blue 9
dye into avocado fruit and no penetration into the skin. In cantaloupe
melons the infiltration of acid blue 9 dye was also small and occurred in

Table 2
Simple effects and interactions of zinc content and quality variables of ‘Grand Naine’ banana pulp which the pseudostem was injected with different zinc sulfate
solutions.
Main effect Moisture Dry matter Zinc - DM Zinc — MC Ashes AA (%)
gkg™! gkg™! mg 100 g~! DM mg 100 g~! MC gkg™! mg 100 g~!
Concentration (A)
Control 787.2 ab 212.7 a 1.01b 0.21b 7.7 10.00
10g Lt ZnSO4 783.4b 216.5a 1.33b 0.28 b 7.7 9.70
20g Lt ZnSO4 793.2 ab 206.7 ab 3.66 a 0.66 a 7.8 9.84
40 g L1 ZnSO, 7979 a 202.0 b 3.39a 0.68 a 7.7 10.23
P (0.05) 0.0035** 0.0029* <0.001** <0.001** 0.8202 0.8808
Position (B)
Superior (1) 787.9 212.1 2.16 0.42 7.8 9.78
Medium (2) 792.0 208.6 2.13 0.43 7.7 9.70
Inferior (3) 791.3 207.9 2.76 0.53 7.6 10.35
P (0.05) 0.4602 0.4686 0.3286 0.4498 0.1655 0.4730
Interaction
AxB NS NS NS NS NS NS
P (0.05) 0.8765 0.8699 0.6809 0.8959 0.0661 0.2830
CV (%) 4.62 0.77 75.07 50.07 20.31 25.53

Means followed by the same letter within each column do not differ statistically from each other by the Tukey test (P < 0.05). Non-significant interaction (NS),
significant interaction at P < 0.05 (*) and significant interaction at P < 0.01 (**). A.A (¥), nutritional and qualitative value of ascorbic acid, determined based on

samples of Zn content.
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Table 3
Simple effects and interactions of quality variables of ’Grand Naine’ banana of which the pseudostem was injected with different zinc sulfate solutions.
Main effect OFWL” Luminosity” Chromaticity* Hue angle’ SsC®
% %
Concentration (A)
Control 4.23 48.87 32.67 80.56 20.61
10gL 1 ZnS0, 5.48 50.68 34.27 83.32 20.46
20g Lt ZnSO4 4.46 50.12 30.99 71.91 19.65
40 g Lt ZnSO4 4.80 47.93 31.11 79.10 19.04
P (0.05) 0.0747 0.3858 0.5215 0.4113 0.0542
Storage (B)
0 day 0.00 ¢ 60.49 a 39.63 a 92.74 a 17.042 ¢
2 day 4.01b 51.19b 35.04 b 79.10 ab 22.200 a
4 day 10.22a 36.52 ¢ 22111 c 64.32 b 20.591 b
P (0.05) <0.001** <0.001** <0.001** <0.001** <0.001**
Interaction
AxB NS NS NS NS NS
P (0.05) 0.3073 0.4827 0.1872 0.6822 0.9113
CV (%) 21.25 2.29 20.64 18.58 18.51

Means followed by the same letter within each column do not differ statistically from each other by the Tukey test (P < 0.05). Non-significant interaction (NS),
significant interaction at P < 0.05 (*) and significant interaction at P < 0.01 (**).

@ FWL = fresh weight loss.

b Luminosity (L*).

¢ Chromaticity = [(a*2+b*%)1/2].

4 Hue angle = arctangent b*/a*.

€ SSC = soluble solids content.
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Fig. 1. Significant interaction (P < 0.05) between treatments and storage period (days) for the parameters (a) ratio (SSC/AT), (b) pH, (c) titratable acidity (TA), and
(d) firmness (N). The bars represent the standard deviations.

the stem scar and it was distributed via vascular system into the meso- bananas the internalization of acid blue 9 dye took place in the stem end,
carp (Macarisin et al., 2017). Therefore, the differences in the plant skin and into the fruit via the central vascular system.
tissue morphology dictates how water can penetrate into the fruit and in Although the penetration of solutions containing organic and
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inorganic compounds into fruits is generally very low, Carmona et al.
(2020) reported that it was possible to fortify potato tubers by
immersing them in solutions containing zinc sulfate (10 mg mL™) for
periods longer than 12 h. Similar results were obtained with iron (Fe)
fortification (Noda et al., 2018). The immersion of bananas for long
periods into water, anaerobic conditions, can lead to fruit fermentation,
compromising the quality of the fruit. Similarly, long immersion periods
can favor contamination by microorganisms via internalization (Mac-
arisin et al., 2017), in addition to be uneconomical.

On the other hand, the biofortification of banana fruits using injec-
tion into the pseudostem was effective as a strategy to increase the Zn
content. Considering the RDA of Zn for children at the age of 1-3 years
(3.0 mg day 1) reported by Padovani et al. (2006), the consumption of
81.9 or 88.5 g of dehydrated bananas from the treatments 20 and 40 g
L~! of zinc sulfate, respectively, would meet 100 % of this requirement.

Considering that the RDA of Zn for adult women and men is higher
than that of children (White and Broadley, 2011), the consumption of
100 g of biofortified dehydrated bananas would represent 46 % and 33
% of the requirements for this chemical element, respectively. According
to Zuleta et al. (2012), the use of banana flour is an effective possibility
to supply the levels of Zn required by different populations, as it is ob-
tained from a very economical raw material. In this perspective, the
incorporation of biofortified banana flour could be used for the prepa-
ration of breads, cakes, aiming to supply Zn for different population
groups.

Evaluating the Zn content fresh banana fruits (MC), it was not
possible to reach the 3.0 mg day ! required by children at the age of 1-3
years, even with the injection of solutions containing 20 and 40 g L™! of
zinc sulfate (Table 2). However, the fruits of these treatments showed
three times more Zn than the control fruits. Yet again, it was possible to
biofortify the banana fruits by means of injections in the pseudostem,
however to reach the RDA of Zn for children at the age of 1-3 years (3.0
mg day 1), it would be necessary a daily consumption of 454.5 and
441.2 g of fresh biofortified bananas from the treatments with 20 and 40
g L7! of zinc sulfate, respectively. These quantities are smaller than the
non-biofortified bananas (control treatment - 952.38 g) and the 1250 g
reported by Englberger et al. (2003). According to Silva et al. (2004),
banana fruits of *’Grand Naine’ cultivar have an average weight of 150 g.
Therefore, the consumption of three biofortified fruits per day would
supply the RDA of Zn for children, which would contribute to the
reduction of the growth deficit (Rosado, 2003; Thavarajah et al., 2009;
White and Broadley, 2011).

The strategy of injecting solutions containing zinc sulfate into the
banana pseudostem proved to be a viable alternative for the bio-
fortification of these fruits, since the solutions were injected directly into
the plant’s vascular system (xylem), which were translated into the
bunches and consequently to the fruits. The basipetal movement of Zn
from the pseudostem to the fruits was confirmed by the application of
the acid blue 9 dye (Fig. 2S), similarly to a report from Dordas et al.
(2001).

When Zn is applied in the soil, 82 % of this chemical element is
absorbed and accumulated in the rhizome and pseudostem (Gomes
et al., 1988; Lahav, 1995). This element is considered partially mobile
(Malavolta, 1986). Given its low mobility in the phloem, Clarkson and
Hanson (1980) reported that fruits are the fourth organ of the plant in
relation to the concentration of Zn. These observations may be related to
the failure of Assis et al. (2020) in biofortifying banana fruits by spraying
the bunches with ZnCl in association with the chelator Angro® and/or
by placing plastic bags containing zinc sulphate solution on the
peduncle.

With the concern that zinc sulfate injections in the pseudostem could
affect the quality and the postharvest shelf-life, the fruits were stored
under ambient conditions until their complete ripening. However, there
was no significant effect of the treatments on postharvest shelf-life and
the fruits ripened normally (Table 3).

Regarding the quality variables, zinc sulfate injections in the
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pseudostem affected the metabolism of organic acids (TA), which
consequently changed the ratio (Fig. 1). On the last day of storage, it was
observed that the fruits biofortified with zinc sulfate showed a signifi-
cant lower content of TA in relation to the control fruits, which led to a
higher ratio, as the SSC did not present a significant difference between
treatments (Fig. 1). The higher ratio values observed in fruits treated
with 20 and 40 g L™! of zinc sulfate could improve the sensory quality of
biofortified fruits, since the flavor is related to this variable, and these
fruits might be considered sweeter (Chitarra and Chitarra, 2005).

Assis et al. (2020) also reported that biofortification with Zn affected
the metabolism of organic acids. The authors suggested that Zn can
chelate with malate in the cytoplasm, and then be transported to the
vacuole, where it can be stored and complexed in the form of different
compounds, similarly to what occurs in plants tolerant to high concen-
trations of this element (Mathys, 1977). Thus, the Zn transferred from
the pseudostem to the fruits may have been linked to malate and/or
citrate, organic acids that are essential for the normal functioning of the
tricarboxylic acid (TCA) cycle, leading to decreases in TA levels in fruits
treated with zinc sulfate (Fig. 1).

Kumar and Kumar (1988) also reported reductions in the levels of TA
and ascorbic acid in mango fruits sprayed with zinc sulfate. Despite the
reduction in TA, there were no changes in the levels of ascorbic acid
(Table 2). In this regard, the biofortification of banana fruits with zinc
sulfate did not affect the concentrations of ascorbate and maintained the
nutritional aspects of this fruit, as vitamin C is essential to humans and,
although banana fruits are not an important source of this vitamin, its
reduction could impact its supply to the consumers.

5. Conclusion

The immersion of bananas into solutions containing zinc would not
be a good fortification method due to the low internalization of acid blue
9 dye into the fruits, which was used to predict the zinc sulfate ab-
sorption. On the other hand, it was feasible to biofortify the banana
fruits by injecting ZnSO4*7 H,0 solutions into the pseudostem, tripled
the Zn content in the fruits.

The consumption of 81.9 or 88.5 g of dehydrated bananas treated
with 20 and 40 g L™! of zinc sulfate, respectively, supplies 100 % of the
RDA of Zn for children at the age of 1-3 years (3.0 mg day ). Likewise,
the consumption of 454.5 and 441.2 g of fresh bananas treated with the
same solutions supplies this RDA, which represents the consumption of
three biofortified fruits per day.

The postharvest shelf-life of biofortified fruits with zinc sulfate was
not affected by the application of the solutions, but the quality of the
fruits showed some changes, notably due to the decrease in the content
of organic acids (TA) and an increase in the ratio, which could improve
the acceptance of biofortified fruits due to the increase in flavor.

The strategy of injecting solutions containing zinc sulfate can be
repeated to promote a greater increase in the content of Zn in the fruits
and it will be tested in the future.
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ABSTRACT

Pera-do-cerrado (Eugenia klotzschiana O. Berg) has a
good appearance and adequate post-harvest shelf life. However,
little information is available regarding its maturity stages. This
study aimed at characterizing E. klotzschiana fruits harvested at
three maturity stages (immature, physiological mature and ripe),
in addition to evaluating the physical and chemical changes
during storage at ambient temperature (24 +2 °C and 75 %+ 5 %
of RH) for up to 5 days. The ripe fruits had a higher fresh mass
(98.03 g), width (5.61 cm) and ratio (5.37), and lower titratable
acidity (1.27 %). In contrast, immature fruits showed a greener
peel (101.32 °h) and higher vitamin C content (11.23 mg 100 g™!).
There was an increase in the fresh weight loss (3.05 %) and a
decrease in the peel luminosity (67.09-57.12 L*) and vitamin C
content (8.11-5.04 mg 100 g'). However, the soluble solids (SS)
values did not change during the 5 days of storage. A reduction
in the titratable acidity (TA; 1.29-1.06 %) was also observed,
which resulted in a higher ratio (3.81-5.84). In conclusion,
E. klotzschiana fruits should be harvested ripe, as they present
larger dimensions, better color, higher SS/TA (flavor) and are
less acidic.

RESUMO

Caracterizacdo e armazenamento de
frutos de Eugenia klotzschiana O. Berg

A pera-do-cerrado (Eugenia klotzschiana O. Berg) tem boa
aparéncia e adequada vida 1til pos-colheita. No entanto, existem
poucas informagdes sobre seus estadios de maturacao. Objetivou-se
caracterizar frutos de pera-do-cerrado colhidos em trés estadios de
maturacao (imaturo, fisioldgico maduro e maduro), além de avaliar as
alteracdes fisicas e quimicas durante o armazenamento a temperatura
ambiente (24 +2°C e 75 % = 5 % de UR), por até 5 dias. Os frutos
maduros apresentaram maior massa fresca (98,03 g), largura (5,61 cm)
e propor¢ao (5,37) e menor acidez titulavel (1,27 %). Em contraste,
frutas imaturas apresentaram epiderme mais verde (101,32 °h) e maior
teor de vitamina C (11,23 mg 100 g'). Houve aumento na perda de
massa fresca (3,05 %), redugéo de luminosidade da epiderme (67,09-
57,12 L*) e teor de vitamina C (8,11-5,04 mg 100 g'). No entanto,
os valores de solidos soltveis (SS) ndo se alteraram durante os 5
dias de armazenamento. Também foi observada redugdo da acidez
titulavel (AT; 1,29-1,06 %), o que resultou em maior propor¢ao (3,81-
5,84). Em conclus@o, frutos de pera-do-cerrado devem ser colhidos
maduros, por apresentarem maiores dimensodes, melhor cor, maior
SS/AT (sabor) e serem menos acidos.

KEYWORDS: Pera-do-cerrado, Myrtaceae, native fruit,
Brazilian Savanna.

INTRODUCTION

Cerrado (Brazilian Savanna) is a biome with
a large diversity of native fruits that present unique
flavors and contain high levels of sugars, minerals,
fatty acids and proteins (Silva et al. 2008). Pera-do-
cerrado (Eugenia klotzschiana O. Berg) is one of its
fruits and may be consumed raw or in the form of
juice, ice cream and jelly.

This fruit has a high nutritional value, particularly
fiber content (6.45 g kg') and iron (16.5 mg kg'). It is
rich in carotenoids, flavonoids, phenolic compounds,

PALAVRAS-CHAVE: Pera-do-cerrado, Myrtaceae, fruto nativo,
Cerrado.

ascorbic acid and has a high antioxidant activity
(Carneiro et al. 2019). The physicochemical
characterization of fruits during ripening is closely
related to the harvest index (Silva et al. 2005).
Regarding the consumption of fresh E.
klotzschiana fruits, understanding its maturity stages
is essential to establish its post-harvest shelf life and
quality. Harvesting fruits at appropriate maturity
stages is crucial for their conservation in the post-
harvest phase, since immature fruits do not fully
ripen, thus compromising their final quality and
reducing their shelf life (Chitarra & Chitarra 2005).
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Therefore, this study aimed to characterize
E. klotzschiana fruits at different maturity stages, as
well as to evaluate the physical and chemical quality
parameters during the storage of mature fruits under
ambient conditions.

MATERIAL AND METHODS

Eugenia klotzschiana O. Berg fruits were
harvested from the collection of exotic fruits of the
Universidade Estadual Paulista, in Jaboticabal, Sao
Paulo state, Brazil (21°14'37.4"S, 48°17'54.8"W and
614 m of altitude), in May 2020. The fruits were
harvested at three maturity stages, based on the
peel color: 1) immature (green); 2) physiologically
mature (turning); 3) ripe (yellow) (Figure 1). These
fruits were used for the characterization study.
The experiment was set according to a completely
randomized design, with three treatments (maturity
stages) and five replications of one fruit.

As the ripe fruits had better physical and
chemical quality parameters, the fruits were stored at
room temperature (24 =2 °C and 75 % £ 5 % of RH)
up to 5 days and evaluated daily. Thus, this study was
set up in a completely randomized design, with six
treatments (storage periods: 0, 1, 2, 3, 4 and 5 days)
and five replications of one fruit.

Photo: Alex Guimardes Sanches

Immature

Physiologically mature

These fruits were used to study the physical
and chemical characterization, and the experiment
was set according to a completely randomized
design, with three treatments (maturity stages) and
five replications of one fruit. The fruit quality was
determined based on the following physical and
chemical evaluations:

a) Length and width: the fruit dimensions were
determined with a caliper (Digimatic, [P67, Brazil)
and the results expressed in centimeters (cm). The
length was measured from the base to the top of the
fruit and the width at its equator;

b) Fresh mass: the fruits were weighed on a
semi-analytical scale (Mars, model AS 2000, Sao
Paulo, Brazil) and the results expressed in grams (g);

¢) Fresh weight loss (FWL): calculated based
on the change in the fruit mass under different storage
periods by weighing them on a semi-analytical
scale with accuracy of 0.01 g (Mars, model AS
2000, Sao Paulo, Brazil), with results expressed as
percentage (%). The mass loss during storage was
determined by weighing the fruits on an analytical
scale at the beginning of the experiment (initial
mass) and at each day of analysis (final mass), with
results expressed as percentage (%), according to the
following equation: FWL (%) = Initial WL - Final
WL/Initial WL x 100;

Ripe

Figure 1. Eugenia klotzschiana O. Berg fruits harvested at three maturity stages.
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d) Color: determined with a reflectometer
(Minolta, model CR-400, Osaka, Japan), expressed
as luminosity (L*), chromaticity and hue angle (°h)
(McGuire 1992);

¢) Soluble solids content (SSC): the pulp
of peeled fruits was homogenized with a blender
(Mondial, NL-26, Brazil) and the SSC determined
with a digital refractometer (Atago Co., Alpha,
Osaka, Japan), with results expressed as °Brix
(AOAC 2016);

f) Titratable acidity (TA): determined with 10 g
of pulp by titration with 0.1 N of NaOH, using 1 % (w/v)
phenolphthalein as an indicator, with results expressed
as percentage (%) of citric acid (AOAC 2016);

g) SSC/TA ratio: obtained by dividing the SSC
and TA values (AOAC 2016);

h) pH: determined using the potentiometric
method, employing a pH meter (Thermo Scientific,
model Orion 3 Star, USA) adequately calibrated with
buffer solutions of pH 4.0 and 7.0 (AOAC 2016);

i) Vitamin C: the vitamin C (ascorbic acid)
content was determined by titrating a 10 mL
aliquot of the extract obtained by diluting 10 g
of pulp in 50 mL of 5 % (w/v) oxalic acid with
2,6-dichlorophenolindophenol, with results expressed
as mg 100 g' (AOAC 2016).

The data were subjected to analysis of variance
(Anova) using the Agroestat software (Barbosa &

Maldonado 2015), and the means were compared by
the Tukey test at 0.05 % of significance.

RESULTS AND DISCUSSION

Tables 1 and 2 show the physical and chemical
characteristics of the E. klotzschiana fruits gathered
at various ripeness stages.

Significant differences were observed for
fresh mass among all maturity stages (Table 1). The
ripe fruits had a higher fresh mass (98.03 +2.19 g)
than the physiologically mature (78.10 = 1.94 g) and
immature (58.47 £2.05 g) fruits. Similar results were
observed for fruit width, as significant differences
among the maturity stages were found (Table 1). In
contrast, the fruit length did not differ among the
maturity stages and ranged from 7.32 to 8.14 cm
(Table 1).

Ripe fruits were 30.34 % heavier and 13.18 %
wider than in the other maturity stages (Table 1).
These differences might be associated with the fact
that ripe fruits are considered wholly developed and
at the end of their development (Chitarra & Chitarra
2005). According to Hamacek et al. (2013), fruit size
is an important quality attribute, mainly for fruits
used by the industry, which might be the case of
E. klotzschiana. However, there was no difference
for fruit length among the maturity stages (Table 1).

Table 1. Physical characteristics of the Eugenia klotzschiana O. Berg fruits at three maturity stages.

. Fresh mass Width Length Color
Maturity stages L ..

g cm cm Luminosity Hue angle Chromaticity
Immature 58.47+2.05¢c 4.63+£0.19¢c 732+1.65a 57.16+5.72a 101.32+231a 41.19+392a
Physiologically mature ~ 78.10£1.94b 5.11+£0.67b 7.83+2.04a 56.81+496a 81.32+490b 4345+2.07a
Ripe 98.03+2.19a 5.61+043a 8.14+187a 6292+329a 79.56+3.18b 4522+2.85a
F test 5.19%* 6.03%* ns ns 2.04* ns
Standard deviation (%) 4.83 2.11 3.06 7.21 6.28 3.14

Means followed by the same letter within each column do not differ statistically from each other by the Tukey test (p <0.05). * p<0.01; ** p <0.05; ns: non-significant.

Table 2. Chemical parameters of the Eugenia klotzschiana O. Berg fruits at three maturity stages.

Maturity stages Soluble soh‘(’i];rcizntent (SSC) Titratable zl/::ldlty (TA) SSC/TA pH llgtaln(;)n;]
Immature 6.00+0.53 a 1.88+0.10a 319+£093b 2.89+0.7la 11.23+2.06a
Physiologically mature 6.16+0.34a 1.86£0.09 a 331£031b 286+038a 891=+3.18ab
Ripe 6.83+0.69 a 1.27+0.11b 537+0.56a 295+047a 7.62+1.13b
F test ns 1.31% 2.43%* ns 2.07*
Standard deviation (%) 2.06 2.51 5.90 1.18 4.65

Means followed by the same letter within each column do not differ statistically from each other by the Tukey test (p < 0.05). * p <0.01; ns: non-significant.
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E. klotzschiana fruits are classified as pyriform
(Vallilo et al. 2003). As such, the width is more
developed and stands out concerning the length
(Figure 1). The fruit may develop more in width at
the end of the development stage, similarly to other
fruits, such as rose apple (Khandaker & Boyce 2016)
and pear (Wang et al. 2017).

The peel color, especially the luminosity
(57.16 £ 5.72 to 62.92 £ 3.29) and chromaticity
(41.19 £ 3.92 to 45.22 + 2.85) did not vary among
the maturity stages. However, the hue angle (°h) was
higher for immature fruits (101.32 £ 2.31), when
compared to physiologically mature (81.32 + 4.90)
and ripe (79.56 + 3.18) ones (Table 1).

The E. klotzschiana fruits showed a yellow
background color with a red blush (Table 1), while
the immature fruits were greener (°h = 101.32 +
2.31). Thus, as the luminosity and chromaticity did
not differ among the maturity stages (Table 1), the
hue angle was the only color parameter that allowed
segregation for fruit maturity. Witherspoon &
Jackson (1996) also reported that the hue angle is
the most important and most used color parameter
to indicate fruit maturity. In general, color is the
quality attribute that attracts the consumer the most,
because it is associated with maturity, freshness and
flavor (Badenes et al. 1998). E. klotzschiana fruits
with yellow and red colors would have a higher
consumer preference.

The chemical parameters, SSC (6.0-6.83 °Brix)
and pH (2.89-2.85) did not show significant
differences among the maturity stages (Table 2).
In contrast, ripe fruits had a lower TA (1.27 % =+
0.11 %) content and, consequently, a higher ratio
(SSC/TA = 5.37 £ 0.56), when compared to
physiologically mature (TA = 1.86 % + 0.09 % and

ratio=3.31 £ 0.31) and immature (1.88 % £ 0.10 %
and 3.19 £ 0.93) fruits, respectively. The vitamin
C content was higher in immature fruits (11.23 +
2.06 mg 100 g'), when compared to physiologically
mature (8.91 + 3.18 mg 100 g') and ripe (7.62 +
1.13 mg 100 g') fruits (Table 2).

E. klotzschiana fruits may be considered very
acidic, since the TA content varied between 1.27 and
1.88 % of citric acid. Even ripe fruits have substantial
TA levels (1.27 % of citric acid), being consistent
with the findings of Carneiro et al. (2019). Similarly,
the pH values were very low due to the high organic
acid content. The SSC was low (6.0-6.83 °Brix) and
the TA was high, even though the ripe fruits showed
alow SSC/TA ratio (Table 2). The vitamin C content
was 32.14 % higher in immature fruits than in ripe
ones, possibly due to the role of this vitamin in the
growth and development of fruits during ripening
(Akram et al. 2017).

The color of the ripe E. klotzschiana fruits
was better, since they were larger and heavier
(Table 1). This maturation stage was deemed the
best for fruit storage because of'its superior chemical
characteristics, notably lower acidity and more
outstanding SSC/TA ratio (Table 2). An increase in
the fresh weight loss was observed during the storage
of ripe fruits, which reached 3.05 % + 0.28 % on the
last day of storage (Table 3).

Regarding fruit color, the luminosity reduced
during storage (Table 3); however, the hue angle (°h)
and chromaticity did not change during this period
(Table 3).

There were no observed significant differences
(p > 0.05) in the chemical parameters for the SSC
during storage, with values ranging from 5.10 + 0.68
to 6.86 = 0.52 °Brix (Table 4). Similarly, the pH

Table 3. Physical characteristics of the ripe Eugenia klotzschiana O. Berg fruits under storage at ambient conditions (23 + 2.0 °C)

for up to 5 days.

Storage period Fresh weight loss (%) Luminosity Hue?;l'nogrle Chromaticity
0 0.00+0.00 ¢ 67.09+3.62a 97.09+1.01 a 46.34+2.16a
1 0.21+£0.08d 66.63+1.18 a 95.20+3.87a 47.03+1.18a
2 0.89+£0.05d 64.81+327a 9441 £2.96 a 46.35+098 a
3 1.82+0.12¢ 63.73+2.51a 94.47+219a 47.18+2.03 a
4 2.12+0.09b 56.28+1.03b 92.65+3.62a 4740+ 184 a
5 3.05+0.28 a 57.12+2.04b 89.09+2.13a 48.63+1.35a

F test 2.98%* 3.04** ns ns

Standard deviation (%) 0.87 3.19 2.96 2.12

Means followed by the same letter within each column do not differ statistically from each other by the Tukey test (p <0.05). * p <0.01; ** p <0.05; ns: non-significant.
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Table 4. Chemical characteristics of the ripe Eugenia klotzschiana O. Berg fruits during storage under ambient conditions (23 +

2.0 °C) for up to 5 days.

Storage period Soluble sollii];r?)czntent (SSC) Titratable (il/:):ldlty (TA) SSC/AT pH \gt;lgz)lz lC
0 5.10+£0.68 a 1.29+0.11a 381£042b 290+0.62a 8.11+0.29a
1 5.96+0.52a 1.51+0.10a 445+0.11b 2.87+028a 8.08+0.36a
2 6.10+0.62 a 1.42+0.08 a 4.68+036b 2.89+033a 7.56+046a
3 6.23+0.17a 1.26+0.07 a 497+0.17b  295+026a 7.61+0.74a
4 6.86+£0.52a 1.02+0.06 b 584+0.39a 291+0.18a 6.52+0.19b
5 572+0.31a 1.06 £0.07 b 4.66+0.14b 3.00+0.58a  5.04+0.11c¢
F test ns 7.97** 2.91* ns 4.18**
Standard deviation (%) 4.19 3.74 5.88 0.89 1.60

Means followed by the same letter within each column do not differ statistically from each other by the Tukey test (p <0.05). * p <0.01; ** p <0.05; ns: non-significant.

values did not vary during storage, and an average
value of 2.92 was observed (Table 4). During the
storage period, a reduction in the TA levels was
observed from the fourth day of storage, leading to
an increase in the ratio (3.81-5.84) (Table 4). The
vitamin C content showed significant reductions from
the fourth day of storage and reached its lowest value
on the fifth day (5.04 + 0.11 mg 100 g!) (Table 4).
Although the fresh weight loss increased
during the storage period and reached 3.05 +
0.28 % on the fifth day (Table 3), it was below the
5 % threshold value that is the limit for conserving
fruits and vegetables (Kader 2003). Therefore,
E. klotzschiana can be considered a fruit with low
water loss, because higher fresh weight losses were
reported at ambient storage. Morgado et al. (2010)
reported fresh weight losses of 8.5 % in guava, and
values of 8.0 % were found for avocado (Vieites
et al. 2012) and 7.0 % for mango (Cordeiro et al.
2014). This characteristic may have led Carneiro et
al. (2019) to report that E. klotzschiana fruits have an
excellent post-harvest shelf life, as the losses caused
by the evaporation may compromise the fruit visual

5

Photos: Alex Guimaraes Sanches
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appearance, texture and juiciness (Ribeiro & Freitas
2020). The trichomes existing on the peel of the fruit
may have acted to prevent these losses.

During storage, the fruit showed few changes
in color, with only a small reduction in luminosity
related to the peel brightness (Zhao et al. 2020,
Zhao et al. 2021). It is possible that, as the fruit was
harvested ripe, reactions of carotenoid compounds
synthesis and chlorophyll degradation had already
occurred (Chitarra & Chitarra 2005). In this
way, the yellowish-reddish color was maintained
during storage. The reduction in luminosity could
be associated with the fresh weight loss and the
process of synthesis of the red flush, which is darker
(Figure 2).

Similarly to color, the fruit did not show
significant changes for SSC and pH, with only a small
reduction in the TA content and, consequently, an
increase in the SSC/TA ratio (Table 4). The absence
of significant changes in the physical and chemical
parameters is an indication that the fruit had already
stored carbohydrates and organic acids in their
vacuoles, because this organelle accumulates a large

Figure 2. Appearance of the ripe Eugenia klotzchiana O. Berg fruits during storage at ambient conditions (24 +2 °C and 75+ 5 %

of RH) for up to 5 days.
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number of organic compounds at the end of fruit
ripening (Shiratake & Martinoia 2007). In addition,
it can be inferred that, during storage, there was no
starch degradation, as this would lead to an increase in
SSC (Chitarra & Chitarra 2005). However, reductions
in the TA content were observed after 4 days of
storage (Table 4). This behavior was reported for other
Mpyrtaceas, for example, yellow strawberry guava
(Sanches et al. 2017a), red strawberry guava (Muniz
et al. 2017) and Brazil cherry (Sanches et al. 2017b).

Finally, the 37.85 % reduction in the vitamin C
content showed that this antioxidant compound was
used to maintain the oxidative homeostasis during
the fruit storage. Vitamin C is an essential antioxidant
in several biological reactions (Mditshwa et al.
2017). However, this compound is easily degraded,
especially during storage, as senescence leads to
catabolic reactions (Severo et al. 2009).

CONCLUSIONS

1. Eugenia klotzschiana O. Berg fruits should be
harvested ripe, as they present larger dimensions,
better color, are less acidic and have a higher
soluble solids content (SSC)/titratable acidity (TA)
ratio (flavor).

2. During the storage of ripe E. klotzschiana at room
temperature, the fruit presents a reduced fresh
weight loss and does not show significant color
changes. Similarly, the physical and chemical
parameters remain unchanged, with small
reductions in the TA, a consequent increase in
the SSC/TA ratio, and a reduction in the vitamin
C content.
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Abstract

BACKGROUND: Sunscald is a physiological disorder that occurs in many horticultural products when exposed to excessive solar
radiation and high temperatures. Traditionally, sunscald is controlled using physical barriers that reflect radiation, however
this practice is not always efficient. A possible alternative would be the use of chemical barriers, such as mycosporine-like amino
acids (MAAs), which protect aquatic organisms against ultraviolet (UV) radiation. Thus, this study aimed to develop a lipid-
based emulsion containing MAAs for using in the preharvest of horticultural products.

RESULTS: Emulsions were developed using 10% (w/v) of corn oil (CO) and soybean oil (50), carnauba wax (CW), and beeswax
(BW) as lipid bases (LBs). The emulsion containing CW and ammonium hydroxide was the most stable, resembling commercial
wax. Therefore, this formulation was used as the basis for the incorporation of the commercial product Helioguard™ 365, a
source of MAA, in concentrations of 0%, 1%, 2%, and 4% (v/v). The MAA incorporation resulted in little modifications in the sta-
bility of the emulsion, providing an increase in the absorbance with peaks in the UV-B ranging from 280 to 300 nm.

CONCLUSION: The lipid-base emulsion containing MAAs could be used as a chemical barrier to control sunscald in horticultural
products.
© 2021 Society of Chemical Industry.

Supporting information may be found in the online version of this article.

Keywords: Helioguard™ 365; Porphyra umbilicalis; stability; characterization; emulsion
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INTRODUCTION

Sunscald or sunburn is a physiological disorder in plant Organs,
which is caused by their exposure to excess solar radiation; this
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Thus, other physical barriers, including bagging® and use of pro-
tective or reflective nets,® calcium hydroxide (Ca(OH),) spray’
and embedded coating products,®® have also been reported as
efficient alternatives, although some can be very expensive and
present low practicality. Preharvest spraying of fruits and vegeta-
bles with Ca(OH), is an inexpensive strategy for controlling sun-
scald. However, Ca(OH), is removed from the surface of the
plant tissues by rain and phytosanitary treatments. To improve
the efficiency of coatings, Schrader® developed a product named
Raynox®, comprising carnauba wax (CW), and Tixogel MP 100 clay.
It was reported that the product could efficiently control the
development of sunscald in apples.?

Conversely, the application of chemical barriers is largely limited
to controlling the development of sunscald. Furthermore, biode-
gradable coatings are mostly employed on postharvested fruits
and vegetables owing to several of their physiological activities,
such as reducing gas exchange and weight losses of fresh fruits
and vegetables, as well as extending their shelf lives.'® However,
coating formulations may vary depending on their purpose; the
origin of their components; and, in the case of emulsions,
the composition of the fatty acids in the lipid base (LB). Waxes,
especially beeswax (BW)'*'" and CW'?'3 are widely used because
of their ability to form high-quality hydrophobic barriers. Vegeta-
ble oils can also be employed to produce coatings,'*'* although
the technological properties of these emulsions vary widely.'®
Emulsion formulations may also contain ammonium hydroxide
(AH) as a cationic oil/water (O/W) emulsifier and additives as the
activating ingredients of specific activities, such as the antimicro-
bial and/or antioxidant activities of some oils and vitamins.">"’
Therefore, new formulations can be evaluated to determine the
best composition and stability of the active ingredient-added
emulsion.'®

In this regard, mycosporine-like amino acids (MAAs), which are
natural protective substances, that are synthesized by a variety
of marine organisms, including aquatic microorganisms and
algae, act as the defense and protection mechanisms against
the harmful effects of solar ultraviolet (UV) radiation.'® These com-
pounds combined with non-biological materials, such as zinc
oxide,?® have been commercially exploited by cosmetic industries
as additives to skincare products that are exposed to the sun.?’

Table 1. Formulation of emulsions prepared with different lipid
bases: corn oil, soybean oil, beeswax, or carnauba wax

Components g or mL/100 mL
Lipid base® 109
Glycerol 1.5 mL
Tween 80 3mL
Oleic acid 2mL
Citric acid 0159
Sodium bisulfite 0179
Orthophosphoric acid p.a. 0.03 mL
Ammonium hydroxide p.a. 1.5 mL
Helioguard™ 365" 1to4 mL

@ The emulsions were prepared using the same formulation, the only
difference was related to the source of lipid base (LB), corn oil (CO),
soybean oil (SO), beeswax (BW) or carnauba wax (CW).

P Helioguard™ 365 was only incorporated in the emulsion produced
using CW and ammonium hydroxide (AH).

MAAs are characterized by a cyclohexenone or cyclohexeni-
mine chromophore that is conjugated with the nitrogen moiety
of amino acid with absorption maxima in the range 310-
360 nm.?? These compounds absorb solar radiation as heat with-
out producing ROS. Thus, MAAs aid the dissipation of excess
energy, thereby interrupting the electron ‘escape’ of the transport
chain and inhibiting the formation of photoproducts, such as
pyrimidine-(6-4)-pyrimidone photoproducts (6-4PPs) and ROS
resultantly.”®** MAA also maintains the cell integrity of the organ-
isms in which they are synthesized.?*

Thus, considering the photoprotective capacity of MAAs,
the desire to employ natural chemical protectants to control sun-
scald in fruits and vegetables, as well as the lack of studies regard-
ing the utilization of MAAs in coatings, this study was aimed at
characterizing the coatings, which were produced from emul-
sions that were developed employing different LBs, as well as ver-
ifying if the incorporation of MAAs affected the technological
characteristics and stabilities of the emulsions as potential sun-
scald protectants in the preharvest treatments of fruits and
vegetables.

22,19

MATERIAL AND METHODS

Chemicals

Crude BW (Microcrystal, Ribeirdo Preto, Brazil), type Il CW
(Microcrystal), soybean oil (SO) (Liza, Curitiba, Brazil) and corn oil
(CO) (Mazola, Mogi Guagu, SP, Brazil) were employed as LBs in
the emulsions. Glycerol p.a. (Dinamica, Indaiatuba, Brazil), Tween
80 (Exodus Cientifica, Sumaré, Brazil), oleic acid p.a. (Exodus Cien-
tifica, Brazil), 28-30% (v/v) AH (Exodus Cientifica, Brazil), citric acid
p.a. (Synth, Diadema, Brazil), 58.5% (m/v) sodium bisulfite
(Quimesp, Guarulhos, Brazil), Helioguard™ 365 (Mibelle Group Bio-
chemistry, Buchs, Switzerland), acid orthophosphoric p.a. (Exodus
Cientifica, Brazil) were also used in the formulations, while com-
mercial carnauba wax (CCW) (Cera Arua Tropical BR, Matéo, Brazil)
was used as a control.

Development of the formulation

Preparation of the emulsions

The coatings consisted of LB emulsions, which were produced
according to the method of Forgiarini et al.®> with some modifica-
tions. The emulsions were separately prepared by the addition of
different LBs, which means that four emulsions were prepared
containing CO, SO, BW or CW. The other ingredients were incorpo-
rated equally into the emulsions (Table 1). The visual aspect of the
emulsions is presented in Supporting Information Fig. S1.

LB was heated to 75 + 2 °C with stirring employing a hotplate
and a magnetic stirrer (Tecnal, model TE-0851, Piracicaba, Brazil),
respectively, to melt the waxes, heat the oils, and obtain a com-
plete homogenization of the lipid phases (LPs). The aqueous
phase (AP) consisted of distilled water containing glycerol, citric
acid, and sodium bisulfite as the preservatives and acidity regula-
tors, as shown in Table 1. AP was heated to 80 + 2 °C and poured
into LP with constant stirring. To this mixture was added 1.5% (v/v)
of AH as a cationic emulsifier and pH regulator. After that, the
emulsions were constantly stirred for 45 min until their tempera-
tures were reduced to 40 + 2 °C. Thereafter, 0.03 mL of orthopho-
sphoric acid was incorporated into the emulsions and
homogenized using ultra-turrax (lka Works GmbH & Co, model
T10 basic, China) for 1 min at 27 300 rpm. The emulsions without
AH and CCW from the company, Arua (Cera Arua Tropical BR,
Matao, Brazil), were used as controls.
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Development of emulsions with the addition of MAAs

After the production of emulsions with different LBs, they were
characterized and the emulsion with the best technological char-
acteristics was selected as the basis for adding different concen-
trations of MAAs. Therefore, the commercial product,
Heliguard™ 365, was used as the MAA source. This product con-
tained liposomes, which were obtained from seaweed, Porphyra
umbilicalis (1.25% dry weight), and the emulsions containing CW
and AH were prepared with 0 (control), 1%, 2%, and 4% (v/v)
Helioguard™ 365.

Characterization of the formulations
In the two experiments, the coatings were characterized employ-
ing the following parameters.

Color

The emulsions were sprayed on Petri dishes (diameter = 15 cm)
and left to dry in the air for 72 h. Afterwards, their colors were
determined employing a reflectometer (Minolta, model CR-400,
Osaka, Japan), and the colors were expressed as luminosity (L*),
a*and b*. The values of the Chroma and Hue angle (°h) were cal-
culated, as described by McGuire.?®

Potential of hydrogen (pH)

The pH values of the emulsions at room temperature (~25 °C)
were determined by a pH meter (Orion 3 Star, Thermo Scientific,
Waltham, MA, USA) by directly immersing the electrode in the
emulsions.?”

Conductivity

The conductivities of the emulsions were determined employing
a conductivity meter (Asko, model Ak51, Brazil). The conductivity
cell was directly placed inside the emulsions at ~25 °C, and the
values were expressed in pS cm™'. %

Viscosity

Their viscosities were determined employing a rotation viscometer
(Brookfield Viscometer DV-I Prime, Middleboro, MA, USA), as
described by Isaac et al?® The values were expressed in centipoise.?’

Dry matter (DM) content

The dry matter (DM) contents were determined by placing the
emulsions in a forced-air circulation oven (Lucadema, model
LUCA-82/27, Brazil) for 48 h at 105 °C, according to the methodol-
ogy described by the Association of Official Analytical Chemists
(AOAC) (2020).3° The DM contents were expressed as g kg™ .

Solubility in water

Their solubilities in water were determined following the method
of Gontard et al3' with some adaptations. The emulsion samples
(2 g) were dried in a forced-air circulation oven (Lucadema, model
LUCA-82/27) for 24 h at 65 °C to obtain the initial dry mass (IDM).
After cooling, 50 mL of distilled water was added to the samples
before they were left for 24 h at room temperature (~25 °C). Sub-
sequently, the water was drained, evaporated in the forced-air
oven, after which the weights of the residues were employed to
obtain the final dry mass (FDM). The solubilities (%) were calcu-
lated employing Egn (1):

(IDM—FDM)x 100

Solubility (%)= DM

(M

Emulsion stability
In the two experiments, the stability of the emulsions was evalu-
ated according to the following processes.

Centrifugation

The emulsions (10 g) were subjected to centrifugation cycles
(186 x g, 628 x g, and 1744 x g) employing an Eppendorf centri-
fuge (Eppendorf AG, Centrifuge 5810 R, Hamburg, Germany).
Afterwards, the macroscopic modifications were evaluated, as
described by Isaac et al.,*® with modification.

Thermal stress

The emulsion samples (10 g) were placed in 50-mL Falcon® tubes,
which were maintained in a thermostatic bath (Tecnal, model
TE-184). The samples were subjected to increasing temperature
cycles from 30 to 75 °C for 30 min.>2 After each temperature cycle,
the macroscopic modifications were evaluated.?®

Freeze-thaw cycles

The emulsions were subjected to temperatures of 4 + 1 and 45

+ 1 °C for 24 h, which corresponded to evaluation cycles of
48 h, for six cycles.?® After the 24 h period, the macroscopic mod-
ifications of the formulations were evaluated.

The macroscopic modifications were visually evaluated follow-
ing the scale that was proposed by Porto®% N, normal (without
modifications); SM, slightly modified (cremation, sedimentation,
flocculation, and/or color change); M, modified (start of the phase
separation); IM, intensely modified (phase separation).

Statistical analysis

To develop the formulations (emulsions), a completely randomized
design (CRD) was employed in a factorial arrangement of 4 (LB) x 2
(with and without the additions of AH) with additional treatments
(control and commercial wax), which were performed in triplicates
per treatment. The data were subjected to analysis of variance
(ANOVA) employing the smoothing method (SM) and ANOVA func-
tions of the R Stats package.® The averages were compared by
multiple comparisons via Tukey's multiplicity adjustment, which is
available in the estimated marginal means (emmeans) function of
the emmeans package®* of the R software >*

The experiment, which was related to the addition of MAA to
the emulsion, was conducted according to CRD with four treat-
ments (0%, 1%, 2%, and 4% Helioguard™ 365) and six repetitions.
The data were subjected to regression analysis employing the
linear mixed-effect (Ime) function of the nlme package of the R
software3® The data of the centrifugation, temperature, and
freeze-thaw cycle analyses were subjected to correspondence
analysis (CA) utilizing the CrossTable functions, gmodels
package,® and the CA function of the FactoMineR package®” of
the R software.?® Regardless of the analysis, P-values of < 0.05
were considered significant.

RESULTS AND DISCUSSION

Development of the formulations

The parameters of the characterization of the emulsions are
shown in Fig. 1. Regarding L* (Fig. 1(A)) and Chroma (Fig. 1(B)), a
significant interaction was observed between LB and the addition
of AH, as presented in Supporting Information Table S1. Con-
versely, °h varied only regarding the control (CCW) and LB of the
emulsions (Fig. 1(C) and Table S1). The L* of the emulsions con-
taining CO and SO were high, but those of emulsions containing
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Figure 1. Characterization of the emulsions containing beeswax (BW), carnauba wax (CW), corn oil (CO), soybean oil (SO) and commercial carnauba wax
(CCW) (), with (o) or without (A) ammonium hydroxide. (A) Luminosity; (B) Chroma; (C) Hue angle; (D) pH; (E) solubility; (F) viscosity; (G) conductivity, and
(H) dry matter (DM). Means with different letters are statistically different according to multiple comparisons using Tukey's (P < 0.05) multiplicity

adjustment.

BW were low. The addition of AH affected L* of the emulsions that
were developed with BW and CW. CCW resembled CW with AH
(Fig. 1(A)). Further, the addition of AH only modified the Chroma
of the emulsion containing CO (Fig. 1(B)), whereas the addition
of AH did not affect °h. The only significant difference was related
to LB, which was higher in the emulsions containing CO and SO
compared with in those produced with BW, CW, and CCW
(Fig. 1(Q)).

The color of the emulsions directly impacted the appearance of
the coatings, and this varied with the use of different LBs, since

the size of the colloids formed in the emulsification process, as
well as the homogeneity rate of the emulsified system, may have
influenced the final aspects of the emulsified cover and, conse-
quently, its light absorption capacity.'* ' Generally, the emulsions
were whitish, possessed high L* values (Fig. 1(A)), and were poorly
saturated with low Chroma values (Fig. 1(B)), thereby displaying a
pale color.3® These characteristics can promote a better control of
sunscald since the white color reflected the solar radiation and
absorbed less energy, which contributed to the reduction of the
temperature of the epidermises of plant tissues.>
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The pH values of the emulsions were affected by the addition of ~ porphyra-334 and shinorine MAAs) was directly affected by this
AH, which did not significantly affect LB, Fig. 1(D) and Table S1.  parameter. The obtained MAAs were stable in the pH range of
Since AH is a weak base, its addition to the emulsified matrix ~ 5-8 (SDS Ref.: 0830-XXX, 2016). Thus, the addition of AH was

increases the pH medium rendering it alkaline through a neutral-  essential to increase and maintain pH of the emulsions within a
ization reaction, in addition to its role as an ionizing base of fatty =~ range that was appropriate for the stability of MAAs.
acids and emulsifiers.***' Thus, the emulsions without AH pos- The incorporation of AH also affected the conductivity of the

sessed an average pH value of 2.81, which was significantly higher ~ emulsions via significant interaction with LB, as shown in
(8.3) in those containing this base. However, the pH value was  Table S1 and the presence or absence of AH, Fig. 1(G). The emul-
even lower than that of CCW (10.03). The determination of the  sions containing AH exhibited the highest conductivity values
pH values of the emulsions was extremely beneficial to this study ~ (2659-2882 pS cm™") compared to those without AH (409-
since the stability of Helioguard™ 365 (a product containing 1330 pS cm™'); However, even with the addition of AH, the
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Figure 3. Stability correspondence analysis of the emulsions containing beeswax (BW), carnauba wax (CW), corn oil (CO), soybean oil (SO) and commer-
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Figure 4. Stability correspondence analysis of the emulsions containing beeswax (BW), carnauba wax (CW), corn oil (CO), soybean oil (SO) and commer-
cial carnauba wax (CCW), with or without ammonium hydroxide (AH) using freeze-thaw cycles. First cycle at 45 °C (A), second cycle at 4 °C (B), second
cycle at 45 °C (C), third cycle at 4 °C (D), third cycle at 45 °C (E), fourth cycle at 4 °C (F), fourth cycle at 45 °C (G), fifth cycle at 4 °C (H), fifth cycle at
45 °C (l), sixth cycle at 4 °C (J), and sixth cycle at 45 °C (K). N, normal (without modifications); SM, slightly modified (cremation, sedimentation, flocculation
and/or color modification); M, modified (start of phase separation); IM, intensely modified (phase separation).

conductivity was lower than that, which was observed in CCW
(5173.66 uS cm™"), thereby revealing a higher concentration of
ammonium ions in the commercial emulsion, and this facilitated
the charge conduction in the medium even before the lipid bar-
rier.'”” The conductivity of the emulsions depended on the type
of emulsion that was formed regarding the external phase,
i.e. oil/water (O/W) or water/oil (W/O), since the lipids exhibited

an insulating character, as demonstrated by the emulsion con-
taining BW (a natural electrical insulator). Additionally, the deter-
mination of the conductivity could serve as a parameter for
monitoring the stability of emulsions regarding the changes in
the separation and long-term phases.**'¢

Regarding the viscosity of the emulsions, despite the significant
interaction (Table S1) between LB and the presence or absence of
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Figure 5. Absorbance on the ultraviolet (UV) region of the emulsion containing 0%, 1%, 2%, and 4% (v/v) of Helioguard™ 365 as source of mycosporine-
like amino acids (MAAs). The results are related to three independent repetitions (n = 3).

AH (Fig. 1(F)), AH modified only the viscosity of the formulations
containing BW. Without the incorporation of AH, the viscosity of
the BW-containing emulsion was 63.27 cP, and this value was
reduced to 3.26 cP by the addition of AH (Fig. 1(F)). The other
emulsions exhibited low viscosity values, which were similar to
those of commercial wax (CCW = 3.61 cP), thus indicating the
enhanced fluidity of the emulsions. According to Velderrain-
Rodriguez et al,*® the viscosity of emulsions is essential to their
application as coatings. Further, the viscosity value depends on
the hydrophilic-lipophilic balance of the matrix-forming surfac-
tants and the different components, such as esters, wax acids,
hydrocarbons, and free fatty acids, that form the LB.***

The DM content of the emulsions corresponds to the amount of
raw material that was used for their production. No significant differ-
ence, as exemplified in Table S1, was observed between LB and the
addition of AH, although CCW possessed significantly higher DM con-
tents (Fig. 1(H)). Averagely, the DM content was 91.4 g kg™, which
was lower than that of CCW (1795 g kg™"). The DM content corre-
sponds to the residual solids in the emulsions after removing the free
water, and the solid content of a coating affects its quality and appli-
cation efficiency, as well as the drying of the coating itself, its viscosity,
and thickness, and this could inhibit the gas exchange and affect the
quality of vegetables.'® Thus, the DM contents were within the range
that did not compromise the quality of the products.

Finally, a significant interaction between LB and AH was
observed for emulsion solubility (Table S1, Fig. 1(E)). The formula-
tions containing SO and CO showed the highest solubility values,
97.60% and 95.09%, respectively. However, emulsions produced
with waxes had the lowest solubilities, 33.43% for BW, 61.29%
for CW and 44.78% for CCW (Fig. 1(E)). The addition of AH affected
mostly the solubility of the emulsion produced with CW, which
decreased and equaled it to the commercial wax that has ammo-
nium in its composition (Fig. 1(E)).

These results reflect the nature of the LB used, since the pres-
ence of saturated fatty acid chains, in addition to long chains of
alkanes, promote greater resistance to water diffusion and hydro-
phobicity of waxes.'*** In general, the emulsion produced with
CW with the addition of AH showed the best technological
parameters which qualified it to be used as coatings, not only
because it resembles the commercial wax, but also because it pre-
sented the appropriate pH for the incorporation of MAAs.

Emulsion stability

Despite the emulsion characteristics, the emulsions must also be
stable, homogeneous and without phase separation.*® In this
regard, the different emulsions were centrifuged in cycles of
186 X g, 628 X g, and 1744 X g, in order to verify their stability
(Fig. 2). In the first centrifugation cycle (186 x g), a change was
observed in the emulsion containing BW and AH (BW + AH), with
the development of cremation, as well as in CCW, with the occur-
rence of sedimentation, with the others considered normal (Fig. 2
(A)). The same occurred in the other cycles at 628 x g (Fig. 2(B))
and 1744 x g (Fig. 2(C)). Phase separation is not essentially neces-
sary for an emulsion to be considered unstable as modifications of
the microstructure promotes the formation of other aspects such
as sediment formation and creams.*” Thus, only the BW + AH and
CCW emulsions were unstable (Fig. 2).

During the thermal stress test the emulsions remained stable
and homogeneous up to 55 °C, but the emulsion prepared with
BW + AH started to show phase separation and the emulsion with
CO + AH showed cremation (Fig. 3(A)). At 65 °C, CCW and BW
emulsions began to show modifications (Fig. 3(C)), which was also
evident at 70 °C (Fig. 3(D)) and 75 °C (Fig. 3(E)). At higher temper-
atures the only emulsions that did not showed signs of modifica-
tions were those produced with CW and SO, with and without AH,
and the emulsion containing CO without AH.
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Figure 6. Regression analysis of the characterization parameters of the emulsion containing 0%, 1%, 2%, and 4% (v/v) of Helioguard™ 365 as source of
mycosporine-like amino acids (MAAs). (A) Luminosity, (B) Chroma, (C) Hue angle, (D) pH, (E) solubility, (F) viscosity, (G) conductivity, and (H) dry matter

(DM). The results are related to six independent repetitions (n = 6).

The emulsions appeared to be highly sensitive to sudden varia-
tions in the temperatures of the different freezing and thawing
cycles, as shown in Fig. 4. A total modification (phase separation)
was observed in the emulsion containing BW with AH from the
first cycle (Fig. 4(A)). Barring the emulsions containing CW with
AH, SO, and CO, which were stable in the six cycles, the other
emulsions exhibited some changes at some points within the dif-
ferent cycles (Fig. 4). Owing to the dispersion of different immisci-
ble fluids, the stabilities of the emulsion droplets were
determined by the cohesion of the oil-water interface and the
interaction between the particles, as well as their surface tension,
and with an increase in the temperature or by their sudden inver-
sion, a direct correlation induced and increased the aggregates,
i.e. the microdroplets modified the homogeneity of the emulsified
matrix as they increased.*3°

The changes that were observed in any of the emulsions might
indicate the instabilities of the formulations caused by an increase
in the aggregation and the size of the droplets within the matrix,
thereby indicating the low homogeneities of the emulsified com-
ponents or their stability limits under extreme conditions.?®'®
Therefore, owing to the adequate technological characteristics
and stabilities, the emulsions containing CW and AH were
selected as the basis for incorporating MAAs.

MAA coatings

Absorption of UV radiation

The incorporation of MAA into the emulsion containing (CW
+ AH) increased the absorbance in the UV-B range (280-
315 nm), as shown in Fig. 5. Pure Heliguard™ 365 exhibited small
absorbances in the range 290-350 nm. Conversely, when this
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Table 2. Regression analysis of the technological characterization of the emulsion containing 0%, 1%, 2%, and 4% (v/v) of Helioguard™ 365 as

Concentration® P-Value

Variables 0% 1% 2% 4% SD (%) Linear Quadratic Cubic
pH 6.61 6.53 6.45 6.29 3.60 0.009** — —
Viscosity (cP) 413 427 4,07 418 7.11 0.7861 — —
Solubility (%) 26.95 26.31 27.34 26.02 24.73 0.8534 — —

Dry matter (g kg_l) 188.95 192.73 193.92 188.52 432 0.0207* 0.0119* —
Conductivity (uS cm™") 1683.17 6359.83 7078.50 744483 43.12 <0.0001** 0.0002** 0.0024**
Luminosity 79.80 78.71 80.83 79.65 2.81 0.7767 — —
Chroma 7.75 7.80 7.65 7.89 20.10 0.6823 — —

Hue angle (°h) 94.12 92.74 92.27 95.45 0.74 0.0192* — —

@ Mean values of the variables.
*Significant at P < 0.05.

** Significant at P < 0.01.

SD, standard deviation.

product was incorporated into the base emulsion, an increase in
the absorption spectrum was observed in the UV-B range, with
absorption peaks of 1.148 at 0.284 nm (1%); 0.724 at 0.286 nm
(2%); and two peaks, 1.387 and 1.469, at 0.288 and 0.282 nm in
the emulsion containing 4% MAA, respectively (Fig. 5). The
observed peaks in these emulsions occurred between wave-
lengths 284 and 290 nm, which were different from those
reported for porphyra-334 (334 nm) and shinorine (332 nm)
(MAAs in Helioguard™ 365). Contrarily, the observed peaks corre-
spond to the reported absorbances of Helioguard™ 365 (332 and
334 nm) (Fig. 5). Thus, a possible interaction of these compounds
with the lipid matrix of these emulsions proceeded, and it chan-
ged the absorbance peak, in addition to exerting a possible syner-
gistic effect, since their peaks increased after the addition of
Helioguard™ 365 to the emulsions (Fig. 5). Therefore, the MAA-
containing emulsion may be used as a coating in the preharvest
treatment of fruits and vegetables to reduce the harmful effects
of UV-B radiation (the main cause and inducer of stress in
vegetables),?*>° thus limiting the development of physiological
disorders, such as scalding in vegetables.

Characterization of the MAA-containing coating
As shown in Fig. 6, the color of the base emulsion, especially °h,
was modified by adding increasing concentrations of MAA
(Fig. 6(C)). Conversely, the other color parameters did not exhibit
any significant change in L* (Fig. 6(A)) or Chroma (Fig. 6(B) and
Table 2). The emulsion containing 4% MAA was less yellowish
than the others (Fig. 6(C)) probably because of the higher volume
of Helioguard™ 365 therein. Despite this modification, the coating
still displayed an ideal whitish color for the reflection of solar
radiation.>

The incorporation of Helioguard™ 365 caused a significant linear
reduction in the pH value (Fig. 6(D)). However, these values were
in the range, where MAAs of this product (porphyra-334 and shi-
norine) are largely stable (5-8) (SDS Ref.: 0830-XXX, 2016). Consid-
ering that MAAs are sensitive to pH changes,®® the activity of
these molecules in the absorption of UV radiation was maintained
under these pH conditions.

The water solubility of the base emulsion was unaffected by the
incorporation of MAA, and the solubility percentage was ~26%
(Fig. 6(E)). Thus, the addition of Helioguard™ 365, even at the

highest concentration (4%), did not change the effect of LB as
the source of hydrophobicity in the emulsion. Thus, the low solu-
bility of this coating could inhibit its dissolution in water, thus pre-
venting its removal from the surfaces of fruits and vegetables.>"'°
This promotes the effect of the chemical barrier, in addition to
reducing the cost of applying the product.

Further, the incorporation of Helioguard™ 365 did not modify
the viscosity of the base emulsion (Fig. 6(F) and Table 2). The
values were slightly higher than 4 cP, and they indicate the stabil-
ity of this behavior, even with the incorporation of the highest
concentration of the product (Fig. 6(F)). Viscosity determines the
fluidity and surface flow of an emulsion,**** and high viscosity
values are not recommended because they inhibit the coating
to form a uniform cover. Thus, it is essential to perform field exper-
iments to verify the fluidity of the emulsion on the surfaces of
plant organs and determine the relevance of incorporating new
ingredients to reduce the tension between the interfaces and
allow increased homogeneity of the coating.>

The conductivity was significantly affected by the incorporation
of MAA into the emulsion (Fig. 6(G)). The values increased from
1683.17 pS cm ™' (0% MAA) to 7 444 833 uS cm™" in the emulsion
containing 4% MAA (Fig. 6(G)). The increase in the conductivity of
the emulsions is attributable to the composition of Helioguard™
365, which comprises water (79.79%), as well as other com-
pounds, such as alcohol (15%) and sodium lactate (0.16%), that
increased the concentration of the ions that were dispersed in
the formulation.

The incorporation of Helioguard™ 365 significantly modified the
DM content of the base emulsion (Fig. 6(H)). A significant increase
in the DM content was observed with the addition of this product,
as expected since additional components were added to the base
emulsion, as reflected by an increase in the DM content.

Stability of the MAA-containing emulsions
Although the (CW + AH) emulsion was stable, the incorporation
of MAA therein could modify its structure and induce changes.
Thus, the MAA containing emulsions were centrifuged at 186 x
g,628 x g, and 1744 x g (Table 3) to identify the possible modifi-
cations and consequent instability.

During the centrifugation cycles, no change was observed in
any of the formulations containing increasing concentrations of
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MAAs, and that corresponds to a stable emulsified matrix. There-
fore, it can be concluded that the incorporation of MAA did not
compromise the structure of the emulsion.

Conversely, during the thermal stress test, as shown in Table 3,
the emulsions containing MAA were stable until they were sub-
jected to a temperature of 55 °C, where they began to exhibit
slight modifications, e.g. coalescence, with subsequent modifica-
tion and beginning of the phase separation at 70 °C. As a natural
product exhibiting amino acid characteristics, MAAs are sensitive
to temperature increase (denaturation) and might start exhibiting
instability from 50 °C2%'® Thus, this emulsion must not be
exposed to a temperature of > 50 °C, which could inactivate the
active principle of these coatings.

The MAA containing emulsions remained stable during most of
the freeze-thaw cycles (the first to fourth cycles), as presented in
Table 3. However, from the fifth cycle, initial changes, such as cre-
mation and gelling, were observed in all the formulations. Con-
trary to the base emulsion, which was completely stable in this
test (Fig. 4), the incorporation of Helioguard™ 365 modified the
structure of this emulsion and slightly modified it. However,
the emulsions were still considered to be stable owing to the set
of characteristics they exhibited, as determined by several stabil-
ity tests.'®

CONCLUSIONS

The emulsion formulation containing CW as LB and AH (CW + AH),
showed the best technological characteristics, mainly in terms of
color, water solubility and viscosity. This emulsion in relation to
the other formulations was also similar to the CCW used by the fruit
industry. This emulsion promoted an increase in the stability and
was selected as the base emulsion for the incorporation of MAA,
since less modifications were expected to occur.

When MAA was incorporated into the base emulsion (CW + AH)
an increase in absorbance at the UV-B region (280-315 nm) was
observed, that could reduce the harmful effects of this radiation
on fruits and vegetables. These emulsions remained stable during
centrifugation tests, although slight changes were observed at
temperatures above 55 °C and during the final cycles of freezing
and thawing test. However, the emulsions were still considered
to be stable owing to the set of characteristics they exhibited, as
determined by several stability tests.

Therefore, the emulsion coated with both CW and AH and con-
taining MAA can be considered an alternative chemical barrier to
control sunscald in fruits and vegetables.
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Reducing chilling injury in 'Palmer' mangoes
submitted to quarantine cold treatment

Alex Guimaraes Sanches,? Maryelle Barros da Silva,?
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Abstract

BACKGROUND: Treatment with low temperatures can be used to quarantine mangoes against fruit-fly infestation. However,
mangoes can develop chilling injury (Cl) when stored at temperatures below 13 °C. We demonstrated that the immersion in
polyol solutions can alleviate Cl symptoms in ‘Palmer’ mangoes stored at 8 °C. These suggest that polyols can be used to reduce
Cl in mangoes during quarantine at low temperatures. Thus, we investigated the efficacy of applying 0.1% (v/v) glycerol, pro-
pylene glycol, or sorbitol to ‘Palmer’ mangoes subjected to cold treatment (1.0 °C) for 28 days. Mangoes were then ripened at
23 °C for 7 days.

RESULTS: Among these polyols, sorbitol was the most effective in alleviating Cl for up to 14 days of cold treatment. Mangoes
treated with sorbitol showed lower levels of malondialdehyde (MDA) and hydrogen peroxide (H,0,), and reduced polyphenol
oxidase (PPO) activity. These fruit also had elevated levels of ascorbate (AsA), especially in the epicarp, and increased superox-
ide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) activity.

CONCLUSION: Sorbitol can reduce the Ci, but to an unsatisfying level, and it should be combined with other treatments storage

at low temperature.
© 2022 Society of Chemical Industry.

Supporting information may be found in the online version of this article.

Keywords: Mangifera indica L.; low temperature; glycerol; propylene glycol; sorbitol; fruit fly
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INTRODUCTION

Temperature is the most important factor governing the post-
harvest maintenance of fruit and vegetable quality.' During
storage, low temperatures are used to reduce respiration rates,
ethylene production, and nutrient degradation, and to maintain
texture, minimize membrane peroxidation, and inhibit the growth
of microorganisms? and insect pests.?

Low temperatures (1-2 °C for 14-18 d) have also been used to
quarantine fruit to control fruit fly species, including Ceratitis capi-
tata, Bactrocera sp., and Anastrepha sp.* However, cold treatments
cannot be employed to their full potential with many tropical and
subtropical fruit such as mango because of the susceptibility of
these products to chilling injury (Cl), especially when they are
exposed to temperatures below 10-13 °C.>®

Chilling injury (Cl) is a physiological disorder associated with
damage to cell membranes and increased oxidative reactions
resulting from overproduction of reactive oxygen species (ROS).”
Cold stress decreases the ratio of unsaturated to saturated fatty
acids in membranes, making them rigid and susceptible to lipid
peroxidation by ROS. Under prolonged stress conditions, mem-
brane damage becomes irreversible, and the fruit develops Cl
symptoms.? In mangoes these symptoms manifest as epicarp dis-
coloration (browning), development of sunken lesions, irregular

ripening (pulp discoloration, reduced aromas and flavors), and
increased susceptibility to decay.'®

It is therefore necessary to develop methods for minimizing Cl
symptoms when applying cold quarantine treatments. Zhao et
al."" reported that Cl symptoms were inhibited in ‘Wacheng’
mangoes when fruit were subjected to cold shock at 0 °C for 4 h
prior to quarantine at 2 °C for 12 d. Patil et al® reported that appli-
cation of ethylene (150 ppm for 24 h), use of modified atmo-
sphere (low density polyethylene plastic bags with 30 0.5 mm

* Correspondence to: Gustavo Henrique de Almeida Teixeira, University of Idaho
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holes), and gradual temperature reduction (1 day at 12 °C with
75% relative humidity (RH) followed by 1 day at 5 °C with 87%
RH followed by 1 day at 2 °C with 92% RH) minimized develop-
ment of Cl symptoms in both ‘Keitt’ and ‘Shelly’ mangoes sub-
jected to quarantine treatment at 2 °C for 19 days.

Polyols are sugar alcohols formed by catalytic hydrogenation of
carbohydrates. In addition to occurring naturally in fruit and veg-
etables, they are commonly added to various fresh and processed
foods as sweeteners, humectants, and cryoprotectants'® and are
‘generally recognized as safe’ (GRAS) by the US Food and Drug
Administration (FDA).'* Recently, we showed that glycerol, pro-
pylene glycol, and sorbitol could be used effectively to alleviate
Cl symptoms and activate oxidative metabolism in ‘Palmer’
mangoes stored at 8.0 °C for 28 days.'? These compounds could
thus be used to prepare mangoes for cold quarantine. Thus, the
objective of this study was to investigate the effect of applying
glycerol, propylene glycol, or sorbitol to ‘Palmer’ mangoes stored
at 1 °C for 28 days as an alternative to ameliorate Cl during quar-
antine cold treatment, and to investigate whether non-enzymatic
and enzymatic antioxidant defense systems would be affected by
the polyol treatments.

MATERIAL AND METHODS

Plant material

Mangoes (Mangifera indica L. cv. ‘Palmer’) were harvested in the
morning at a commercial orchard located in Candido Rodrigues
(21° 24’ 23" S, 48° 30’ 20” W, 579 m altitude), Sdo Paulo, Brazil.
The fruit were harvested at stage 3, based on the epicarp color
chart." Fruit were selected by size, and by absence of mechanical,
physiological damage, pests, and diseases. The dry matter con-
tent (15 = 1%), soluble solids content (7.47 + 0.43%), and firm-
ness (127.48 + 0.13 N) were initially determined in a batch of
20 fruit.

Polyol treatment

Mangoes were washed with neutral detergent (Ypé Clear, Sdo
Paulo, Brazil) and rinsed under running water before treatment
with polyols. They were immersed in distilled water (control), or
one of the following three solutions: 0.1% (v/v) glycerol (Mendel,
Sédo Paulo, Brazil), propylene glycol (Mendel, Séo Paulo, Brazil), or
sorbitol (Sigma-Aldrich, St. Louis, USA), all at 5 °C for 60 min. The
0.1% concentration was chosen based on the Codex Alimentarius
recommendation'® and because this concentration had similar
effect alleviating Cl in ‘Palmer’ mangoes to 2.5%.'> Mangoes were
then transferred to a cold room at 1.0 + 0.5 °C and 75 + 3.5% RH
for a period of 28 days. At 7 day intervals, fruit were transferred to
ambient conditions (~23 + 2.0 °C and 75 + 3.0% RH) to check for
development of Cl and assess quality parameters and oxidative
metabolism.

The experiment was carried out according to a completely ran-
domized design (CRD) with a factorial arrangement of four treat-
ments: (control, glycerol, propylene glycol, and sorbitol) x 5
storage periods: (0, 7, 14, 21, and 28 days) with five replicate fruits
for each condition at each time point, totaling 100 fruit. The same
statistical design was used for fruit transferred to an ambient con-
ditions (n = 100 fruit).

Fruit quality evaluations
Fruit quality was assessed by determining the following
parameters.

Chilling injury incidence
Chilling injury symptoms were recorded visually using the scale
proposed by Miguel et al.'” with some modifications, as follows:
1 = no visible symptoms (Cl = 0%), 2 = mild symptoms
(Cl < 25%), 3 = moderate symptoms (Cl = 25-50%), and 4 = severe
symptoms (Cl > 50%).

Fresh weight loss
Fresh weight loss (FWL) was calculated based on change in fruit
mass after different storage periods by weighing the mangoes
on a semi-analytical balance with an accuracy of 0.01 g (Mars,
model AS 2000, Sdo Paulo, Brazil). The results are expressed as
percentages (%).

Color

Epicarp (peel) color was determined using a colorimeter (Minolta,
model CR-400, Osaka, Japan) using parameters L*, a*, and b* pro-
posed by the Commission Internationale de I’ Eclairage (CIE).
These values were transformed into chromaticity and hue angles,
as described by McGuirre.'®

Firmness

Mesocarp (pulp) firmness was evaluated after removing two
regions of epicarp on opposite sides of five replicate fruit, using
a texturometer (Effegi Fruit Tester, Peschiera Borromeo, Italy)
equipped with an 8 mm tip. The results are expressed in newtons
(N) as described by Sanches et al.'®

Physicochemical analysis

Soluble solid content (SSC) was quantitated using liquid samples
obtained by pressing 10 g of pulp with a digital refractometer
(Atago Co. Ltd., model Alpha, Fukui, Japan). Results were
expressed as percentages. Titratable acidity (TA) was determined
by titrating 10 g of pulp juice with NaOH 0.1 N, using 0.1% phenol-
phthalein as an indicator. The results are expressed as gram equiv-
alents of citric acid per kilogram of pulp (g kg™"). These ratios
were calculated using the SSC/TA. Sample pHs were measured
directly in fruit pulp using a pH meter (Thermo Scientific,
model Orion 3 Star, Waltham, USA).2° The AsA content was
determined by titrating a 10 mL aliquot of extract with
2,6-dichlorophenolindophenol. Results are expressed as
g kg™ as described by Sanches et al.'?

Assessments of oxidative metabolism

Sample preparation

A total of 200 epicarp (peel) and 200 mesocarp (pulp) samples
were frozen in liquid nitrogen and stored at —20 °C. Epicarp sam-
ples were removed using a potato peeler, and mesocarp samples
(2 cm) were immediately cut with a sharp knife. Samples were fro-
zen in liquid nitrogen, and ground using a ceramic mortar and
pestle to obtain a fine powder for oxidative metabolism analysis.
Triplicate samples were prepared.

Lipid peroxidation

Peel and pulp samples (0.5 g) were homogenized with 2.5 mL of
0.1% (w/v) trichloroacetic acid (TCA) and 20% polyvinylpyrroli-
done (PVPP), and were centrifuged (Thermo Scientific, model
ST16-R, Waltham, USA) at 12.298xg for 15 min at 4 °C. Superna-
tants (250 pL) were removed and mixed with 1 mL of a solution
containing 20% TCA (w/v) and 0.5% thiobarbituric acid (TBA)
(w/v), and this was followed by incubation in a water bath at
95 °C for 30 min. Tubes were then cooled in an ice bath for
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Figure 1. Interaction between polyols and quarantine cold treatment period (1.0 + 0.5 °C) on chilling injury (Cl) incidence in ‘Palmer’ mangoes (a) and
after transfer to ambient temperature (23 + 2 °C) for 7 days (b). Significant difference at P < 0.05 (**) and P < 0.01 (*) for treatments within each storage

period. The bars represent the standard deviation of five repetitions.

10 min and centrifuged at 12.298xg for 15 min at 4 °C. Absor-
bances were read using a spectrophotometer (Shimadzu, model
UV-1280, Kyoto, Japan) at 535 and 600 nm. Thiobarbituric acid
reactive species (TBARS) were calculated using the molar extinc-
tion coefficient 155 mM cm™', and results were expressed as
pmol of malondialdehyde (MDA) kg™' of fresh mass.'

Hydrogen peroxide (H,0,) quantitation

Peel and pulp samples (1.0 g) were homogenized in 0.1% tri-
chloroacetic acid at 4 °C, and centrifuged at 12.298 x g for 20 min
at 4 °C. Then, 200 pL of supernatant was mixed with 200 pL of
100 mM potassium phosphate buffer (pH 7.5) and 800 pL of 1 M
potassium iodide (KI). Tubes were maintained in an ice bath for
1 h, protected from external light. The H,0, content was deter-
mined using a standard curve produced at 390 nm. Results are
expressed as mol H,0, kg™ fresh mass.?

Enzyme extraction and protein quantification

Enzymatic activity was determined in control fruit and in those
treated with 0.1% sorbitol, as this treatment most strongly allevi-
ated Cl and reduced oxidative stress (lipid peroxidation and
H,0, content) among the tested polyols.

Superoxide dismutase (SOD, EC 1.15.1.1), catalase (CAT, EC
1.11.1.6), and ascorbate peroxidase (APX, EC 1.11.1.1) assays were
performed as described by Yang et al.?® using 1.0 g of peel or pulp.
These samples were macerated in 100 mM potassium phosphate
buffer (pH 7.0) containing 1 mM ethylenediaminetetraacetic acid
(EDTA) and 20% polyvinylpolypyrrolidone (PVPP). Homogenates
were filtered through a fine nylon mesh and centrifuged at
12.298x%g for 25 min. Supernatants were stored at —80 °C for later
determination of SOD, CAT, APX, and polyphenol oxidase (PPO)
activity. Protein concentrations were determined using bovine
serum albumin as a standard.**

Superoxide dismutase assay

The activity of this enzyme was determined as described by Gian-
nopolitis and Ries.> Reaction mixtures contained 50 pL of enzy-
matic extract, 1.0 mL of 50 mM sodium phosphate buffer
(pH 7.8) containing 19.5 mM methionine, 150 pL of NBT, and
300 pL of riboflavin. After 15 min of reaction in a chamber under
light, absorbance was measured at 560 nm using a spectropho-
tometer (Shimadzu, model UV-1280, Kyoto, Japan). One unit of

enzyme activity (U) was defined as the amount of enzyme
required to cause a 50% reduction in the NBT photoreduction
rate. Results were expressed in U min™" kg™ 10° of protein.?®

Catalase assay

Catalase (CAT) activity was measured as described by Beers
and Sizer.?” The decrease in H,0, was monitored and quanti-
fied using the molar extinction coefficient (36 mM™' cm™").
Reactions contained 50 pL of enzymatic extract, 900 pL of
0.1 mol L—1 potassium phosphate buffer (pH 7.0) containing
0.1 mmol L—1 EDTA, and 50 pL H,0, (0.5 mol L—1). Measure-
ments were taken every 15 s at 240 nm spanning an interval
of 1 min with the aid of a spectrophotometer (Shimadzu,
model UV-1280, Kyoto, Japan). Results are expressed in mol
H,0, min~' kg’1 of protein (P).

Ascorbate peroxidase assay

Ascorbate peroxidase (APX) activity was measured as described
by Nakano and Asada”® monitoring ascorbic acid oxidation at
290 nm. Reactions contained 50 pL of enzymatic extract, 800 pL
of 50 mM potassium phosphate buffer (pH 7.0) containing
0.1 mM EDTA, 100 pL of H,0, (0.03 M), and 50 pL of ascorbic acid

—e— Control

18 4 —=—Glycerol

—— Propylene Glycol
15 4 —O—Sorbitol

. Fresh weight loss (%)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Storage period (d)

Figure 2. Fresh weight loss (%) of ‘Palmer’ treated with polyols (0.1%)
during quarantine cold treatment (1.0 + 0.5 °C) for 28 days (a). Significant
difference at P < 0.05 (**) and P < 0.01 (¥) for treatments within each stor-
age period. The bars represent the standard deviation of five repetitions.
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(0.015 M). Measurements were taken every 20 s for 1 min using a
spectrophotometer (Shimadzu, model UV-1280, Kyoto, Japan).
Results are expressed in mol H,0, min™' kg~' of protein
(P) using the molar extinction coefficient of ascorbate
28 mM'em™).

Polyphenoloxidase assay

Polyphenoloxidase (PPO)-containing extracts (EC 1.14.18.1) were
obtained as described by Sojo et al?® Peel and pulp (1.0 g) were
homogenized with cold 50 mM potassium phosphate buffer
(pH 7.0), containing 1% polyvinylpyrrolidone (PVP), and centrifuged
at 12.298 x g for 10 min at 4 °C. Supernatants were collected and
used as enzyme extracts. PPO activity was quantitated using 100 pL
of enzymatic extract and 1.85 mL of 100 mM potassium phosphate
buffer (pH 6.0) containing 100 mM catechol as the reaction medium.
After incubation in a water bath at 30 °C for 30 min, reactions were
stopped by addition of 800 pL of 2 N perchloric acid. Absorbances
were recorded at 395 nm, and the results are expressed as
U min~" kg™" 10° of protein (P).*°

Statistical analysis

Data were analyzed with ANOVA, using R software®' and means
were compared using Tukey test, with a significance threshold
of 0.05%.

RESULTS

Chilling injury (CI)

During quarantine in the cold (1.0 + 0.5 °C and 75 + 3% RH), an
interaction between treatments and storage period was observed
(Figs 1(a) and 1S). Under these conditions, fruit treated with 0.1%
sorbitol displayed reduced Cl symptoms for 14 days. Beyond this
period, Cl symptoms were similar to those of the other polyol trea-
ted groups and the control group (Figs 1(a) and 1S). Under ambi-
ent conditions (~23 + 2.0 °Cand 75 + 3.0% RH), mangoes treated
with 0.1% sorbitol displayed milder CI symptoms after 7 days

(7 + 7); however, at 14 days, all treatments displayed the same
Clincidence (Figs 1(b) and 1S).

Fruit quality

During quarantine under cold conditions, fruit treated with 0.1% sor-
bitol underwent less fresh weight loss (4.1%) up to day 16, in compar-
ison with the other polyols (average of 6.4%) (Fig. 2). Firmness was
not affected by polyol treatments, but varied during cold treatment,
with a reduction of 11.2% over 28 days (Table 1). A reduction in lumi-
nosity (L*) and an increase in hue angle (°h) values were observed
until day 21 of cold treatment. Fruit treated with 0.1% sorbitol
displayed higher luminosity (L* = 45.53 + 1.60) and hue angle
(°h = 76.62 + 2.01) compared with the control group and groups
treated with the other polyols that indicate greener color (Table 1).
By contrast, chromaticity values (Chroma) did not vary between treat-
ments (Table 1). During cold treatment, soluble solids content (SSC)
and titratable acidity (TA) increased, and the SSC/TA ratio and pH
values decreased (Table 1). The SSC and SSC/TA values were higher
in fruit treated with 0.1% sorbitol, 9.09 + 0.3%, and 26.56 + 2.01%,
respectively. Titratable acidity was 23.5% lower in fruit treated with
0.1% sorbitol and propylene glycol, compared to the 0.1% glycerol
and control groups. The pH did not differ between treatments
(Table 1).

During ripening under ambient conditions, loss of firmness was
greater than 60%. However, treatment with 0.1% sorbitol (61.38 +
2.65 N) and propylene glycol (59.73 + 3.17 N) maintained fruit
texture relative to that of control mangoes (52.27 + 1.95 N), and
mangoes treated with 0.1% glycerol (50.06 + 2.83 N) (Table 2).
In the last transfer to ambient temperature (28 + 7 days), firmness
was not assessed due to incidence of Cl (Table 2 and Fig. 15).

Regarding color, L* values decreased by 53.7%. Fruit treated with
0.1% sorbitol or propylene glycol showed less variation in this param-
eter. Hue angle (°h) remained higher in fruit treated with 0.1% sorbi-
tol (76.30 + 2.34) in comparison with fruit treated with the other
polyols (mean 69.62 + 2.46), without a defined variation during stor-
age (Table 2). Chromaticity did not vary between polyol treatments,
and values decreased significantly after 14 and 7 days (Table 2).

for up to 28 days

Color

Table 1. Effect of solutions containing 0.1% of glycerol, propylene glycol, and sorbitol on firmness, color parameters (luminosity — L*, hue angle, and
chromaticity, soluble solids content (SSC), titratable acidity (TA), ratio (SSC/TA), and pH of ‘Palmer’ mangoes submitted to cold treatment (1.0 + 0.5 °C)

Principal effects ~ Firmness (N) Luminosity Hue angle

Chromaticity

SSC (%) TA (g kg™") SSC/TA pH

Treatments (A)
Control
Glycerol

12410 + 146 a 40.68 + 1.07b 6856 +2.21c 2403 +182a 7.61 +044b 0.0044 +0.0002b 19.23 +3.81b 3.29+031a
12395 +2.04a 3916 +1.12b 69.03 + 1.94c 2631 +203a 7.82+0.31b 0.0041 + 0.0004 b 20.67 +2.64b 3.17 + 051 a
Propylene glycol 12421 +1.63a 4194+ 187b 7307+ 143b 2494+ 1.16a 811 +052b 0.0034 + 0.0002a 23.08 +3.15b 3.61 +036a

Sorbitol 12540 + 2.11a 4553 +160a 76.62 +2.01a 2585+ 1.87a 9.09+0.27a 0.0031 + 0.0003a 26.56 + 2.01a 3.72+0.57 a
Storage (B)

0 12748 +0.13a 5197 +1.21a 6545+ 3.11c 2334+ 168b 747 + 043 c 0.0017 + 0.0003d 38.09 +233a 4.15+0.16a
7 12740 £ 0.13a 4313 +£206b 7316 +233b 2699 +247a 811+ 0.41b 0.0034 + 0.0002c 2286 +2.19b 397 +0.12b
14 12713 £1.12a 3973 £2.18c 8427 +3.01a 2826 +2.18a 850+ 037 b 0.0047 + 0.0002a 1847 +1.95b 3.69 +0.15 ¢
21 126.01 + 1.64a 41.85 + 3.62 bc 8549 + 2.55a 28.81 +3.02a 9.31 +0.39a 0.0051 + 0.0004a 19.56 + 206 b 3.74 + 0.19 ¢
28 113.23 £2.02b 3720+ 273 ¢c 6293 +3.16 c 2491 +256b 9.23 + 0.61a 0.0042 + 0.0003 b 20.74 + 3.03b 3.62+0.21c
Interaction

AXxB NS NS NS NS NS NS NS NS

Means followed by the same letter within each column do not differ statistically from each other as measured by the Tukey test (P < 0.05).
Non-significant interaction (NS); significant interaction at P < 0.05 (**); significant interaction at P < 0.01 (¥).
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for up to 28 days followed by transfer to ambient (23 + 2 °C) for 7 days

Color

Table 2. Effect of solutions containing 0.1% of glycerol, propylene glycol, and sorbitol on firmness, color parameters (luminosity — L*, hue angle, and
chromaticity, soluble solids content (SSC), titratable acidity (TA), ratio (SSC/TA), and pH of ‘Palmer’ mangoes submitted to cold treatment (1.0 + 0.5 °C)

Principal effects ~ Firmness (N) Luminosity Hue angle

Chromaticity

SSC (%) TAP (g kg™ SSC/TA pH

Treatments (A)
Control
Glycerol

5227 +195b 3678 +1.21b 69.75+2.06b 21.05+190a 11.39+ 1.21 c 0.0029 + 0.0002a 52.74 +236c 4.21+0.16b
50.06 + 283 b 36.41 +1.08b 6843 +3.14b 2084 +2.17a 1142 +1.06 c 0.0031 + 0.0005a 50.21 +3.18c 418 +0.20b
Propylene glycol 59.73 +3.17a 39.23 +232a 7069 +219b 2197 +3.01a 1254+ 091b 0.0023 +0.0003b 6419 +3.11b 442+0.19a

Sorbitol 6138+ 265a 4170+ 1.74a 7630+ 234a 2351 +272a 1418+ 093 a 0.0021 + 0.0002 b 69.13 +3.02a 445+ 023 a
Storage (B)

0+7 9946 +2.21a 46.13 +1.87a 69.47 +5.12¢c 2843 +2.05a 13.54 + 136 b 0.0021 + 0.0002 c 74.56 + 3.18b 438 +0.25a
7+7 7582 +1.89b 4207 £2.18b 7576 + 1.13b 3097 + 1.72a 16.81 +£0.92a 0.0019 + 0.0003d 85.03 + 4.01 a 446 +021a
14+7 6147 +204c 4043 £1.94b 7936 +201a 31.16 +294a 1570 + 1.14 b 0.0023 + 0.0002c 7147 +5.12c 420+ 027 a
21+7 36.12+2.11d 3310+ 232c 7248 +4.08b 1732 +2.12b 11.84 + 1.72 c 0.0029 + 0.0003 b 49.18 +4.11d 3.71 +0.19b
28+7 N.A 2135+ 218d 5127 +6.14d 11.75+291c 913 +1.26d 0.0034 + 0.0002a 23.19+4.29e 3.63+026b
Interaction

AXxXB NS NS NS 4.83%* NS NS NS

Means followed by the same letter within each column do not differ statistically from each other as measured by the Tukey test (P < 0.05).
Non-significant interaction (NS); significant interaction at P < 0.05 (¥*); and significant interaction at P < 0.01 (¥).

During ripening, mangoes treated with 0.1% sorbitol exhibited
higher SSC (15.96 + 0.41%) (Fig. 3) and SSC/TA (69.13 + 3.02)
than mangoes treated with the other polyols (Table 2). Lower TA
levels and higher pH values were observed in fruit treated with
0.1% sorbitol and propylene glycol (Table 2).

Oxidative metabolism

During quarantine in cold conditions, the only significant interac-
tion was related to the hydrogen peroxide (H,0,) content in the
peel (Fig. 4). Lipid peroxidation (LP) in the peel, H,O, content in
the pulp, and ascorbic acid (AsA) content in the peel and pulp
increased either by polyol treatment or by cold treatment

20
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=
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Storage period (d)

Figure 3. Interaction between polyols and quarantine cold treatment
period (1.0 + 0.5 °C) on soluble solids content (SSC - %) of ‘Palmer’
mangoes transfer to ambient (23 + 2 °C) for 7 days. Significant difference
at P < 0.05 (**) and P < 0.01 (*) for treatments within each storage period.
The bars represent the standard deviation of five repetitions.

(Table 3). By contrast, LP in the pulp was not affected by the poly-
ols, but was influenced by cold treatment (Table 3).

Lipid peroxidation (LP), expressed as malondialdehyde (MDA)
content, increased in the peel (62.4%) and pulp (59.7%) during
cold treatment. In the peel, an effect of polyol treatment was
observed, especially in mangoes treated with 0.1% sorbitol,
whose MDA content was 12.3% lower than those of the other
groups (Table 3). Mangoes treated with 0.1% sorbitol accumu-
lated about 1.6 times more H,0, in the peel than mangoes trea-
ted with the other polyols after 7 days of cold treatment.
However, this content decreased after 14 days, and remained
lower until day 21 (131.19 + 3.66 mol H,0, kg™") relative to the
other polyol treated groups (mean 159.45 + 3.44 mol H,0,

250 -
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Figure 4. Interaction between polyols and quarantine cold treatment
period (1.0 +£0.5 °C) for 28 days on hydrogen peroxide (H,0,)
of ‘Palmer’ mangoes epicarp (peel). Significant difference at P < 0.05 (**)
and P < 0.01 (*) for treatments within each storage period. The bars repre-
sent the standard deviation of five repetitions.
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Table3. Effect of solutions containing 0.1% of glycerol, propylene glycol, and sorbitol on lipid peroxidation (LP), hydrogen peroxide (H,0,), ascorbic
acid (AsA) of ‘Palmer’ mangoes epicarp (peel) and mesocarp (pulp) submitted to cold treatment (1.0 + 0.5 °C) for up to 28 d

LP - peel LP - pulp H,0,; — peel H,0, - pulp AsA - peel AsA - pulp
Principal effects (umol MDA kg™") (pmol MDA kg™") (mol H,0, kg™") (mol H,0, kg™ (gkg™ (g kg™
Treatments (A)
Control 218 +0.13a 124 +0.13a 90.61 +4.37a 6180 +3.11a 0.23 +0.017 ¢ 0.13+0.019b
Glycerol 233 +0.15a 1.29+0.14a 94.04 +4.21a 63.01 +298a 0.21 +0.028 ¢ 0.11 £ 0.014 b
Propylene glycol 209+0.07b 121 £ 0.18 a 7701 +£363b 56.62 +2.74b 0.26 + 0.026 b 0.16 + 0.019 a
Sorbitol 1.93 +0.09 ¢ 115+ 020a 69.13 +4.05c 54.09 +3.50b 0.29 + 0.016 a 0.16 + 0.017 a
Storage (B)
0 116 +0.23d 0.81+0.19c¢ 65.05 + 5.07d 3412 +£5.16d 034 +£0.022b 0.18 £ 0.017 a
7 129 £0.21d 0.76 + 0.21 ¢ 5934 +8.19d 30.04 +3.08d 0.40 + 0.021 a 0.21 +0.023 a
14 201 £0.19¢c¢ 097 +£0.26 ¢ 8182 +4.38c¢ 59.17 £ 365 ¢ 032+ 0.014b 0.19 + 0.018 a
21 261 +0.12b 149 +0.18 b 13443 +6.92b 71.03 +4.00b 0.18 + 0.016 ¢ 0.15+0.015b
28 3.09+0.17a 201 +0.19a 196.01 + 5.81 a 10545 +3.12 a 0.13 +£0.020d 0.10 £ 0.018 ¢
Interactions
AXxXB NS NS 3.09%* NS NS NS
Means followed by the same letter within each column do not differ statistically from each other as measured by the Tukey test (P < 0.05).
Non-significant interaction (NS); significant interaction at P < 0.05 (**); significant interaction at P < 0.01 (¥).

kg™") (Fig. 4). The H,0, content in the pulp increased by 67.6%
during cold treatment, and was 11.3% lower in fruit treated with
0.1% sorbitol or propylene glycol relative to control and 0.1%
glycerol-treated groups (Table 3).

The vitamin C (AsA) content increased in peel and pulp at day
7. Even with the reductions seen in subsequent evaluations,
mango peels treated with 0.1% sorbitol showed higher AsA
content (0.29 + 0016 g kg™') than the other treatment groups
(0.23 + 0.023 g kg™"). In addition, in the pulp of fruit treated with
0.1% sorbitol or propylene glycol, the AsA content was 21.9% higher
than that in control fruit or fruit treated with 0.1% glycerol (Table 3).

During ripening under ambient conditions, significant interac-
tions were observed between the polyol treatment and ambient
transfers for LP and H,O, content in the peel and pulp. AsA

content in the peel was not influenced by treatments, but varied
over the period spent in ambient temperature. Polyol treatments
and the period at ambient temperature both influenced AsA con-
tent in the pulp (Table 4).

In the ambient, increases of 151.8% and 332.4% were observed
for MDA and H,0, content in the peel (21 + 7 days). However,
treatment with 0.1% sorbitol reduced accumulation of these com-
pounds to 14.7% and 12.9%, respectively, when compared to the
other polyol treated groups (Table 4). In the pulp, MDA and H,0,
levels reached 167.8% and 258.3%, respectively, and treatment
with 0.1% sorbitol or propylene glycol resulted in 12.2% and
15.1% reduced MDA and H,0,, respectively (Table 4). After the
transfer to ambient temperature at 21 + 7 days, AsA content
decreased by 64% in the peel, and 60% in the pulp. Only the

p Aq pousenob a1e s3Il VO 88N J0 S3|N1 10y A1q1 BUIUO A3]1/M UO (SUOIIPUOD-PUE-SWLBH WD AB | 1M Afe1q 1 UT|UO//SAIY) SUORIPUOD pUe SWIB | 8U3 39S *[220Z/2T/TT] uo ARigiiaunuo A|IMm ‘VISITNYd TYNAVLS3 3AVAISEIAINN Ad €96TTeIS[/200T 0T/10p/wod" Ao | Akeqpul|uo//sdny Loy papeojumoq ‘€T ‘2202 ‘0T00L60T

Table4. Effect of solutions containing 0.1% of glycerol, propylene glycol, and sorbitol on lipid peroxidation (LP), hydrogen peroxide (H,0,), ascorbic
acid (AsA) of ‘Palmer’ mangoes epicarp (peel) and mesocarp (pulp) submitted to cold treatment (1.0 + 0.5 °C) for up to 28 days followed by transfer to
ambient (23 + 2 °C) for 7 days

LP - peel LP - pulp H,0, - peel H,0, - pulp AsA - peel AsA - pulp
Principal effects (umol MDA kg™") (umol MDA kg™") (mol H,0, kg™") (mol H,0, kg™ (gkg™ (gkg™
Treatments (A)
Control 347 £0.117a 193+0.13a 17981 £ 7.16 a 7003 +4.18 a 0.18 +0.017 a 0.08 + 0.014 b
Glycerol 351+0.09a 201 +0.16a 184.20 +4.34 a 7381 +277a 0.16 + 0.021 a 0.07 £ 0.018 b
Propylene glycol 343+0.10a 179 +0.14 b 15832+ 5.11b 63.11 +£5.09b 0.19 +0.018 a 0.11 +0.016a
Sorbitol 3.02+0.13b 167 £0.17 b 146.03 + 4.52 c 59.50 + 3.56 b 0.20 + 0.016 a 0.12+0.017a
Storage (B)
0+7 195+ 0.16 e 118+ 021 ¢ 79.34 +934d 3267 +3.17d 0.30 + 0.025 a 0.14 + 0.016 a
74+7 216 +0.15d 132+0.18c¢ 93.03 +11.05d 4117 £ 5.06 ¢ 0.26 + 0.017 a 0.13+0.017a
14+7 332+022c 209+ 029b 169.71 £ 9.87 ¢ 8930 +3.18 b 0.21 +0.018b 0.09 +0.016 b
21+7 491 +043b 316 +0.32a 34307 + 1153 a 117.06 + 494 a 0.10 + 0.021 ¢ 0.05 +0.019 ¢
28+7 WE? WE® WE® WE? WE? WE®
Interactions
AXxB NS NS NS NS NS NS
@ WE = without evaluation. Means followed by the same letter within each column do not differ statistically from each other as measured by the Tukey
test (P < 0.05). Non-significant interaction (NS); significant interaction at P < 0.05 (**); significant interaction at P < 0.01 (¥).

________________________________________________________________________________________________________________________]
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Figure 5. Interaction between polyols and quarantine cold treatment period (1.0 + 0.5 °C) for 28 days on the activity of ascorbate peroxidase (a) and
catalase (b) of ‘Palmer’ mangoes epicarp (peel) transfer to ambient (23 + 2 °C) for 7 days. Significant difference at P < 0.05 (**) and P < 0.01 (*) for treat-
ments within each storage period. The bars represent the standard deviation of five repetitions.

pulp of the fruit treated with polyols showed high levels of AsA
(0.11 + 0.015 g kg™"), more noticeably in mangoes treated with
0.1% sorbitol or propylene glycol than in the control or 0.1%
glycerol-treated groups (Table 4).

Enzymatic activity

During quarantine cold treatment, significant interactions were
observed between superoxide dismutase (SOD) activity in the
pulp (Fig. 6(a)) and ascorbate peroxidase (APX) activity in peel
and pulp (Figs 5(a) and 6(b)). In the peel, SOD and CAT activity var-
ied between sorbitol treatments, and varied with the length of
cold treatment (Table 5). No difference in CAT (pulp) or PPO (pulp)
activity was observed between groups treated with sorbitol and
control. However, activity levels of these enzymes did vary with
length of cold exposure (Table 5).

The SOD activity increased by 36.8% (peel) and 28% (pulp) by
day 14. This increase was higher in the peel (11.3%) and pulp
(12.5%) of fruit treated with 0.1% sorbitol than in control fruit
(Table 5 and Fig. 6(a)). In the peel, CAT activity was 12.4% higher

a
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&
- 50 A
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ERR-
£ |
o 30
8 20 -
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0 T T T 1
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in fruit treated with 0.1% sorbitol compared to control fruit
(Table 5), whereas in the pulp, no difference was observed
between these two treatments. CAT activity increased by 97.3%
(peel) and 90.3% (pulp) over 14 days of cold exposure (Table 5),
then tended to decrease after this period (Table 5). Treatment
with 0.1% sorbitol enhanced APX activity after 14 days of cold
exposure (56.19 + 3.34 and 49.38 + 3.01 mol H,0, min™' kg™")
relative to control fruit (49.11 + 1.33 and 37.81 + 2.45 mol H,0,
min~' kg™') in peel and pulp (Figs 5(a) and 6(b)), respectively.
Polyphenol oxidase activity was lower (229.86 + 6.18
10° U min™" kg™ in fruit treated with 0.1% sorbitol compared
to that in control fruit (255 + 5.83 10° U min™" kg™"). A significant
increase of 77.7% (peel) and 48.3% (pulp) was observed after
28 days of cold exposure (Table 5).

At ambient temperature, an effect of polyol treatment on CAT
activity was observed only in the peel (Fig. 5(b)). In the pulp, an
isolated correlation was observed between polyol treatment
and length of cold exposure (Table 6). In the peel, SOD, APX,
and PPO activity differed among polyol treatments, and with

~
=3
~

3k

30 ¢

APX (mol H,0, min! kg")

—o— Control
—O— Sorbitol

0 T T T 1
0 7 14 21 28

Storage period (d)

Figure 6. Interaction between polyols and quarantine cold treatment period (1.0 + 0.5 °C) for 28 days on the activity of superoxide dismutase (a) and
ascorbate peroxidase (b) of ‘Palmer’ mangoes mesocarp (pulp) transfer to ambient (23 + 2 °C) for 7 days. Significant difference at P < 0.05 (**) and
P < 0.01 (*) for treatments within each storage period. The bars represent the standard deviation of five repetitions.

wileyonlinelibrary.com/jsfa © 2022 Society of

Chemical Industry. J Sci Food Agric 2022; 102: 6112-6122

85U8017 SUOLILLOD 3AIE81D 3dfed!|dde ayy Aq pausenob a1e ssppiie O 8sh JO SNl 10} ArIqiT 8UIIUO A1 LD (SUONIPUCD-PUE-SLLIBI WO A8 | 1M ATRIq 1 BUI|UO//SANL) SUORIPUOD PUe SWiB | 8U1 88S *[2202/2T/TT] uo ArigiTauliuo A8lIM ‘VISITNVd TvNAV.LS3 3aVAISYIAINN Ad £96TTBIS[/200T 0T/I0p/wW00 A8 imArIqpuljuoy/Sdny Wwoiy papeojumod ‘€T ‘220z ‘0T00L60T


http://wileyonlinelibrary.com/jsfa

10970010, 2022, 13, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/jsfa 11963 by UNIVERSIDADE ESTADUAL PAULISTA, Wiley Online Library on [11/12/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by tl

@)

SClL

where science

meets business

WWW.S0Ci.org

Polyols and mango quarantine cold treatment

“(x) 1L0°0 > d 18 UondRIAIUI JUBILIUBIS {(4x) SO0 > d 3B UondRIRUI JURdYIUbIS
{(SN) uonoesaul JuedYIubIs-UON “(S0°0 > d) 1591 £33N ay1 Aq painseaw se JaY1o Yyoea woiy A||ed1Isiiels JayIp 10U Op UWN|OD Yded UIYIM JaNI9| dwes ay) Aq Pamo||o) SUBSJA “UOLEN[eAD INOULM = JM ,

SN

edM
q16'G+Stesl
e /0t F 6£8LT
doe L FTLLT
poL'S ¥ 1898

e 90y F 99°CrlL
® 069 F C¢LLYL

SN

M
q 0L+ €099¢
eglLLL + S6LYE
€66 F LV8LL
pLZ9F0LS0L

qsyy 60161
e 1/'SF0T8LT

SN

M
d¥6'6 F8L6L
2q6l'S F¥S6C
aAvLe+ LLEE
eS8 FELLY

BOLY +TL9IC
B GSEF L6VT

SN

M
d18LF6°LT
@Y/ + GOEE
R8TEF €V LE
qLLIZTF8LLE

9/l ¥0TLT
qv8TF 6£61

SN

edM
aelLZ+ 10LCL
e 766 F €865l
298 F L7901
pLLEFVE6S

e 0L9F L¥EYL
q8Ls+olel

%0V

edM
qLL9F LL'YOL
€819+ 81'60C
dEL6FTELEL
d26L°LFS08TL

e ¥9'6 + 0T6S1
qotLL FTLLEL

SN

edM
d20L'TFS061L
qesTFLSLT
B ¥6'T F LOEE
q8lL’LFzL6ec

e/1'L ¥ 0TET
B8ETFVLLT

SN

edM
298l FT8LE
qQLLTFvL9Y
eLL'L F107Cs
qS60FClvy

e G0'L +098E
q/LLTF¥L0E

axy
SU0IIDPIAIU|
L+ 8C

L+ 1C

L+ YL

L+ L

L+0

(9) abbiois
|03iq10S
|013U0D

(v) siuawipaij

(0L B _uwn) (oL B3 _uwn) (B _uwo?H jow) (,_BY _uiw Co%H jow) (,_BY _uiw Zo%H jow) (,_By _uiw ZO%H jow) (0L By ,_uwn) (0L, B3 _uiwn) s1o9ys |edpuugd
dind - 0dd [93d - 0dd dind - Xdv [93d - Xdv dind - 1v> [93d - 1vD dind - @os [92d - Aos

sAep £ 10} (D, T F €7) Jualquie 0} J9jsuell Agq pamoj|o} skep 8z 01 dn 1oy (D, §°0 F 0°L) 3uswieasy pjod 03 paniwgns (dind) diedossw
pue (j2ad) diedids ssobuew Jawied, Jo (Odd) 9sepixo jousydAjod pue ‘(xdy) asepixoiad a1equodse ‘(1yD) ase|e1ed (gQOs) 9seInwisip apixosadns Uo [011g40S JO %L °0 Buluieluod suonn|os J0109))3 9 3|qel

‘(%) LO'0 > d 1e uondeIalul JuedyIubis pue (yy) S0°0 > d
1e UodeIRIUI JURdYIUBIS ‘(SN) UoDeIIUl JURDYIUBIS-UON *(S0°0 > d) 3593 A)N] 3Y1 AQ painsesaw se JaYl10 Yyoea wouy A|[ed13S11els JaIp J0U Op Uwnjod Ydea ulylm Ja13| swes 9yl Aq pamoj|o} SUes|y

SN

e 90y F vL6CL
q8lL's 9ol

20L9F95°LL
P L9V F 06'C9
P ELe F2L'L9

e /T9F8l'S6

e 10'€ 71001l

SN

e6L'6F €0GLE

q€9'8 F £1'90€
dLEELFTLEVT
PLLSLF6L10L

PLT8F6L€8

q8L'9 F 986¢C
@ €8'S F ¥/'SST

<611

J290°€ ¥ €0°CE
ave'L F Ly
eGTL F LT8Y
99T+ 6T6¢E
28L'LFE0LE

e LT+ 86YE
qy8’L F 0T

2xLTS

290°'S ¥ 00'6C
qe6lLy F6lLE
RYEEF EL'ES
q.6TF 8Tty
dYYEF L19T

qLLTF €86€E
B €0'€ ¥ 90°0€

SN

q €08 F €869
R Z0'S F LT06
R 719+ 60501L
q9gL+0L8L
286'S F LTSS

BLGSFLLELL
e 88'¢ ¥ 79601l

SN

2906 F T6'LEL
q€9LF086LL
e QL9+ SE€E0T
deLgFo6lLTYL
P 189 F90°€0L

e 0’8 + T1'00C
qLTLF106LL

%x18'€

2L0TFELLY
e6l'L F6T6Y
RO6'C ¥ [8TS
qvLTFOoLsy
J28L'€ F S0'8E

el0CF I8LY
q 68l F£09¢

SN

20L'CT+0TE9
q8LeF8lLL
e 10T FEL96
qrre+6leL
280°L 6119

e LL'TF LL89
q6l’l F206S

axv
SU0I1ODIIU|
8¢

L

14!

L

0

(9) abviois
|oyqios
|043U0D

(V) siuawipalj

(0L B _uwn) (oL, B _uwn) (B _uuo?H jow) (,_By _uiwO%H jow) (,_By _uiw ZO%H jow) (,_By _uiw ¢O%H jow) (0L B3 ,_uwn) (0L, B _uiwn) s139ys [edpduug
dind - 0dd [93d - 0dd dind - Xdv [93d - Xdv dind - 1> [9ad - 1vD dind - @os [22d - dos

p 8¢ 01 dn 4oy (D, §°0 F 0°L) 3uswieas) pjod 03 paniwqgns (dind) diedossw
pue (j9ad) duedids ssobuew Jawied, Jo (Odd) 9sepixo [ousydAjod pue ‘(XdY) asepixoiad a1eqiodse ‘(1)) 9sejeied {(gOs) dseinwsip apixoladns uo |03gU0S JO 9%|°0 buluieluod suonn|os Jo 1033 g a|qeL

o
Rl
=
S
o
N
P
2
©
o
2
o
£
IS
o
>
<2
2

© 2022 Society of Chemical Industry.

J Sci Food Agric 2022; 102: 6112-6122


http://wileyonlinelibrary.com/jsfa

WWW.50Ci.org

AG Sanches et al.

duration of cold exposure. However, duration of cold exposure
only not affected enzyme activity levels in the pulp (Table 6).

In general, SOD and APX activity were 28.1% and 40.3% higher
in peels treated with 0.1% sorbitol, respectively. During cold expo-
sure, SOD and APX activity increased by 17.9% and 20% until the
second transfer to ambient temperature (7 + 7 days), respec-
tively. In the pulp, SOD increased by 13.6% up to 7 + 7 days, while
APX activity decreased during the transfer to ambient tempera-
ture (Table 6). Catalase activity increased by 63.3% (peel) and
78.9% (pulp) over 14 + 7 days, then subsequently decreased
(Table 6). Fruit treated with 0.1% sorbitol showed greater CAT
activity in the peel (26.4%) and pulp (17.9%) than that of the con-
trol fruit (Fig. 5(b) and Table 6). PPO activity increased until the
third transfer (14 + 7 days) to ambient temperature, indepen-
dently of the evaluated tissue, but in the peel of fruit treated with
0.1% sorbitol there was less PPO activity (191.09 + 4.45
10°Umin™" kg™") relative to the control (218.20 + 5.71
10° U min~" kg™"), while in the pulp, no effect of treatment was
observed (Table 6).

DISCUSSION

Cold treatment and chilling injury (Cl)

For cold treatments to control fruit flies in mangoes effectively,
the fruit must remain at low temperatures (1-2 °C) for specific
periods (14-18 days) to expose larvae, eggs, and pupae to these
conditions long enough to eliminate those stages.* Unfortunately,
when mangoes are exposed to temperatures below 10-13 °C,
even for short periods,” they develop Cl symptoms.®

Therefore, when ‘Palmer’ mangoes were subjected to cold treat-
ment at 1 °C, Cl symptoms were observed after 14 days under
these conditions. However, treatment with 0.1% sorbitol mini-
mized symptoms of these injuries more effectively than the other
polyols. These results are in agreement with Sanches et al.'* who
reported that polyols such as glycerol, propylene glycol, and sor-
bitol were effective in alleviating Cl symptoms in ‘Palmer’
mangoes stored at 8.0 °C for 28 days. Thus, 0.1% sorbitol treat-
ment can be used to preserve mangoes subjected to quarantine
cold treatment more effectively. Although sorbitol protected
mangoes, this protection was temporary, because Cl symptoms
intensified with prolonged exposure of the fruit to low tempera-
ture (1 °Q).

As the efficacy of 0.1% sorbitol treatment lasted for only
14 days, it could be applied together with other treatments, such
as cold shock'" application of ethylene, or modified atmosphere
packaging.?

Fruit quality

Alleviation of Cl symptoms in fruit treated with 0.1% sorbitol
might also be related to less fresh weight loss, as a relationship
between FWL and Cl development was reported in mangoes.”>?
As sorbitol can bind to water and decrease the dielectric constant,
even at temperatures above zero,®® the fruit treated with this
polyol showed lower FWL.

Reductions in L* values are related to epicarp browning,** thus
the higher L* values in fruit treated with 0.1% sorbitol may be
related to less severe Cl symptoms. At ambient temperature, fruit
treated with 0.1% sorbitol and propylene glycol also showed
higher L* values, indicating less severe Cl symptoms. During cold
exposure, increased Cl incidence was observed, resulting in a
reduction in L* values, especially after transfer to ambient temper-
ature. Likewise, uneven maturation was observed, possibly due to

the low quarantine temperature, which may have inhibited carot-
enoid synthesis.3>>3¢ The higher °h value observed in mangoes
treated with 0.1% sorbitol indicates that these fruit acquired an
greener color, indicating that the ripening process of these fruit
was less affected than that of other treatment groups.

During ripening, mangoes will hydrolize starch with a conse-
quent increase in SSC and a reduction in TA, resulting in an
increased SSC/TA.3%*” However, low SSC concentrations and
increased TA were observed during cold treatment (1 °C), which
led to a low SSC/TA ratio. This ratio persisted after transfer to
ambient conditions. Even though ripening was partially inhibited
by low temperature (1 °C), mangoes treated with 0.1% sorbitol
ripened normally until 14 + 7 days in ambient conditions in com-
parison with the other treatments, suggesting that this polyol
aided in preserving mango quality even under extreme low tem-
perature conditions.

Oxidative metabolism

In agreement with our observed effects on Cl development, fruit
treated with 0.1% sorbitol displayed less LP, which can be associ-
ated with oxidation MDA, especially in the epicarp (peel) where Cl
symptoms are most evident. Thus, the improved tolerance to Clin
mangoes treated with 0.1% sorbitol may be associated with oxi-
dation MDA and H,0, content, and increased antioxidant enzyme
activity, especially in the epicarp. This might have resulted in bet-
ter membrane integrity, since oxidation MDA content positively
correlates with Cl development in ‘Palmer’ mango epicarp and
mesocarp.®

Hydrogen peroxide (H,0,) is a primary environmental stress
response signaling molecule.? This could explain the high H,0,
content (39.2%) in the epicarp of fruit treated with 0.1% sorbitol
after 7 days of cold treatment. This concentration suggests that
ROS signal the activation of low temperature (1 °C) protection
and acclimatization mechanisms. Thus, both non-enzymatic sys-
tems (ascorbate-AsA) and enzymatic systems (SOD, CAT, and
APX) acted to detoxify accumulating H,0,, decreasing the con-
tent of this molecule in subsequent periods of quarantine cold
treatment correlating with low H,0, accumulation in peel and
pulp, and corroborating the reduced MDA content.

Mangoes treated with 0.1% sorbitol had 24.9% more AsA in
their epicarp than the other polyol treated groups. Sorbitol might
therefore have been able to reduce H,0, accumulation, as AsA
plays an important role in controlling oxidative stress through
detoxification of different ROS.*° In this respect, ‘Cogshall’ and
‘Palmer’ mangoes with higher AsA content have shown greater
repression of oxidative stress.>>*® The 17.2% increase in AsA in
the epicarp of mangoes until day 7 may be also related to a
response to accumulating H,0,, which signals a response to the
stress caused by low temperature (1 °C), because chilling condi-
tions induce overproduction of ROS.*'

Enzymatic activity

Treatment with 0.1% sorbitol also affected enzyme defense sys-
tems, permitting greater antioxidant enzyme activity (SOD, CAT,
and APX) during quarantine cold treatment (up to 14 days) and
after transfer to ambient temperature (7 + 7 days) relative to the
control. Increased SOD activity in fruit treated with 0.1% sorbitol,
especially under low temperature, may have contributed to
increased H,0, accumulation and reduced MDA content in the
epicarp, because the superoxide anion (O,") is the main ROS asso-
ciated with membrane degradation.'? In addition, SOD plays a
fundamental role in H,0, biosynthesis by converting it to 0,~.*
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In turn, CAT and APX eliminate toxic H,O, from the cell, with
APX being dependent on AsA concentration.** Thus, greater
CAT and APX activity at the beginning of the cold treatment
(14 and 7 + 7 days) corresponded with reduced H,0, accumula-
tion in fruit treated with 0.1% sorbitol, minimizing oxidative stress,
and consequently minimizing Cl symptoms. Catalase also more
potently modulated H,O, elimination responses in epicarp and
mesocarp during cold treatment and ambient conditions than
APX activity. This is explained by the specificity of CAT for H,0,,
especially at high concentrations, and H,0, is the main substrate
for CAT activation.*® Ascorbate peroxidase uses AsA as an electron
donor to eliminate H,0,;%° thus, AsA content was reduced when
the fruit were transferred to ambient conditions.

Finally, the incidence of Cl may correlate with oxidation of phe-
nolic compounds present in plant tissues by the enzyme PPO,
which converts them into dark colored quinones.** Thus, during
cold treatment and after transfer to ambient conditions, increased
PPO activity was associated with more severe Cl symptoms and a
reduction in L* values. These modifications are related to pericarp
browning. However, reduced PPO activity in the epicarp of
mangoes treated with 0.1% sorbitol clearly indicates that the
use of this polyol prevented the formation of quinones that
caused browning, thereby reducing Cl symptoms and maintain-
ing L* of the fruit in relation to the control fruit. The improved
membrane stability (MDA) in 0.1% sorbitol-treated fruit also
restricted the interaction between the phenolic compounds and
PPOQ, alleviating Cl symptoms.

CONCLUSIONS

Polyol treatment alleviated development of chilling injury (Cl) in
‘Palmer’ mangoes subjected to quarantine cold treatment (1 °C).
Immersion in solutions containing 0.1% sorbitol was the most
effective treatment, reducing Cl symptoms for up to 14 days dur-
ing cold treatment. However, Cl symptoms were observed when
fruit were transferred to ambient temperature between 7 to
14 days. There is thus a need to determine when Cl develop in this
interval.

Alleviation of Cl by 0.1% sorbitol correlated with reduced fresh
weight loss, better preservation of membrane integrity (H,0,
and MDA), and activation of non-enzymatic and enzymatic anti-
oxidant defense systems.
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