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ARTICLE INFO ABSTRACT

Keywords: Fresh-cut fruits in ready-to-eat packaging are convenient healthy snacks that can be composed of one type of fruit
Cut fruit or a mixture of different fruits to attract consumer’s attention. However, to date, no studies have been performed
Ready-to-eat to determine whether fruit mixing could impair fruit quality traits or their shelf-life. Here, we aimed at evalu-
Postharvest . . . . . o . o

Antioxidants ating quality and hormonal changes in unmixed and mixed cut fruits in packaging of kiwis, mangoes, oranges
Phytohormones and pineapples over a 6-day period in cold storage to (i) determine endogenous events compromising cut fruit

quality and (ii) assess whether fruit mixing could have an impact in their storage. Results showed fruit cutting led
to rapid losses in water content and firmness, while respiration rates increased. Fruit mixing altered several
quality parameters, delaying firmness loss in mangoes, oranges and pineapples, and increasing ratios of sugars by
acids (TSS/TA) over time. Fruit mixing increased vitamin C contents in mangoes and oranges but decreased total
phenols accumulation in oranges and pineapples. Kiwis had an opposite pattern of vitamin C accumulation, with
unmixed kiwis having the highest ascorbate contents, while no significant differences were found for total
phenols. Increased abscisic acid contents were also found in mangoes, oranges and pineapples of unmixed
packaging, and kiwis displaying a much lower accumulation compared to the other fruits. Other phytohormones
were also affected by fruit composition, suggesting an active involvement in fruit quality regulation. In
conclusion, fruit composition in ready-to-eat packaging is an important factor determining the final quality and
shelf-life of cut fruits.

1. Introduction effects related to ethylene production and increased respiration rates,
including precooling, modified atmosphere packaging (MAP) and other
active packaging, such as 1-methylcyclopropene (1-MCP) or ethylene

absorbents (Soliva-Fortuny & Martin-Belloso, 2003). Even though these

Rushing lifestyles trying to keep a balanced and healthy diet have
promoted the widespread presence of fresh-cut fruit and vegetables in

ready-to-eat packaging at food markets. Although convenient, this form
of fresh fruit distribution leaves a smaller window for their consumption
due to the shorter shelf life resulting from processing methods, such as
peeling, slicing, or dicing, among others (Ma et al., 2017). In fact,
handling and processing of fresh fruit for ready-to-eat packaging induce
a series of physiological changes associated with wounding stress,
increasing fruit respiration rates and ethylene production, accelerating
fruit ripening, promoting browning of the cut surface, increasing the
production of secondary metabolites and off-flavours, while promoting
cell wall degradation and accelerated softening (Baldwin & Bai, 2011).

Several approaches have been implemented to control wounding

techniques might be effective for some fruits, especially in climacteric
fruits where ethylene is the main phytohormone driving postharvest
overripening, they might not work so efficiently for fruits described as
non-climacteric where ethylene plays a minor role. Besides,
wound-stress responses of cut fruit have also been related to the acti-
vation of other hormonal groups, like the jasmonic acid (JA), salicylic
acid (SA) or abscisic acid (ABA) pathways that activate wound respon-
sive genes (Han et al., 2018; Li et al., 1992; Wasternack et al., 2006).
However, there is still no information on how other group of hormones
with potential delayed ripening effects (Xiang et al., 2020), like gib-
berellins (GAs), cytokinins (CKs) or auxins, such as indole-3-acetic acid
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(IAA), participate in the wound response after fruit is cut.

Antioxidant composition after fruit processing is also altered by
increased production rates of reactive oxygen species (ROS) from cell
wall disassembly and increased respiration rates after wounding (Cis-
neros-Zevallos, 2003; Li et al., 2018; Reyes et al., 2007). For instance, it
is well documented that fruit cutting elicits phenol biosynthesis in apple
(Murata et al. 1995), mango (Robles-Sanchez et al., 2013), pitaya fruit
(Li et al., 2017) or kiwis (Wei, Guan, et al., 2021). Although these an-
tioxidants have a high antioxidant activity to counteract ROS produc-
tion, their accumulation is undesirable in cut fruits since they induce
tissue browning (Baldwin & Bai, 2011). Other antioxidants like ascorbic
acid can have beneficial properties both for the maintenance of cut fruit
and for human consumption. However, its role in wounding is still not
fully clear since different patterns have been found after fruit cutting and
final composition is even affected by cutting intensity (Solomon et al.,
2018).

A common practice in ready-to-eat packaging is to create composi-
tions of mixed fruits, to increase hedonic appreciation and aesthetics of
the packaging by the combination of fruits with different colors and sizes
(Mielby et al., 2012). Even though this practice can be useful to increase
complexity and attractiveness of cut fruit packaging, mixing different
types of fruit with contrasting postharvest performance may influence
quality attributes and shelf-life of these fruits. In the present study,
kiwis, mangoes, oranges and pineapples, which have a differential
postharvest regulation and require peeling and slicing for their con-
sumption in ready-to-eat packaging, were selected to analyze undergo-
ing physiological changes in single-fruit packaging (onwards from here
named unmixed) or packaging with a mixed composition of all four
fruits. Ultimately, we aimed at examining whether or not fruit mixing
alters fruit quality attributes and fruit shelf-life.

2. Materials and methods
2.1. Fruit material, packaging, and samplings

Whole fruit pieces of kiwi (Actinidia deliciosa var. Hayward), mango
(Mangifera indica var. Osteen), orange (Actinidia deliciosa var. Navel Lane
Late) and pineapple (Ananas comosus var. Cayenne Lisse) were pur-
chased at commercial ripe stage (BBCH 89 for oranges and kiwis, and
BBCH 87 for mangoes and pineapples) and transferred to the lab for
peeling, cutting, mixing and immediate distribution in the bowls of
packaging. For each fruit, approximately 100g were weighed, separated
and sealed in bowls of 400 mL with polyethylene plastic film, having a
total of 20 bowls per fruit, 5 bowls for each sampling point. The fruit mix
was performed by adding two pieces of each fruit to each packaging, so
that there was 100g of fruit per bowl. An initial time point was per-
formed with 100g of each fruit after cutting and mixing, taking five
times this amount prior to fruit distribution into packaging. All bowls
were kept at 4 °C and only five bowls per fruit were taken for each
sampling performed at 1, 2, 4 and 6 days after fruit cutting. For each
sampling, half of the fruit was used in situ for quality measurements and
the other half immediately frozen in liquid nitrogen and stored at —80 °C
until biochemical analyses were performed.

2.2. Respiration, water loss and quality measurements

To determine respiration rates during cold storage of fresh-cut fruits,
CO4 production was measured at each sampling day with a headspace
gas analyzer OXYBABY® 6.0 (WITT Gas Techniques, Witten, Germany)
by injecting the needle into the plastic film of each packaging and at-
mospheric CO, was used for calibration. Afterwards, water losses were
assessed by weighing each bowl once excess water was removed and
calculated by the difference from initial weights.

To describe organoleptic changes during the storage of fresh-cut
fruit, quality measurements were performed, including total soluble
solids (TSS), titratable acidity (TA), pH and fruit firmness. TSS were
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determined with a refractometer (Hanna Instruments, Salerno, Italy)
evaluating 1 mL of fruit juice to obtain °Brix (Boulton et al. 1999). On
the other hand, TA and pH were measured from 5g of grinded fruit and
resuspended in 10 mL of distilled water. From this mixture, pH was
assessed with a Crison pH-meter (Crison Instruments, Barcelona, Spain).
Afterwards, 10 mL of the mixture were diluted with 100 mL of distilled
water and TA estimated with an acid-base titration with NaOH 0,1M and
phenolphthalein 1% as indicator and expressed as citric acid equivalents
(Latimer, 2012). Along with these quality parameters, fruit firmness was
measured with a PCE-PTR 200 penetrometer (PCE instruments, South-
ampton, UK) and expressed in kg.

2.3. Antioxidant analysis

To understand the physiological patterns on antioxidant accumula-
tion in cut fruits of ready-to-eat packaging, total phenols, vitamin C and
the redox state of ascorbate were estimated. Total phenols were deter-
mined by the Folin-Ciocalteu method and calculated as gallic acid
equivalents (GAE) (Kahkonen et al. 1999). Briefly, 1g of grinded fruit
were extracted with 2 mL of cold methanol in a 25 mL tube, homoge-
nized with an ULTRA-TURRAX (IKA-Werke, Staufen im Breisgau, Ger-
many) for 90s and then centrifuged at 12000 rpm for 5 min at 4 °C.
Supernatant was recovered and pellet re-extracted with another 2 mL of
cold methanol. Both supernatants were pooled and 20 pL of each sample
were reacted with 80 pL of Folin-Ciocalteu and 80 pL of sodium car-
bonate 20% in a 96-multiwell plate for 1h in the dark. After the dark
incubation, 80 pL MiliQ water were added, and absorbance read at 765
nm. For calculations, a standard curve of gallic acid was performed.

For measurements of vitamin C contents and the estimation of
ascorbate redox state, ascorbic acid (AA) and dehydroascorbate (DHA)
were determined as described in Miret and Munné-Bosch (2016) with
some modifications. For this, 50 mg of grinded fruit were extracted with
175 pL of cold extraction buffer made up with 6% (w/v)
meta-phosphoric acid and 0.2 mM diethylene triamine pentaacetic acid.
After vortexing, cold ultrasonication for 20 min and centrifugation at
13000 rpm for 10 min at 4 °C, supernatant was recovered, and pellet
re-extracted with 175 pL of the cold extraction buffer. Both supernatants
were pooled and vitamin C determinations were performed in triplicate
following Queval and Noctor (2007) using a 96-multiwell quartz plate
(Hellma, Miillheim, Germany). Vitamin C redox state was calculated as
AA/(AA + DHA) and expressed as a percentage.

2.4. Phytohormones determination

Phytohormones from cut fruits were extracted from 100 mg of each
fruit grinded in liquid nitrogen as described by Miiller and Munné-Bosch
(2011). Sample tissue was spiked with the isotopically labelled internal
standard and then extracted with 250 pl of cold methanol with 0.01%
glacial acetic acid (v/v) using ultrasonication for 30 min, vortexed and
centrifuged (13000 rpm for 15 min at 4 °C). Supernatant was then
collected, and the pellet re-extracted with 250 pl of methanol with
0.01% (v/v) glacial acetic acid. All supernatants were combined,
centrifuged (13000 rpm for 5 min at 4 °C) and filtered through a 0.22 pm
PTFE filter (Phenomenex, Torrance, CA, USA) to be analyzed using a
UHPLC/ESI-MS/MS system. The LC system consisted of an Aquity
UHPLC TM System (Waters, Milford, MA USA) and phytohormones in
samples (5 pl) were first separated on a C18 Kinetex column (50 x 2.1
mm, 1.7 pm; Phenomenex, Macclesfield, UK). MS/MS experiments and
detection were performed on an API3000 triple quadruple mass spec-
trometer (PE Sciex, Concord, Ont., Canada) by using multiple reaction
monitoring (MRM) in negative and positive ion mode. The optimized
MS/MS conditions were determined in infusion experiments using a
purified standard and its isotopically labelled internal standard. MRM
transitions were used as described by Miiller and Munné-Bosch (2011).
Quantification was performed by a ten-point calibration curve including
an isotopically labelled internal standard for each phytohormone using
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Analyst™ software (PE Sciex, Concord, Ont., Canada).

2.5. Statistical analysis

Statistical tests were performed with SPSS 27.0 statistical package.
To estimate the effect of packaging over time and composition mean
values were tested by two-way ANOVA and Tukey post hoc test to
determine statistical differences at different times after fruit cutting.
Tukey post hoc tests were also used to determine statistical differences of
packaging composition at specific time points. Pearson correlations
were performed for each fruit to describe putative relationships between
quality parameters, antioxidants and hormonal composition.

3. Results
3.1. Changes in fruit quality parameters related to packaging composition

Analysis of quality parameters in mixed and unmixed cut fruit
packaging resulted in differences related to packaging composition
(Fig. 1A). In general, kiwis and mangoes had a mild progressive loss of
water over the days of analysis and a maximum of 1g of water loss, while
oranges and pineapples exhibited severe water losses after fruit cutting
that increased up until the end of the experiment, and led to severe
dehydration (Fig. 1b). Likewise, when considering the packaging of fruit
mixture, water loss values achieved similar levels to the ones registered
for oranges and pineapples, showing a rapid loss of water from the first
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day of experiment and abrupt increases towards the end (Fig. 1b). In
contrast, when considering CO; production in the packaging, kiwi was
the only fruit with a high increase in CO5 accumulation, starting from
the day after cutting with about 3-times the initial values and only
decreased after two days of cold storage (Fig. 1b). All other fruits, either
did not show variations in CO, accumulation like mangoes or had a low
production, as it was the case for oranges and pineapples (Fig. 1b). On
the other hand, the mix of fruits presented an increase in the accumu-
lation of CO; from the second day onwards, which contrasted with the
pattern of COy accumulation in the packaging of individual fruits
(Fig. 1b).

Fruit mixing impaired fruit quality parameters with increases in TSS
and TA, pointing out symptoms of accelerated overripening in mango,
orange and pineapple, even though these fruits also retained better
firmness values when mixed fruit (Fig. 2). From all fruits, kiwis had
fewer variations in quality parameters during cold storage, mostly found
towards the end of the evaluation (Fig. 2). For instance, the lowest
values of TSS were found after four days of packaging and were 3%
lower than at the beginning of the experiment. Nevertheless, fruit
firmness was the parameter with higher variations, progressively
decreasing from the second day until the end of their storage. After
cutting, pH also had a slight increase in kiwis but remained stable for the
following days. In fact, pH was the only parameter showing statistical
differences between kiwis in unmixed and mixed packaging, but these
changes were not greater than 5% (Fig. 2). Mango, orange and pineapple
had higher differences in quality traits than kiwi both over storage time
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Fig. 1. A) Example of mixed fruit in bowls as ready-to-eat packaging and b) Water losses and CO, accumulation in individual and mixed bowls of kiwi, mango,
orange and pineapple. Data show the mean =+ SE of n = 5. Different letters indicate significant differences between days of storage (P < 0.05) using Tukey post hoc

tests. NS, Not significant.
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Fig. 2. Quality parameters of kiwi, mango, orange and pineapple slices in unmixed and mixed packaging. Total soluble solids (TSS); Titratable acidity (TA). Data
show the mean + SE of n = 5 in all cases, except for pH, in which n = 3. Different letters indicate significant differences between days after packaging (P < 0.05)
using Tukey post hoc tests and asterisks indicate significant differences between packaging composition. NS, Not significant.

and comparing different packaging composition. TSS values in mango
remained almost constant throughout storage. However, TA progres-
sively declined from fruit cutting-onwards, and resulted in TSS/TA in-
creases that were greater for mangoes of the mix than in unmixed
packaging. In fact, mangoes from mixes showed increases in the TSS/TA
ratio 2-3 times higher than those registered for mangoes in unmixed
packaging. The maximum values of TSS/TA were acquired after 4-day
storage in mangoes of mixes, but later decreased to after cutting
values (Fig. 2). Values of pH only had slight variations in mangoes since
pH values remained almost constant around 3.5 (Fig. 2). As in kiwis,
firmness in mango slices also decreased progressively during storage but
those in the mixed packaging retained fruit firmness for a longer period
and had 4-times higher values on the last day of analysis (Fig. 2). In

oranges, TSS values were more stable than in mangoes, with slight
variations over time. Nevertheless, as in mangoes, TA values in oranges
also declined the day after cutting and only stabilized afterwards, which
lead to almost constant values of TSS/TA (Fig. 2). Even so, oranges in
mixed packaging had a smaller reduction of TA and consequently,
achieved higher levels of TSS/TA than oranges of unmixed packaging. At
the same time, oranges did not show reductions in firmness values
during storage and only slight variations were found for pH (Fig. 2). In
fact, differences between mixed and unmixed oranges were only found
for firmness values the day following fruit cutting, where oranges from
mixed fruits had a delay in firmness reduction but afterwards followed
the same pattern as oranges in unmixed packaging (Fig. 2). Quality traits
of pineapples mimicked mango dynamics after cutting and also showed
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reductions in TSS and TA over the time of analysis in cold storage
(Fig. 2). As in mangoes, slices of pineapple in mixed packaging also had
increased values of TSS/TA from the first day after cutting and kept
these higher values until the end, 6 days afterwards where differences in
pineapple between mixed and unmixed packaging were greater than
previous days (Fig. 2). In this case, pineapple of unmixed packaging
showed slightly higher values of pH than those that were in mixes, but in
general, pH remained constant and had mild increases towards the end
of storage. Pineapples also had firmness reductions over time, attaining
the lowest values the last day of analysis, 6-days after fruit cutting.
Likewise, pineapples from mixed packaging had greater values of fruit
firmness after cutting, except for at the 4th day of analysis, where
pineapples from unmixed packaging showed a transient increase in fruit
firmness. However, unlike mangoes, pineapples from both packaging
compositions achieved the same firmness levels at the end of the
experiment (Fig. 2).

3.2. Antioxidants of fresh-cut fruits are positively affected by packaging
composition

Fruit mixing conditioned antioxidant composition in cut fruits with
benefits for mangoes, oranges and pineapples but a detrimental effect
for kiwis (Fig. 3). In total phenols, two distinct patterns were identified
between all fruits. On one hand, kiwis and mangoes showed an initial
reduction of total phenol contents the day after fruit cutting and pack-
aging, and these were 15 and 67% lower than initial values for kiwi and
mango, respectively. On the other hand, packaging composition resulted
in a differential accumulation of total phenol contents in oranges and
pineapples. While oranges did not show statistical differences in phenol
contents over the time of storage after fruit cutting, higher contents of
these antioxidants were found for oranges in non-mixed packaging
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(Fig. 3). Likewise, pineapples also had statistical differences regarding
packaging composition where slices of pineapple from the mixed
packaging showed an initial reduction in total phenols that was not
experienced by pineapple from unmixed packaging. In pineapples, the
initial reduction 1 day after fruit cutting in mixed made the greatest
difference in phenol content between packaging and was 4-times lower
than pineapples from unmixed packaging (Fig. 3).

Vitamin C contents were also affected by fruit type and packaging
composition over storage, having an important detriment for kiwis but
enhanced benefits for mangoes and pineapples when mixed (Fig. 3).
Particularly, vitamin C contents in kiwis decreased the first day after
cutting and cold storage but thereafter increased and remained stable
until the end of the experiment. These changes were different regarding
packaging composition, since kiwi slices from unmixed packaging had
greater contents of vitamin C. In fact, after 6-day storage, kiwi fruit from
the unmixed packaging had twice the contents estimated for kiwis from
the mix packaging with other fruits (Fig. 3). That was not the case for
mangoes and oranges, where the contents of vitamin C decreased in non-
mixed packaging. In mangoes, vitamin C contents mango slices from
unmixed packaging reduced their content up to 85% and led to almost
undetectable values. In contrast, mangoes from the packaging with
mixed fruits increased vitamin C contents achieved the maximum 6-days
after fruit cutting and storage, around 10% higher than initial values
(Fig. 3). For oranges, differences in vitamin C accumulation between
different packaging started the day after cutting and storage. Slices from
the non-mixed packaging had a major loss in vitamin C contents 2-days
after fruit cutting. Vitamin C contents of oranges from the mixed pack-
aging decreased after 6-days of storage and there were no significant
differences with the unmixed packaging (Fig. 3). Unlike all other fruits,
packaging composition was not a significant factor for vitamin C con-
tents in pineapples.Thereafter, vitamin C contents decreased in
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Fig. 3. Antioxidants in fresh-cut fruits with different packaging composition. Total phenols (Phe); vitamin C (vit C). See materials and methods for vitamin C redox
state calculations. Data show the mean + SE of n = 5 for total phenols and n = 3 for vitamin C. Different letters indicate significant differences between days after
packaging (P < 0.05) using Tukey post hoc tests and asterisks indicate significant differences between packaging composition. NS, Not significant.
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pineapples of both packaging compositions and reestablished to the
values registered at the beginning of the experiment (Fig. 3). Likewise,
the redox state of vitamin C followed a similar trend to the ones
described for vitamin C contents and differences between packaging
composition were also significant with contrasted patterns between
kiwis and the dynamics of mangoes and oranges (Fig. 3). Thereafter, the
vitamin C redox state of kiwi in mixed packaging restored to the same
values as the non-mixed kiwi and remained constant until the end of the
experiment, 6 days after fruit cutting and storage (Fig. 3). Contrary,
mango and orange in mixed packaging were the ones with a more stable
vitamin C redox state than the unmixed counterparts.

3.3. Phytohormone composition in cut and mixed fruits

ABA was one of the phytohormones with higher variations in fruits
(Fig. 4). In kiwis, only small contents of ABA were found, but kiwis from
the mixed packaging accumulated slightly higher contents of this
phytohormone, although such increases were not higher than 25%
(Fig. 4). Contrary, greater differences were found in mango, orange and
pineapple for ABA contents with regards to packaging composition.
Differences in ABA accumulation in mango from different packaging
were even greater by the end of the experiment, 6 days after fruit cutting
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and storage, when mango from the unmixed packaging accumulated the
highest contents of ABA (Fig. 4). A strong negative correlation was found
between ABA accumulation and total vitamin C contents in mangoes,
while there was a positive correlation between this phytohormone and
mango fruit firmness (Suppl. Table 2). Likewise, orange also had sig-
nificant differences in ABA accumulation considering packaging
composition, starting earlier than in mango, the second day after fruit
cutting. Besides, in oranges, ABA had strong positive correlations with
TA and total phenols, but a very strong negative correlation with the
TSS/TA parameter and ascorbate and its redox state (Suppl. Table 3). As
for pineapple, this fruit had fewer variations in ABA contents and
endogenous increases of this phytohormone were found 6-days after
packaging but only on pineapple slices from the unmixed packaging and
were 6 times higher than those registered for the mixed packaging.
Nevertheless, a strong negative correlation was also found between ABA
and the redox state of ascorbate in pineapple (Suppl. Table 4). So, in
general except for kiwis, ABA contents were greater in fruits from the
unmixed packaging than those in the mix.

At the same time, ACC contents also showed differences between
fruits (Fig. 4). The day after fruit cutting and packaging, kiwis had a
reduction in the ACC contents of 30% in both packaging composition but
2 days after packaging, kiwis from the unmixed packaging restored
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Fig. 4. Hormonal contents of abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC), jasmonic acid (JA) and salicylic acid (SA) in fruits of different
packaging composition. Data show the mean + SE of n = 3. Different letters indicate significant differences between days after packaging (P < 0.05) using Tukey post
hoc tests and asterisks indicate significant differences between packaging composition. NS, Not significant.
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initial levels and even surpassed them between 4 and 6 days of storage.
In opposition to this pattern, ACC contents of kiwi slices from the mixed
packaging remained after the initial drop and the highest difference
between the two-packaging composition was 4-days after cutting. ACC
in kiwis had a strong positive correlation with total ascorbate values but
showed a negative correlation with ABA in this fruit (Suppl. Table 1). In
mango, ACC contents only had transient variations regarding packaging
composition and no differences were found over time. In contrast, a
severe reduction in ACC contents was found for oranges of the mixed
packaging, whose levels decreased by 99% to almost undetectable
contents the day after fruit cutting (Fig. 4). Unlike kiwis, in mango,
orange and pineapple there was the opposite pattern of correlations with
ACC, which had a strong negative correlation with total ascorbate, and a
positive correlation with ABA for orange and pineapple (Suppl.
Table 2-4). Therefore, for all fruits ACC contents were higher at the
unmixed packaging transitorily or over time, relying upon fruit type, but
there were contrasting patterns between this phytohormone and ascor-
bate or ABA, depending on whether kiwifruit or all other fruits were
involved.

Lesser variations were found for JA between fruits and packaging
composition (Fig. 4). While kiwis only showed a single time point where
JA contents were higher in the mixed packaging than in the non-mixed
packaging by 20% the day after cutting, mango had a peak of JA at 4-
days after fruit cutting and packaging in the slices from the unmixed
packaging, which was twice higher than the values obtained in fruits
from the mixed packaging. Nevertheless, afterwards, these contents
decreased, and no differences were found in mango from different
packaging compositions by the end of storage (Fig. 4). Besides, pine-
apples also had an increase in JA contents in the slices from the unmixed
packaging. In general, oranges from the unmixed packaging had higher
contents than the ones in the mix, but without a specific production at a
single time point (Fig. 4).

No differences in the hormonal contents of GAs were found during
storage after fruit cutting except for pineapple slices, which showed a
transitory increase in the contents of GA4 at the second day of storage for
both packaging composition (Fig. 5). Nevertheless, in general, higher
contents of GAj, GA3 and GA; were found for cut mango from the un-
mixed packaging, while only GA4 was higher in mango from the mix.
Indeed, mango from the unmixed packaging had twice the contents of
GA; and GA3 than mango from the mix (Fig. 5). That was also the case of
oranges, were GAs contents were also higher in the unmixed packaging
than those in the mix, with the exception of GA4 were oranges from the
mix had higher contents, while no differences were found for GAs
(Fig. 5). From all fruits, kiwi was the only one with no differences in GAs
contents between different packaging composition. In contrast, endog-
enous accumulation of IAA was very low for all fruits and also showed
variations between fruits and packaging but not over storage (Fig. 6a).
While kiwi and mango did not show any differences neither over time,
nor for packaging composition, orange presented statistical differences
for packaging composition and those slices from the mixed packaging,
had greater contents of IAA than the cut oranges from the unmixed
packaging (Fig. 6a). Inversely, the first day after fruit cutting, pineapple
of the unmixed packaging accumulated up to 80% higher contents of

Table 1
Mixing effects on fruit quality and antioxidant composition versus single-fruit
packaging. NS, not significant.

Kiwi Mango Orange Pineapple
TSS NS Better NS NS
TA NS Better Better Better
TSS/TA NS Better Better Better
Firmness NS Better Better Better
pH Worse Better NS Worse
Total phenols NS Worse Better Better
Total vitamin C Worse Better Better NS
Vitamin C redox state Worse Better Better NS
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IAA than slices of pineapple from the mix packaging (Fig. 6a).

Kiwis had specific CKs accumulation due packaging composition
with contrasting patterns regarding CKs groups. For instance, higher
contents of t-Z and its precursor t-ZR were found in cut kiwis from the
unmixed packaging (Fig. 6). In contrast, 2iP and IPA had the opposite
pattern of accumulation and greater contents of these phytohormones
were found in cut kiwi from the mixed packaging over the timing of
storage. Indeed, the main differences between packaging’s for 2iP con-
tents was found 4-days after fruit cutting, when kiwi from mixed bowls
had 92% higher contents than those from the unmixed (Fig. 6). More-
over, in kiwi slices, a strong correlation was found between CKs contents
and ABA or ACC. While there was a significant negative correlation
between t-Z or t-ZR contents and ABA, this phytohormone had a positive
correlation with 2iP and IPA in kiwifruits. The opposite correlation
pattern was found for ACC, which positively correlated with t-Z and ¢-ZR
but had a negative correlation with 2iP and IPA (Suppl. Table 1). All
other fruits had a more general increase/decrease in CKs contents with
regards of packaging composition and while mango accumulated similar
contents of CKs, these were much lower for orange and pineapple from
both packaging. Besides, 2iP had a high variability in mango and no
differences were found neither for packaging, nor over time, but cut
mango from the mix packaging had greater contents of IPA over time
and showed a peak at 4-days after packaging, where these fruits had
twice the contents than mango slices from the non-mixed packaging
(Fig. 6). Furthermore, t-Z and t-ZR contents were higher in mango slices
from the mix than in the mixed packaging, specially towards the end
(Fig. 6) and a positive correlation was found between this group of CKs
and quality and antioxidant parameters (Suppl. Table 2). In contrast, a
strong negative correlation was found for all CKs with ABA and JA in
mangoes (Suppl. Table 2). Even orange fruits had lower contents than
kiwis and mangos, packaging also influenced the endogenous accumu-
lation of CKs. In this line, orange from the unmixed packaging had
greater contents of all CKs studied in the analysis, being t-Z and t-ZR
differentially accumulated between the 4th and 6th day after fruit cut-
ting, where the contents of these phytohormones were around 95%
higher in orange from the unmixed packaging than the slices from the
mix (Fig. 6). Pineapples accumulated very low contents of CKs with
values like those found for oranges.

4. Discussion

4.1. Fruit mixing in the packaging improves quality traits and promotes
better preservation in minimally processed fruits

It is well stablished that fresh-cut fruits have shorter shelf-life than
whole fruits during postharvest because of the wounding-like response
after peeling and slicing operations required for packaging that unleash
physiological changes in cut-fruits commodities (Baldwin & Bai, 2011;
Ma et al., 2017). In this sense, our results on water loss and respiration
rates are in accordance with previous studies performed on mangoes (Ali
et al., 2004), pineapples (Pizato et al., 2019) or kiwis (Manzoor et al.,
2021), which reported lower water contents and increased respiration
rates after fruit cutting. In this case, the mixed fruit packaging also
showed the same trend than oranges and pineapples of the unmixed
packaging for water loss and CO, accumulation, probably due to the
mixed effects detected for individual fruits. However, for any of the
fruits or fruit composition, packaging atmosphere did not evolve to
semi-anaerobic conditions (>20% CO) that usually lead to the pro-
duction of fruit off-odors that could lead to consumers’ rejection (Rux
et al., 2021). Nevertheless, when looking at fruit quality parameters
such as TSS or TA, a differential pattern was found between fruit
packaging compositions in mangoes, oranges and pineapples but not in
kiwis. It is known that, in general, during fruit postharvest there is an
increase in the sugar-acid metabolism both related to the respiratory
burst and in response to environmental stress factors (Brizzolara et al.,
2020) that are linked to lower levels of TSS and TA over time. Kiwifruits
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Fig. 5. Gibberellin (GAs) contents in cut-fruits stored in different packaging composition. Data show the mean + SE of n = 3. Different letters indicate significant
differences between days after packaging (P < 0.05) using Tukey post hoc tests and asterisks indicate significant differences between packaging composition. NS,

Not significant.

followed this pattern of TSS and TA accumulation in both unmixed and
mixed packaging and had lesser contents towards the end of the
experiment, but in all other fruits, the mix composition had greater re-
ductions in TA than fruits from the unmixed packaging. These results
could indicate that fruit mixing was accelerating over ripening in the
fruit slices, especially in terms of acid metabolism and, in consequence,
also changed the profile of the TSS/TA of mango, orange and pineapple
of the mix. Other experiments performed in mangoes (Salina-
s-Hernandez et al., 2015), showed a decrease in TSS values over time, a
quality attribute that negatively affected consumers’ perception of the
fruit shelf-life in the packaging mainly by its high correlation with flavor
and sweetness. Moreover, in citrus fruits (Zhou et al., 2018) TSS/TA is
used to evaluate sweetness and consumers’ acceptance, having higher
values of TSS/TA better acceptability. Other quality traits such as fruit
firmness also had an improvement in mixed packaging. While a general
loss of fruit firmness was found for all fruits over time, mango, orange
and pineapple slices of the mix retained higher firmness values than
those from the non-mixed packaging. Fruit firmness is a quality trait
related to palatability and higher values are associated with better fruit
preservation (Barrett et al., 2010; Salinas-Hernandez et al., 2015).
Moreover, fruit mixing also gave a 2-day window for firmness attributes
in the mixed packaging that could have an important impact on

storability and stock rotation in shops to reduce wastage of such
perishable commodities.

Taken together, these results showed that fruit mixing in packaging
positively affected fruit quality traits such as TSS/TA and firmness, even
though there was an aggravation of acids metabolism for all fruits except
kiwis (Table 1). Therefore, fruit mixing seems a convenient strategy to
have a better preservation of fresh fruits in minimally processed pack-
aging in terms of quality traits.

4.2. Antioxidants are differentially affected by fruit and packaging
composition

Antioxidant composition is an important factor determining storage
and shelf-life of cut fruits (Rico et al., 2007). Early wounding responses
include increased phenol contents that evolve into fruit browning at
cut-edges due to higher phenolic oxidation by polyphenol oxidases or
peroxidases because of cellular decompartmentalization after cut (Reyes
et al., 2007; Toivonen & Brummell, 2008). In the present study, there
was a reduction in total phenols for all fruits the day after fruit cutting
except for oranges and pineapples of the unmixed packaging. Since no
symptoms of browning were found for these fruits over the period of
analysis, total phenols may be acting as protective antioxidants in these
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Fig. 6. Endogenous contents in cut fruit with different packaging composition of a) indole-3-acetic acid (IAA) and b) citokinins, including trans-zeatin (t-Z), trans-
zeatin riboside (t-ZR), 2-isopentenyladenine (2iP), isopentenyladenosine (IPA). Data show the mean + SE of n = 3. Different letters indicate significant differences
between days after packaging (P < 0.05) using Tukey post hoc tests and asterisks indicate significant differences between packaging composition. NS, Not significant.

fruits, especially because oranges of the unmixed packaging had higher
vitamin C oxidation as shown by lower values of vitamin C redox state.
Ascorbic acid also acts as an oxygen scavenger, removing molecular
oxygen in polyphenol oxidase reactions and reducing the formation of
o-quinones whose accumulation in fruit tissues give browning colora-
tions (Reyes et al., 2007). Therefore, higher accumulation of ascorbic
acid could also prevent from browning. In the present study, vitamin C
contents were only detrimentally affected in kiwis from the mix pack-
aging. All selected fruits of this study are characterized by accumulating

large amounts of ascorbic acid (Lee & Kader, 2000) and reductions on
this antioxidant could imbalance the beneficial properties of their
intake. In kiwis, the reductions in vitamin C contents because of the
mixing were immediate and substantial (up to 50%), which could
indicate that mixing of these fruits could have adverse effects in terms of
health-promoting antioxidants. It should be considered that it is possible
that the observed reductions might be influenced by the type of fruit
composition in the mix and other mixes could have better results for
kiwifruits. Nevertheless, mangoes and oranges substantially benefited
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from fruit mixing since these fruits preserved vitamin C contents in a
greater extent than the unmixed cut fruits (Table 1). Considering that
other studies in mangoes (Djioua et al., 2009) and oranges (Sicari et al.,
2017) have also shown that postharvest time reduces the contents of
ascorbic acid, mixing of these fruits states as a promising strategy to
preserve their vitamin C composition in minimally processed packaging.

4.3. Fruit mixing elicits hormonal changes that determine final fruit
quality in the packaging

Wounding and dehydration stresses are frequent in fresh-cut com-
modities. Catabolic and degradation processes occurring because of
stress responses are tightly regulated by hormonal changes. In this sense,
ABA has been described to regulate tissue suberization in wound stress
responses in fruits that have been damaged during harvest, storage or
transportation (Leide et al., 2012; Tao et al., 2016; Wei, Wei, et al.,
2021). Nevertheless, there is still very little knowledge of the role of this
and other phytohormones in minimally processes products. In the pre-
sent experiment with the analysis of the hormonal content of different
phytohormones in fresh cut products, it was visible that there is an
active regulation of fruits by ABA, JA, GAs and CKs, but the dynamics
and involvement of these phytohormones were defined by both fruit
type and packaging composition. ABA and JA were the highest accu-
mulating phytohormones, in particular in the fruit slices of mango, or-
ange and pineapple of the unmixed packaging. It is relevant to mention
that oranges and pineapples in non-mixed packages were also the fruits
with higher phenol accumulation and a strong relationship has already
been described between ABA and JA for the activation of phenyl-
propanoid metabolism (Zlotek et al., 2014; Wei, Wei, et al., 2021). In
this sense, in the present experiment oranges had a strong positive
correlation between ABA and phenols, indicating that phenol accumu-
lation in the orange mixed packaging could be partially promoted by
enhanced ABA accumulation in their tissues. Likewise, mango, orange
and pineapple slices that were not mixed in their storage, also had an
accelerated firmness loss than those in the mixed packaging. In line with
this, mangoes fruit firmness was also positively correlated with ABA and
negatively correlated with t-Z and t-ZR, indicating the endogenous
balance of these phytohormones as an important trait to keep mango
firmness in the mix packaging. Several studies have highlighted the role
of ABA in cell wall degradation and textural changes (Alférez et al.,
2005; Sun et al., 2012; Garcia-Pastor et al., 2021; Zhou et al., 2021) and
for this reason, fruits of the unmixed packaging with higher contents of
this phytohormone could have experienced a rapid loss in fruit firmness.
At the same time, in fruits like mangoes where fruit mixing promoted t-Z
and t-ZR accumulation, may have contributed to a delay on increasing
ABA contents, because of the antagonistic role of CKs in ABA accumu-
lation (Nishiyama et al., 2011; Fenn & Giovannoni, 2020). Through this
phytohormonal equilibrium, fruit mixing might have promoted a better
preservation of mango fruit firmness, which could be used as an inno-
vative strategy to reduce fruit softening of fresh-cut mangoes. On the
other hand, wounding after fresh-cut processing has been also described
to activate ACC synthase and ethylene production (Toivonen & Brum-
mell, 2008). ACC accumulation showed a uniform pattern for all fruits
even if some of them are not considered climacteric fruits. In this
respect, all fruits that were in the unmixed packaging during the post-
harvest period, accumulated higher contents of ACC, especially towards
the end of the experiment. ACC contents strongly correlated with
vitamin C and the redox state for all fruits, but it is important to mention
that while kiwis had a positive correlation between these parameters, all
other fruits had a negative correlation. Since vitamin C contents and the
redox state were affected by packaging composition, only with detri-
mental effects for kiwis, ACC or its immediate product, ethylene, depict
as an important target to maintain vitamin C contents in ready-to-eat
fruit packaging. These results agree with previous studies in apple sli-
ces (Tardelli et al., 2013) and whole mango (Wang et al., 2009) and kiwi
(Zhang et al., 2021) fruits, where the application of
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1-methylciclopropane (1-MCP), a structural analogue of ethylene that
hinders its signal transduction, slowed the reduction of ascorbate over
storage. For this reason, since similar results have been obtained for
ascorbate contents in the mixed packaging, mixtures of different fruits
could be a good strategy to reduce the use of chemical compounds such
as 1-MCP in ready-to-eat packaging.

Other less studied phytohormones in fresh-cut commodities such as
GAs and CKs also showed particular patterns of accumulation consid-
ering packaging composition and fruit type. In general, gibberellins have
been described with a protective role in over ripening of fruits in post-
harvest (Huang et al., 2014; Tijero et al., 2019), but no studies have been
conducted for minimally processed fruits. Here, higher contents of gib-
berellins were found in oranges and mangos of the non-mixed packaging
but all other fruits showed no variations for the accumulation of this
group of phytohormones. GAs have also been associated with the
modulation of JA signaling, since GAs regulate the accumulation of
DELLA proteins, which in turn are responsible of the inhibition of the JA
response (Hou et al., 2010). Considering that JA greatly accumulated in
oranges and mangos of the unmixed packaging, giberellins could be
acting to modulate this response. In contrast, as previously mentioned,
CKs of mangoes showed the opposite pattern and those in the mixed
packaging accumulated greater contents of t-Z, t-ZR and IPA. At the
same time, kiwi slices of the mixed packaging also experienced transient
increases of 2iP and a constant increase on IPA, while the contents of t-Z
and t-ZR where higher at the unmixed packaging. Very little is known
about the accumulation of specific CKs and quality traits during fruit
postharvest, and only a study by Massolo et al. (2014) has investigated
the role of CKs to delay cell wall degradation during postharvest because
in general, CKs contents in fruits tend to decrease during this period
(Tijero et al., 2019). In broccoli florets, CKs biosynthesis and in partic-
ular t-Z and t-ZR increased as a result of water stress treatments (Zai-
covski et al., 2008). Here, CKs from mangos seem to be antagonizing the
effects of ABA in the mixed packaging, especially t-Z and t-ZR, but since
water stress is one of the main events taking place after fruit cutting,
increases in CKs in mangoes and kiwifruits could also be related to water
dynamics of fruit slices in minimally processed products.

5. Conclusions

To ensure greater postharvest shelf-life of ready to eat packaging of
fruits it is essential to find innovative strategies for their preservation.
The present experiment demonstrated that fruit mixing largely affects
fruit quality and nutritional traits, with beneficial effects for mangoes,
oranges and pineapples, but slight detrimental effects for kiwifruits in
terms of antioxidant composition. Likewise, ABA, JA, GAs and CKs were
identified as hormonal components that could be subjected to endoge-
nous modifications to expand fruit shelf-life and improve quality traits to
meet consumer’s expectations. Altogether, the present study sets the
physiological foundations for future innovative technologies aimed to
preserve cut fruits.
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