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Abstract: The aim of this work was to investigate the effect of edible coatings (ECs) prepared from
extracts of Opuntia ficus-indica (OFI) cladodes in comparison with a commercial chitosan formulation
on the quality of ‘Regina’ cherries packaged in macro-perforated bags and stored for up to 28 d (1 ◦C,
90% RH). The coating concentrations were 25% and 50% aqueous OFI extract (approximately 0.59 and
1.18% dry matter, respectively), 1% OFI alcohol insoluble polysaccharide and 1% chitosan. The
variables evaluated included weight loss (WL), respiration rates (RR), peel color, firmness, microbial
decay, total antioxidants (phenolics, flavonoids, anthocyanins, antioxidant capacity), individual
phenolic compounds (anthocyanins, hydroxycinnamic acids, flavan-3-O-ols), and pedicel removal
force. The main results show that all coatings reduced WL and RR similarly, enhanced firmness
throughout storage and antioxidants after 28 d of storage compared to the controls. Among treatments,
chitosan resulted in much higher peel glossiness and firmness in comparison to OFI extracts. On day
28, all ECs resulted in higher antioxidants than controls, OFI extracts resulted in higher cyaniding-3-
O-rutinoside than chitosan, while 50% OFI treatment resulted in the highest catechin concentration.
Therefore, OFI extracts are promising ECs for cherry storage since they exhibited no negative effect,
improved quality and extended storage life by one week compared to the controls.

Keywords: Prunus avium; edible coatings; Opuntia ficus-indica extracts; chitosan; storage; quality;
anthocyanins; phenolic compounds; total antioxidant capacity

1. Introduction

Cherries are early summer fruits and are highly appreciated by consumers due to
their size, color and flavor. They are also a rich source of nutritive compounds, containing
sugars, acids, potassium, melatonin, dietary fiber, vitamins C, A, E and B, phenolic acids
and anthocyanins with only low caloric content [1]. Because of their composition, they
contribute to health promotion and prevent diseases, such as cardiovascular disorders and
types of cancer. Most of their beneficial effects are attributed to phenolic compounds [2].

Fresh cherries are exposed to the market for a very short period of time. They are very
susceptible to physiological disorders and microbial decay, rendering the fresh produce

Foods 2022, 11, 699. https://doi.org/10.3390/foods11050699 https://www.mdpi.com/journal/foods
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sensitive to transport and storage. Moreover, they are harvested with pedicels, indicating
the fruit’s freshness as long as they remain green and attached to the fruit [3]. Low-
temperature management remains crucial for quality retention throughout the whole fresh
cherry chain. Postharvest handling, such as ethanol treatment [4], modified clamshells with
reduced water loss [5], or lowered oxygen concentration and elevated carbon dioxide in
modified atmosphere packaging (MAP) in combination with low temperature maintain
cherries’ sensory and quality characteristics for up to 6–7 weeks [6–8]. However, prolonging
the shelf life of small and very sensitive fruit further still remains a challenge [9].

An alternative method, based on MAP, is the implementation of edible coatings (ECs).
They form semipermeable barriers on the surface of each single fruit to moisture, solute and
gas (O2, CO2 and other volatiles) transport, regulating their exchange between fruit and the
surrounding atmosphere, provided that the fruit does not induce anaerobic respiration [10].
Therefore, the reduced water vapor pressure (WVP) caused by the coating results in reduced
WL, O2 uptake and CO2 evolution and consequently reduced RR and in ripening delay.
In stone fruit during storage, the effects of ECs composed of polysaccharides are the most
studied, exhibiting reduced weight loss (WL) and ripening delay. They are applied to fruit
as a liquid solution by immersion, spraying and dripping/brushing. Most studies use one
of the two types of polysaccharide coating: chitosan or natural gel (mucilage) extracted
from plant sources [10–12]. Chitosan is the most common edible coating applied to fruit,
such as strawberries [13], sliced mangoes [14], and cherries [15–17], with promising effects
on quality characteristics and storability [12] and inhibiting microbial decay [10,18].

Plant extracts applied to cherries, such as Aloe vera [19], guar gum with ginseng
extract [20] and Arabic or almond gum [21], or to other fruit, such as Aloe vera to tomato [22]
comprise a few examples exhibiting promising results during storage by delaying ripening
processes. Recently, increasing interest has been focused on the novel ECs with material
derived from wild plants that are rich in polysaccharides, such as the Opuntia ficus-indica
(OFI) or Opuntia cactus (Cactaceae), commonly called prickly pear or cactus pear. It is a
xerotrophyte plant, cultivated in Central and South America, Asia and South Europe. The
mucilage of the cladodes has been studied in citrus [23], kiwi slices [24], strawberries [25],
figs [26] and a few other cases, improving their shelf life, but not yet in cherries.

This work aimed to investigate some extracts of OFI cladodes (mucilage and gel
solutions) alongside chitosan as ECs on cherry quality during low-temperature air storage.
The variables evaluated were the fruit WL, respiration rates (RR), peel color, firmness,
total phenolics (TP), total flavonoids (TF), total anthocyanins (TAN), total antioxidant
capacity (TAC), individual phenolic compounds, pedicel removal force (PRF) and fruit
microbial decay.

2. Materials and Methods

2.1. Plant Materials

Cherry (P. avium L.) fruits of cv. ‘Regina’ were harvested from trees grafted on ‘Gisela
6′ rootstock and grown in a commercial orchard located at Tegea, Arkadia County, Greece
(37◦26′ 20′′ N, 22◦24′47′′ E). The fruit were harvested (16 July 2019) soon after the com-
mercial maturity stage and transported to the laboratory within 2.5 h. Upon arrival at the
laboratory, the fruits were sorted and only healthy fruits of uniform maturity, macroscopi-
cally free of disorders and diseases, were selected for the experiment. Cactus pear (Opuntia
ficus-indica) cladodes were collected from vegetatively propagated/cladode rooting trees of
a red/dark pink fruit variety grown in a commercial orchard located in Gerakas, Attica
County, Greece (38◦00′ 34′′ N, 23◦52′28′′ E). One- and two-year old cladodes were collected
on 1 July 2019, transported to the laboratory within 2 h and stored (4 ◦C, 85% RH) until
processing (7–11 July 2019).

2.2. Mucilage Extraction from Opuntia ficus-indica Cladodes and Preparation of the Edible Coatings

The mucilage from cladodes of cactus pear was extracted in two forms for the prepa-
ration of different ECs (Figure 1). The first mucilage material, aqueous polysaccharide
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extract, was prepared according to Del Valle et al. [25] with some modifications. Cladodes
were peeled and sliced (1 cm width) (Step 1), and homogenized in a blender (Model CB15,
Waring, Torrington, CT, USA) (Step 2). The slurry was incubated in a water bath at 40 ◦C
for 90 min (Step 3) and then centrifuged (Model 4239R, Alc International, Srl, Cologno
Monzese Srl, Cologno Monzese, Italy) at 10,000× g for 10 min (Step 4). The collected
supernatant was thermally pasteurized in a water bath at 77 ◦C for 1 min and stored at
4 ◦C until use. The final material was in a gel (Code: Gel or G) form with specifications:
2.36% (w/v) dry matter; 0.69% (w/v) ash; 2.0 ◦brix; 4.47 pH. The second mucilage material
was prepared according to Allegra et al. [24] with some modifications consisting of the
alcohol-insoluble polysaccharide content of cladodes. This procedure was similar to the
described aqueous-based polysaccharide extract, following the same steps 1–4, as a first
part of the processing. The supernatant from step 4 was boiled at 100 ◦C until reaching a
concentration of 50–60% of the initial volume (step 5), and then centrifuged at 3600× g for
5 min (Step 6). In the collected supernatant, an equal volume of ethanol (96%) was added
(1:1) for precipitation of the polysaccharides (step 7) and the mixture was incubated at 1 ◦C
for 24 h (step 8). After incubation, the mixture was centrifuged at 3600× g for 5 min (Step 9)
and the pellet was collected containing the alcohol insoluble polysaccharides. Finally, the
collected solid material was dried in a vacuum (−0.7 bar) oven at 50 ◦C for 12 h (Step 10),
and the dried solid was ground and sieved (18 mesh) (Step 11) for use as the final cactus
pear polysaccharide material (Code: Polys).

  

Figure 1. Diagram of the steps during preparation of edible coatings (ECs) from cladodes of Opuntia
ficus-indica (OFI). A, the alcohol insoluble polysaccharides content, called Gel; B, the alcohol insoluble
polysaccharides content, called Polys.

2.3. Edible Coating Treatments and Storage of Cherry Fruit

Preliminary experiments were conducted for the determination in the final edible
coating application solution of the (i) concentration of the Gel material (tested 0, 20%,
25%, 33%, 50% and 100% Gel (v/v)); (ii) concentration of the Polys material (tested 0, 1%,
5% and 10% Polys (w/v)); (iii) concentration of plasticizer (tested 0%, 1%, 5% and 10%
glycerol (v/v)); and (iv) an extra step for gelation (tested 0%, 1% and 5% CaCl2 (w/v)). Edible
coating solutions were prepared (Gel ± glycerol, Polys ± glycerol) and applied by dipping
treatments on cherry fruit followed or not by a successive gelation step (±CaCl2).
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Increases in glycerol, CaCl2 and pH increase the viscosity but decrease the values of
wettability and adhesion coefficients [12]. The selection criteria for the desired coating
solution specifications and application procedure were the (i) uniform coverage of the
whole fruit after drying of the coating; (ii) the presence of abnormal fruit appearance and
(iii) fruit weight loss after 5 days at 1 ◦C, 85–90% RH. Based on the results of the preliminary
experiments, 25% and 50% Gel and 1% Polys concentrations were selected, all with the
addition of 5% glycerol as a plasticizer and no requirements for an extra gelation step.

For the final experiment, the tested coating solutions in deionized (DI) water were:

(i) a liter of 25% Gel (v/v) containing 5% glycerol (code: G25),
(ii) a liter of 50% Gel (v/v) containing 5% glycerol (code: G50),
(iii) a liter of 1% Polys (w/v) containing 5% glycerol (code: Polys),
(iv) a liter of 1% (w/v) chitosan in acetic acid (0.5% v/v) containing 5% glycerol,
(v) a liter DI water containing 5% glycerol used as a control for 7, 14, 21 and 28 d of storage.

The chitosan solution was prepared by dissolving 5 g of chitosan (Chitosan from
shrimp shells; degree of deacetylation ≥0.75; color, white to beige; Aldrich Chemistry;
Product) in 1 L of DI water containing 0.5% (v/v) acetic acid under stirring at 40 ◦C for 24 h.

Batches of about 300 g of cherries (a total of 6 batches per treatment) were dipped for
1 min in each coating solution, the excess coating was drained, and the coated fruits were
dried under forced air at 20 ◦C for 60 min. Coated cherries were packaged in polypropylene
(PP) macro perforated packages with 10 × 20 cm dimensions and 3 holes cm−1 perforation
of 500 μm diameter (15 fruits per package, averaged 152.35 ± 10.98 g of fruit per package,
12 packages per treatment), sealed, and stored in a cold chamber at 1 ◦C and 90% RH
for up to 28 days. Each package served as a biological replicate. Quality and chemical
attributes were analyzed, just before coating treatments (day 0) and at 7, 14, 21 and 28 d
after storage, on 3 replicates per treatment at each sampling day. Weight loss was measured
immediately after removal from the store and packages, whereas the remaining variables
were evaluated after removal from packages and temperature equilibration at 20 ◦C for
15 h. During each sampling, soon after the quality parameters’ evaluation on fresh fruit per
package (10 per 15 fruit selected randomly), fruits were frozen (−20 ◦C) until the extraction
of phytochemicals.

2.4. Total Soluble Solids, Titratable Acidity, pH, Peel Color, Weight Loss, Moisture/Dry Matter
and Respiration

The total soluble solids (TSS) of the flesh was estimated in each fruit separately by an
Atago 8469 (Atago Co., Ltd., Tokyo, Japan) hand refractometer. Titratable acidity (TA) was
measured by the titration of 10 g of fruit sap to pH 8.2 with 0.1 M NaOH. pH was measured
by a pH-meter (Jenway 3310; Jenway Ltd., Dunmow, UK).

The color grade was evaluated according to the color program developed by the
Centre Technique Interprofessionnel des Fruit et Legumes (CTIFL, Paris, France), in which
1 = light pink and 7 = dark mahogany. The present cherries at harvest were evaluated as of
color grade 6, indicating the advanced maturity stage.

Accurate peel color determinations were carried out on 10 fruits per replicate on the
opposite sides of each fruit with a Minolta chromatometer (CR-300; Minolta, Ahrensburg,
Germany) according to Tsantili et al. [27]. The measurements are expressed as chroma
(intensity of color), hue angle (actual color, or redness), and L* value (lightness ranging
from 0 = black to 100 = white). In particular, the recorded values of a* and b* were converted
into hue angle (h◦) and C* according to the following equations:

h◦ = tan−1 (b*/a*) when a* > 0 and b* > 0

h◦ = 180o + tan−1 (b*/a*) when a* < 0

h◦ = 360o + tan−1 (b*/a*) when a* > 0 and b* < 0

C* = (a* + b*)1/2

4
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Fruit weight loss was measured immediately after removal of the packages from
storage and expressed as the percentage difference between the fruit weight (15 cherries)
immediately after drying at day 0 and the weight at sampling (%, w/w).

Fruit moisture/dry matter was determined according to AOAC method 934.06 on
each sampling day by the difference in weight of ~5 g pulp from 10 fruit before and after
drying at 105 ◦C until constant weight.

Fruit respiration rates (RR) assessed as CO2 production were measured using a closed
portable infrared gas analyzer (LI-6400; LI-COR, Lincoln, NE, USA) connected to a 750 mL
airtight jar at a flow rate of 900 μmol s−1 [28]. On each sampling day and for each coating
treatment, the RRs were measured on 10 randomly selected fruits per replicate after temper-
ature equilibration at 20 ◦C. The CO2 production rates were expressed in nmol kg−1 h−1.

2.5. Fruit Firmness and Microbial Decay

The texture analysis was performed using an HD-Plus texture analyzer (Stable Micro
Pedicels Ltd., Godalming, UK) and the Texture Expert Exceed Software for the data analysis.
The determination of the textural characteristics of whole fruits was conducted with a
cylindrical probe of 2 mm diameter and movement speeds of 1 mm/s during the test,
5 mm/s for the pre-test and 10 mm/s for the post-test. The compression depth was set at
5 mm, the measurement was conducted at the equatorial zone in each fruit and the results
were expressed as the maximum recorded force in N.

Each fruit was visually assessed for decay incidence (molds and other infections), and
the presence (=1) or absence (=0) of any decay symptom was expressed as the mean of
10 fruit per replicate.

2.6. Resistance to Pedicel Removal

Resistance to pedicel removal (PRF) was measured with a HD-Plus texture analyzer
equipped with a hook probe. Each fruit was immobilized in the moving probe, the tip of
the pedicel was connected to the stable base of the instrument, and the probe was moving
upwards in a perpendicular direction to the horizontal plane until pedicel removal. The
movement speeds were 10 mm/s during the test, 10 mm/s for the pre-test, and 10 mm/s
for the post-test, and the results were expressed as the maximum recorded force in N.

2.7. Extraction of Phytochemicals

The extraction procedure of phytochemicals was carried out according to Blackhall
et al. [29] after some modifications. Frozen cherries (three replicates of 10 cherries each)
were de-stoned and homogenized in a blender (Model 38BL40, Waring commercial, New
Hartford, CT, USA) for 15 s. Approximately 2 g of cherry pulp and 20 mL of methanol
containing 0.1% 10 N HCl were homogenized using an Ultra-Turrax (Model T25, Ika
Labortechnik, Germany) for 1 min at 9500 rpm min−1. The homogenate was incubated in a
supersonic bath for 60 min at 37 ◦C, centrifuged at 4000 rpm for 6 min and the supernatant
was recovered and used for the analyses.

2.8. Determinations of Total Phenolics, Flavonoids, Anthocyanins and Antioxidant Capacity

Total phenolics (TP) was measured by the Folin–Ciocalteu method according to Tsantili
et al. [30], recording the absorbance at 750 nm versus a blank using a spectrophotome-
ter (Model Cary 50, Varian Inc., Walnut Creek, CA, USA). Total flavonoids (TF) were
measured by a colorimetric method using a 0.3 mL cherry extract for reactions and ab-
sorbance recording at 510 nm [31], as described by Tsantili et al. [30]. Total anthocyanins
(TAN) were measured according to Meyers et al. [31], as described by Tsantili et al. [30],
recording absorbance at 510 and 700 nm in buffers at pH 1.0 and 4.5, and converted to
cyanidin 3-rutinoside (keracyanin) equivalents (c-3-rut) using a molar extinction coefficient
of 28,840 L mol–1 cm–1. Total antioxidant capacity (TAC) was evaluated using both ferric
reducing antioxidant power (FRAP) [30] and radical scavenging capacity (2,2-diphenyl-
1-picrylhydrazyl, DPPH) [32] assays according to Christopoulos and Tsantili [33]. For all
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determinations, triplicate reactions per replicate were performed, and the results of TP, TF,
TAN and TAC were expressed as equivalents of gallic acid (GAE), catechin (CAE), c-3-rut
and Trolox acid (TAE), respectively, all on a DW basis.

2.9. Determinations of Individual Phenolic and Anthocyanin Compounds

Individual phenolic and anthocyanin compounds were determined according to
Durst and Wrolstad [34] by an HPLC system equipped with a pump Nexera X2 (LC-
30 AD), an autosampler system (SIL-30AC), a diode array detector (SPDM20A) (Shimadzu,
Kyoto, Japan) and a Macherey–Nagel HPLC column C18 (250 × 4.6; 5 μm, Nucleodur
PolarTec at 30 ◦C. An aliquot of 5 mL of the extract of phytochemicals (point 2.7) was
evaporated under N2 stream at 37 ◦C and the residue was dissolved in 1 mL MeOH (HPLC
grade). The extract was filtered through a Chromafil AO-45/25 polyamide filter (0.45 μm
pore size), 20 μL was injected and the flow rate was set at 1 mL min−1. The elution
solvents were (A) 100% acetonitrile and (B) aqueous formic acid 1%. The separation of
the compounds was achieved according to the gradient: 0–15 min, 35% A; 15–30 min, 10%
A; 30–80 min, 15% A; 80–100 min, 50% A; and finally washing and reconditioning of the
column (equilibration time), 100–105 min 5% A. Identification of compounds was carried
out by comparing retention times and their UV–Vis spectra from 200 to 700 nm. Each
compound was quantified in comparison with a multipoint calibration curve obtained
from the corresponding authentic standard (Extrasynthese, Genay, France) and expressed
as mg g−1 DW. Chlorogenic and neochlorogenic acid were monitored at 320 nm, flavan-
3-ols at 280 nm and anthocyanins at 510 nm. The data analyses were carried out using
LabSolutions LC/GC 5.82 (SkyCom, Tokyo, Japan).

2.10. Statistical Analyses

The significance of the treatment effects (Ecs), storage days and their interaction
on the determined variables was estimated by two-way ANOVA. In controls, one-way
ANOVA was also performed. During the last two sampling dates and also when denoted,
partial analysis of data was performed in addition to two-way ANOVA of all data from
day 7. Mean comparisons were performed using the Tukey-HSD multiple range test (α
= 0.05) with standard error (SE) values calculated from the residual variances. Data of
weight loss (WL), pedicel removal force (PRF), and the analyses of respiration rates (RR) of
controls, hue angle of controls and pedicel removal force of controls were transformed to
log10, while c-3-glc and analyses of controls of c-3-rut, catechin, epicatechin, chlorogenic
and neochlorogenic acids were transformed to the square root. The data presented were
back transformed. Decay data were analyzed without transformation after checking the
residuals for normality, according to the Shapiro–Wilk test, and the plot of the residuals
for homoscedasticity. All statistical analyses were performed using STATGRAPHICS Plus
(Statgraphics Technologies Inc., The Plains, VA, USA).

3. Results

3.1. Total Soluble Solids, pH and Titratable Acidity

At harvest, the total soluble solids (TSS) was 18.33 ± 0.06 (%), pH 4.09 ± 0.06 and
titratable acidity (TA) 0.49 ± 0.02% (w/w) malate (Table 1).

Table 1. Total soluble solids (TSS), pH values and titratable acidity (TA) of juice in cherries at harvest.

Harvest

TSS a

(%)
pH

TA
(%, w/w)

8.33 ± 0.06 4.09 ± 0.06 4.29 ± 0.02
a Numbers are means of three replicates of 10 cherries each ± standard deviations.
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3.2. Fruit Color, Weight Loss and Respiration Rates

The color parameter L* was 29.9 at harvest (Figure 2a). Changes in controls during
storage were significant, exhibiting the highest value on day 14 and the lowest on day 28.
Analysis of all data from 7 d showed that L* remained almost stable in controls, G25,
G50 and Polys, whereas in chitosan-treated fruit, it increased substantially, reaching the
highest value on day 14 and then decreased gradually, being significantly lower at the end
of storage, but similar to the remaining treated fruit. The treatment effect and storage days
were significant, but not their interaction.

   

Storage days 

(a) (b) (c) 

Figure 2. Effect of edible coatings on changes in peel color parameters, L* (a), hue angle (b) and
C* (c), in cherries during storage. Points are means of three replicates of 10 cherries each; bars on the
points, ± standard deviations. NS, non significant; * significant at p < 0.05; ** significant at p < 0.01;
*** significant at p < 0.001. Pcd, probability of storage days in controls (one-way ANOVA from day 0);
HSDcd, honest significant difference calculated from ANOVA. Ptr, probability of edible coating
treatment; Pd, probability of storage days; Ptr × d, probability of interaction (two-way ANOVA from
day 7); HSD, honest significant difference calculated from ANOVA.

Values of hue angle increased gradually during storage in controls from 13.4 on day
0 to 16.5 on day 21 and remained stable thereafter (Figure 2b). From day 7, increases in
hue angle were observed in all samples, with chitosan-treated fruit exhibiting the lowest
increases. The treatment effect and storage days were significant, but not their interaction.

In controls, the parameter C* was 15.9 at harvest and remained almost stable up to
14 d and then decreased until 28 d (Figure 2c). Factorial analysis showed the significant
effect of days, but no effect of treatment or their interaction.

Weight loss (WL) averaged 1.61% on day 7 in all samples and increased progressively
during storage up to day 28 (Figure 3a). WL in controls, being higher than in the remaining
treatments from day 14 up to the end of storage, reached 6.48% after 28 d. WL increased
in the other treatments, but at a slower and similar rate, averaging 4.86% on day 28.
Indeed, the effect of treatments and days in storage were both highly significant, but not
their interaction. The factor treatments, as the main effect, showed significant differences
between controls and treatments, but no difference among treated fruit.

At harvest, CO2 production rates were approximately 311 nmol kg−1 s−1, but there-
after elevated sharply in controls up to 21 d, reaching 578 nmol CO2 kg−1 s−1, and then
decreased (Figure 3b) (Pcd < 0.001). In all treated fruit, increases were consistent after 7 d,
but much lower than controls throughout storage. The effect of treatment and storage days
were both highly significant, in contrast to their non-significant interaction.

7
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Storage days 

(a) (b) 

(c) (d) 

Figure 3. Effect of edible coatings on changes in weight loss (WL) (a), respiration (b), firmness (c) and
microbial decay (d) in cherries during storage. Points are means of three replicates of 10 cherries each;
bars on the points, ± standard deviations. NS, non significant; * significant at p < 0.05; *** significant
at p < 0.001. Pcd, probability of storage days in controls (one-way ANOVA from day 0); HSDcd,
honest significant difference calculated from ANOVA. Ptr, probability of edible coating treatment; Pd,
probability of storage days; Ptr × d, probability of interaction (two-way ANOVA from day 7); HSD,
honest significant difference calculated from ANOVA.

3.3. Fruit Firmness and Decay, and Pedicel Removal Force

The initial firmness value was 1.71 N, and after 14 d it increased gradually in controls,
reaching the level of 2.61 N on day 28 (Figure 3c). However, chitosan-treated cherries
showed the highest average levels in store (2.4 N).

In particular, chitosan exhibited a burst in firmness on day 7 (2.31 N), remained at
almost stable levels up to day 14, peaked at 2.59 N on day 21 and declined to 2.39 N at
the end of storage. Firmness in G25 and G50 also showed increased levels similar to the

8
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respective days in chitosan on days 7 and 21, while averaging 2.22 N between 7 and 28 d.
Polys showed the lowest increases on average. The effect of treatments and days in storage
were both highly significant, but not their interaction.

The mold development (%) of fruit increased during storage, with an overall mean
of 0.05% and averaging 0.02% in both controls and chitosan and 0.026% in G25 during
storage (Figure 3d). In Polys and G50, the decay averaged 0.084% and 0.1%, respectively.
Additionally, on day 28, the decay increased in all treatments, being significantly higher in
G50 than in G25.

At harvest, pedicel removal force (PRF) in controls was 7.18 N and then fluctuated
between 6.68 and 7.67 N (Figure 4). In all treatments, changes in PRF were not consis-
tent during storage. The effects of treatments, storage days and their interaction were
all insignificant.

Storage days 

Figure 4. Effect of edible coatings on changes in pedicel removal force in cherries during storage.
Points are means of three replicates of 10 cherries each; bars on the points, ± standard deviations. NS,
non significant. Pcd, probability of storage days in controls (one-way ANOVA from day 0); HSDcd,
honest significant difference calculated from ANOVA. Ptr, probability of edible coating treatment; Pd,
probability of storage days; Ptr × d, probability of interaction (two-way ANOVA from day 7); HSD,
honest significant difference calculated from ANOVA.

3.4. Total Phenolics, Total Flavonoids, Total Anthocyanins and Total Antioxidant Capacity
Determined with DPPH and FRAP Methods

At harvest, the values of TP, TF and TAN were 9.4 mg GAE g−1 DW, 3.3 mg CE g−1 DW
and 4.5 mg c-3-rutg−1 DW (Figure 5a,b; Table 2). In controls, the values of all three variables
decreased gradually and significantly up to day 21 and then increased to levels lower than
at harvest. Treatments and controls showed a very similar pattern of changes during storage
in each determined variable. The two-way analyses showed that treatments had no effect
on changes in TP, TF and TAN in all three variables, but storage days were significant for TP
and TF and the interaction of treatments with days was significant only for TAN. The lowest
values of TP, TF and TAN were observed on day 21 in controls and reached approximately
4.6 mg GAE g−1 DW, 1.0 mg CE g−1 DW and 2.0 mg c-3-rut g−1 DW, respectively. In G25,
the TP and TF values decreased on day 14 before the subsequent increases (partial analysis
of data on day 14). Increases were observed in TP and TF variables in all treatments and
controls on day 28, averaging 7.34 mg GAE g−1 DW, and 2.79 mg CE g−1 DW, respectively,

9
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compared to day 21, averaging 6.18 mg GAE g−1 DW, and 2.45 mg CE g−1 DW, respectively
(partial analysis of data on days 21 and 28). The corresponding TAN values were 2.99 mg
c-3-rut g−1 DW and 3.18 mg c-3-rut g−1 DW on days 21 and 28, respectively (partial analysis
of data on days 21 and 28).

 

 

 

 

Storage days 

(a) (b) 

(c) 
(d) 

Figure 5. Effect of edible coatings on changes in total phenolic compounds (a), total flavonoids
(b), total antioxidant capacity (TAC) determined by FRAP assay (c) and DPPH assay (d) in cherries
during storage. Points are means of three replicates of 10 cherries each; bars on the points, ± standard
deviations. NS, non significant; ** significant at p < 0.01; *** significant at p < 0.001. Pcd, probability
of storage days in controls (one-way ANOVA from day 0); HSDcd, honest significant difference
calculated from ANOVA. Ptr, probability of edible coating treatment; Pd, probability of storage days;
Ptr × d, probability of interaction (two-way ANOVA from day 7); HSD, honest significant difference
calculated from ANOVA.
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The patterns of changes in TAC values, determined with both methods, were similar
to each other and close to the patterns observed in TP, TF and TAN. Initial samples showed
66.4 μmol TE g−1 DW with FRAP and 27.8 μmol TE g−1 DW with DPPH (Figure 5c,d). The
lowest value in the controls was 25.7 μmol TE g−1 DW and 11 μmol TE g- 1 DW with FRAP
and DPPH, respectively, and found on day 21 (Pcd < 0.01 for FRAP and DPPH). When all
data from day 7 were analyzed, both treatment and storage days were significant for FRAP,
but not their interaction (Figure 5c). In FRAP, controls averaged 40.06 μmol TE g−1 DW
during storage, being the lowest average value among treatments. During storage, FRAP
averaged 52.39, 49.33, 48.58, and 48.35 μmol TE g−1 DW in Polys, G25, chitosan and G50,
respectively, with all these values being similar, but significantly higher than the respective
values in controls. FRAP increased significantly to 48.82 μmol TE g−1 DW on day 28 on
average, compared to 39.28 μmol TE g−1 DW on day 21. Additionally, FRAP decreased
up to 14 d in G25 and increased thereafter, as in total antioxidants (TP, TF, TAN) and in
contrast to the remaining treatments, which showed decreases up to day 21 and increases
afterwards. On day 28, treated fruit exhibited similar FRAP values, but significantly higher
than controls. However, DPPH values were not affected by treatment significantly, but only
by days and the interaction of treatment with days, while changes followed those of FRAP
(Figure 5d).

3.5. Anthocyanins

The major anthocyanin, cyanidin-3-O-rutinoside (c-3-rut), was 2.27 mg g−1 DW at
harvest (Table 2). In the controls, it decreased gradually but significantly during storage,
reaching the levels of approximately 1.13 mg g−1 DW on day 21, and remained almost stable
thereafter. The two-way analysis from day 7 showed the significant effect of treatment
and days, but not their interaction, with controls exhibiting the lowest values. Values of
G25-treated fruit decreased from 7 d up to 14 d, reaching 1.15 mg c-3-rut g−1 DW, and then
increased to 1.76 mg c-3-rut g−1 DW on day 21 and to 2.82 mg c-3-rut g−1 DW at the end of
storage. C-3-rut in chitosan-treated fruit showed decreases after day 7, while it increased
afterwards up to 1.86 mg c-3-rut g−1 DW on day 28. Partial analysis (data on 21 and 28 d)
showed that cherries coated with G25, G50 and Polys averaged 2.95 mg g−1 DW, being
1.3-fold higher than the initial value, in contrast to the chitosan-coated and control fruits,
being 0.82- and 0.66-fold lower, respectively.

Cyanidin-3-O-glucoside (c-3-glc) was found at 0.06 mg g−1 DW at harvest (Table 2),
being at the highest level of the whole experiment, whereas the lowest level during storage
was 0.01 mg g−1 DW on day 14 in the controls. In all treatments, c-3-glc decreased in the
middle of storage, being lower in controls, G25 and chitosan than Polys and G50 on day 14,
and then increased, averaging 0.2 mg g−1 DW in controls and chitosan and 0.5 mg g- 1 DW
in the remaining treatments on day 28. The effect of days was significant in controls. The
two-way analysis showed that the effect of treatment and days were significant, but not
their interaction.

Peonodin-3-O-glucoside (p-3-glc) was 0.2 mg g- 1 DW at harvest (Table 2). In the
controls, it decreased significantly to 0.02 mg g−1 DW on day 21 and showed an insignificant
increase on day 28. When all data were analyzed, the treatment effect and storage days were
also both significant, but not their interaction. During storage, c-3-glc averaged 0.06 mg g−1

DW in controls compared to the significantly higher values of the remaining treatments,
averaging 0.13 mg g−1 DW, being approximately two-fold higher than the controls. On
day 28, c-3-glc in all treatments also showed an increase, averaging 0.17 mg g−1 DW in
comparison to the respective value of 0.07 mg g−1 DW on day 21. On day 28, the values in
the controls were significantly lower than those in G25, G50 and Polys, which reached the
levels at harvest, whereas those in chitosan were intermediate and close to those at harvest.

Malvidin-3-O-gluoside (m-3-glc) was 0.037 mg g−1 DW at harvest and remained
almost stable in controls during storage. In the two-way analysis, the treatment effect
and storage days were significant, but not their interaction. Values fluctuated from 0.02 to
0.072 mgg−1 DW, with the average values in the controls and G25 being 0.029 mg g−1 DW
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compared to 0.052 g- 1 DW in the other treatments. On day 28, in treated cherries, m-3-glc
averaged 0.05 mg g−1 DW compared to 0.03 on day 21 mg g−1 DW, with controls and
G25 being significantly lower than the remaining treatments on day 21.

3.6. Phenolic Acids and Flavan-3-ols

Chlorogenic acid was 0.02 mg g−1 DW initially and ranged from 0.01 to 0.05 mg g−1

DW, with the highest value in the controls observed on day 7 and the lowest on day 21
(Table 2), and the effect of storage days was significant. In the two-way analysis, the effect
of storage days was significant, the effect of treatment was non-significant and that of the
interaction was significant. In particular, chlorogenic acid averaged 0.19, 0.15, 0.14 and
0.17 mg g−1 DW on days 7, 14, 21 and 28, respectively, during storage.

Neochlorogenic acid, from 1.9 mg g−1 DW at harvest, decreased progressively during
storage up to day 14 in G25, while up to day 21 in the remaining treatments (Table 2).
The lowest value of neochlorogenic acid was observed in the controls on day 21, being
0.18 mg g−1 DW, but increased significantly thereafter (Pcd < 0.001). From the two-way
analysis, the effect of storage days was significant, with the treatment effect and the
interaction being non-significant. The averaged treatment values were 1.43, 1.02, 0.82 and
1.24 mg g−1 DW, on days 7, 14, 21 and 28, respectively.

In controls, catechin was 1.77 mg g−1 DW, decreased gradually during storage, reach-
ing 0.61 mg g−1 DW on day 21 (Table 2), which was the lowest value in the whole exper-
iment, and increased to 0.88 mg g−1 DW on day 28. Catechin in Polys- and G50-treated
cherries exhibited significant changes during storage, but not consistent, averaging 2.37 and
2.69 mg g−1 DW, respectively, resulting in 1.85 and 2.15 mg catechin g- 1 DW, respectively,
on day 28. In chitosan and G25, it decreased progressively during storage, reaching 1.2 and
1.41 mg g−1 DW at the end of storage. The effects of treatment, storage days and their
interaction were all significant.

Epicatechin values were 0.22 mg g−1 DW at harvest (Table 2).The controls decreased
until day 21 and increased at the end of storage significantly but slightly. When all data
were analyzed, the treatments showed similar values which decreased up to day 21 and
increased thereafter. The effect of treatment was not significant, but those of storage days
and their interaction were significant. In all treated cherries, values averaged 0.20, 0.12,
0.09 and 0.21 mg g−1 DW on days 7, 14, 21 and 28, respectively.

Partial analysis of 21 and 28 d data (two-way ANOVA) showed the significant effect of
treatment on chlorogenic, neochlorogenic, catechin and epicatechin, with the control values
being the lowest in all cases, and all treatments equally effective in increasing the acids,
whereas G50 was the most effective in increasing catechin.

4. Discussion

4.1. Peel Color

The present TSS, pH and TA values (Table 1) are in general agreement with other
‘Regina’ studies [35–37], and the present color values agree with those of the work of Harb
et al. [6]. ‘Regina’ is appreciated by consumers who prefer the mahogany cherries, while at
advanced maturity stage cherries obtain a good eating quality [38] with high antioxidant
levels [39]. In this experiment, the control fruit deteriorated after 21 d of storage, in contrast
to the treated ones that were marketable even after 28 d.

Chitosan treatment resulted in considerably higher L* values than all other cherries
throughout storage, but in lower hue angle increases up to 21 d. Therefore, chitosan-treated
cherries showed the best shininess with a mahogany color, exhibiting an appearance
improvement [10]. Increases in hue angle during low-temperature storage were also found
in ‘Regina’ controls harvested at a relatively high TSS and low hue angle values by others [6]
and in alginate-treated cherries [40]. The increases in hue angle could be attributed to a
loss of anthocyanins and/or to a lower rate of their synthesis. In other cherry studies, the
hue angle decreased during storage [40], and the differences in hue angle changes could
be attributed to the maturity stage at harvest. However, the decreases in hue angle were
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also reduced in treated ones with aloe [19], alginate [41], almond or Arabic gum [21] and
chitosan [17,42]. In this work, because of the mahogany peel color, no browning could
be observed.

4.2. Weight Loss and Respiration Rates

Here, the WL of controls, averaged 4.15% during storage, was comparable to other
cherry studies [17,19,43,44]. Bai et al. [4] found that WL in macro-perforated packages was
<1% after 6 weeks of storage at low temperature. Indeed, the perforated material and the
number, area and frequency of perforation were different between the studies. In addition,
the weight of fruit per package was very low in the present work, justifying the increased
WL. Additionally, in this experiment there was no plan to calculate the contribution of the
macro-perforated packages to the reduction in WL.

In ‘Regina’, the WL of the treated cherries was consistently and similarly reduced by
all ECs in comparison to the controls from day 7 to the end of storage. Indicatively, the
averaged WL of treated cherries was 0.74- and 0.75-fold lower than the controls on days
21 and 28, respectively. In cherries, it was shown that chitosan lowered WL [15,17], with the
reduction being increased by increasing the chitosan concentration [15]. Similarly, reduced
WL in cherries was achieved with other ECs [19–21] or in other species treated with OFI
mucilage [24–26]. In another work on cherries, the increased hydrophobicity increased
the reduction in WL and firmness [45]. However, WL results in lower fruit volume in
cherries due to the lack of peel flexibility [46]. The incorporation of a plasticizer, such
as glycerol, reduces the rigidity of the coating, by increasing its strength of elongation,
although it also increases the WVP and WL. However, some cracks or flakes due to WL or
mechanical damage are eliminated after the plasticizer’s addition [12]. Therefore, there is
no recommendation for the hydrophobic/hydrophilic ratio. The properties of the coating
depend on many factors, such the particular coating composition, conditions of storage
and properties of the peel.

Cherries belong to non-climacteric fruit [43,47], although this classification is consid-
ered oversimplified [48]. Increases in ethylene production, although limited, and in RR
were observed in ripening cherries [21,28], but these increases do not strictly comply with
the non-climacteric behavior. Since the RR in cherries is considerable [7,43], and along with
glycolysis reflects energy status, reduced RR is required to avoiding consuming high energy
levels [6]. Reduced RR increases were observed in cherries treated with guar gum [20],
almond or Arabic gum [21], chitosan [15], as well as in strawberries with OFI mucilage [25].
On the contrary, in several cherry studies, the RR decreased during storage, but ECs again
exhibited their beneficial effect on increased reductions [17]. The difference in the direction
of respiration changes is attributed to the maturity stage at harvest and conditions during
and after storage.

Here, the rates of respiration are comparable to other cultivars [20,28], while all ECs
exhibited a similarly positive effect on reduced RR. On day 21, the RR of G25-, G50-,
Polys- and chitosan-treated fruit was lower than controls by 0.77-, 0.66- 0.7- and 0.68-fold,
respectively, while on day 28 it was lower by 0.92-, 088-, 0.83- and 0.77-fold.

4.3. Firmness

The final firmness values comprise the result of non-equivalent rates of softening and
of increases in firmness due to WL [28]. A similar trend of firmness increases in cherries
during storage was found in three out of six cultivars [49] and in alginate-treated ones [40].
This discrepancy between the increased and decreased firmness is associated with the
cultivar [49], maturity stage and the conditions during their shelf life.

In this work, the contribution of all ECs to firmness increases seems to be higher
than that of WL, as compared to the firmness and WL of controls (Figure 3a,c). These
results are in line with chitosan or other ECs applied to cherries [19–21,41,50] or to other
commodities [12], and with OFI mucilage on strawberries [25] and cut kiwi fruit [24].
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However, here, the best effect on firmer fruit was observed by chitosan throughout storage,
by comparison.

The present beneficial effect of treatments on firmness could be ascribed, at least
partially, to the lower enzyme activities related to the firmness, and has been demonstrated
by the enzyme activities and their reaction products. The chitosan effect on reduced
softening in Chinese cherries was explained by the reduced gene expression of pectin
methylesterase (PME) genes, PME activity, the lower content of sodium carbonate soluble
pectins (SCSP), the lower rate of pectin demethylation and the loss of main and side
chain neutral sugars of rhamnogalacturonan I (primary structure of SCSP in cherries) [50].
Additionally, in kiwi slices, the higher firmness of the tissue treated with OFI mucilage
was attributed to the higher total pectin and protopectin concentrations during storage,
implying the lower respective enzyme activities in comparison to controls [24]. Enzyme
activities connected with firmness loss require O2 and ethylene. Here, the levels of O2 were
reduced by ECs, but it was not known whether chitosan that resulted in higher firmness
suppressed the O2 levels more than the other ECs used. Ethylene synthesis is low in
cherries, but there is no ethylene limit that inactivates ethylene action even under low
temperatures. Moreover, increases in ethylene along with firmness loss and enhancement
of SP content have been observed in cherries during low-temperature air storage [28].

4.4. Microbial Decay, Pedicel Removal

Ripe fruits are very vulnerable to microbial decay. Chitosan is known to prevent
the fungal decay of fresh produce. Its positive charge of amino groups reacts with the
negatively charged microbial membrane, inhibiting DNA replication, but also it binds to
metals, inhibiting microbial growth [18]. Additionally, it triggers fruit defense responses
by increasing the activities of chitinase, β-1,3 glucanase (directly preventing the microbial
growth) and phenylalanine ammonia lyase (PAL) (inducing the synthesis of phenolic
compounds) [18]. Here, although G50 and Polys exhibited higher decay than the other
samples on day 28, the decay still remained at very low levels. Moreover, decay was also
limited in controls during storage. Although glycerol has antimicrobial activity [51], it
is suggested that decay prevention was the main outcome from the small fruit groups.
Allegra et al. [24] found that OFI mucilage increased the growth of yeast slightly in kiwi
slices, whereas it resulted in the low development of Enterobacteriacea in figs [26]. Further
research is needed to investigate the effect of these ECs on the decay of cherries packaged
in larger groups.

Pedicel removal force (PRF) is an indicator of the adhesion and retention of pedicels
during postharvest life, which is essential to reduce WL and microbial contamination.
Additionally, the appearance of the attached fresh green pedicels plays a crucial role in
market value. Here, the PRF was not affected by treatment, while it exhibited inconsistent
changes during storage, which might be the interaction of ECs, and WL of both fruit
and pedicels. In other studies of uncoated cherries, PRF decreased [35,43] in contrast to
this work.

4.5. Total Antioxidants and Total Antioxidant Capacity

Mahogany cherries exhibit higher antioxidant concentrations than those with a bright
red color [38]. The present results comply well with other studies on ‘Regina’ [36,52] and
are rather close to the highest values among cherry cultivars [35,53].

Here, it is of interest that the patterns of changes in TP, TF and TAN during storage
had very close similarity, exhibiting a decline up to day 21 d. It is known that cherry
antioxidants increase during ripening [39], and it seems that maxima concentrations of
TP, TF and TAN in the ripe ‘Regina’ were observed at harvest. However, an increase was
observed in total antioxidants on day 28 at levels up to the initial ones. All ECs and controls
resulted in similar decreases and increases during storage.

There has been an argument about the effect of low temperature storage on cherry
anthocyanin changes. For example, the elevation of anthocyanin concentration was found
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by Gonçalvez et al. [54,55], in contrast to decreases presented by others [17]. A further
study on cherries with regard to this issue found reduced transcription of genes coding for
the enzymes anthocyanidin synthase (ANS) and flavonol 3-O-glucosyltransferase (UFGT)
(crucial enzymes for anthocyanin synthesis) and of PAL (the initial enzyme of the phenyl-
propanoid pathway) and limited TAN increase, but stable TP levels in cherries at low
non-chilling temperature compared to those at harvest, indicating a complex regulation
of phenolic compounds [56]. Here, it is suggested that ripe cherries had probably almost
exhausted their ability to synthesize more phenolic compounds, at least at low temperature,
whereas an effort to recover was observed towards the end of storage. The decreases might
be the result of the deceleration phenolic synthesis under low temperature [56] and their
depletion to defend the reactive oxygen species (ROS) that were inevitably produced after
harvest [57]. Indeed, a pattern of PAL activity shown by Dang et al. [15] during air storage
complies well with the present pattern of TP, TF and TAN. In addition, in this work TAN
decreases are in general agreement with hue angle increases.

Chitosan treatment in other cherry studies resulted in lower decreases in antioxidants
than controls [17]. Enhanced activities of PAL and antioxidant enzymes and prevention of
PPO and lipoxygenases (LOX) due to chitosan treatment contributed to the extension of
cherry storage life [15,16]. PAL increases at late periods of storage were also attributed, at
least partially, to chitosan effect [18], and all these comply with most antioxidant changes
here. Nevertheless, the effectiveness of any EC on fruit depends on the cultivar and/or its
composition/properties as well as the method of preparation and application. For example,
increasing the alginate concentrations above 1%, as an edible coating in one study [40],
but also decreasing to 1% in another study [41], had an impact on extending storage
life, maintaining antioxidants at elevated levels in stored cherries. Additionally, guar
gum applied to cherries maintained a higher concentration of ascorbic acid and increased
TP levels, but suppressed the TAN levels during cold storage compared to controls [20],
indicating the complexity of phenolic compound synthesis as well. OFI mucilage on figs in
the store did not have any effect on TP, but a positive one on total carotenoids [26].

Generally, TAC renders the cherries as a source of natural antioxidants [2]. Antho-
cyanins comprise a large part of the TP amount, with c-3-rut primarily contributing to
TAN [52]. C-3-rut possesses a high antioxidant capacity [58]. ‘Regina’, being a dark-colored
cultivar, exhibited a relatively high TAC determined either by the FRAP or DPPH assays,
similar to another ‘Regina’ study [37]. The different results obtained between the FRAP and
DPPH assays here were expected and agree with another cherry study [43], since they are
based on different methods. It is important that all EC-treated cherries possessed similarly
higher FRAP levels (Figure 5c) than controls after 21 and 28 d of storage.

Considering that controls were non-marketable after 28 d of storage due to their
appearance (attributed to high WL), the present results confirm the beneficial effect of
coatings not only on extending the cherry storage, but also on maintaining the antioxidant
concentrations close to the initial levels.

4.6. Phenolic Compounds

Phenolic compounds also play an important role in cherry quality since they influence
the appearance, taste and nutritional value of fruit [1]. The most representative classes
of cherry phenolic compounds are anthocyanins, hydroxycinnamic acid derivatives and
flavan-3-ols, while flavanols (such as rutin) have also been determined [1,54,59].

C-3-rut is the major anthocyanin in cherries, comprising approximately up to 95%
of TAN [1]. The present values of c-3-rut ranging between 1.13 and 3.07 mg g−1 DW,
are in agreement with other cherry studies [36,52]. It is of interest that the averaged c-3-
rut values in controls were the lowest throughout storage, whereas those in fruit coated
with OFI extracts were the highest after 28 d of storage, and indeed were higher than the
initial values. P-3-glc showed a similar trend of changes, but after 28 d of storage the
levels of all treated cherries with ECS were close to the initials, being 2.4-fold higher than
controls. C-3-glc and m-3-glc were minor anthocyanins in ‘Regina’. The present c-3-glc
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values are very similar to other ‘Regina’ studies [36,52], while p-3-glc and m-3-glc are
in accordance with those found in other cultivars by Gonçalvez et al. [54] and Martini
et al. [59], respectively. Regarding the acids chlorogenic and neochlorogenic, as well as the
flavan-3-O-ols catechin and epicatechin, their concentrations are comparable with other
‘Regina’ studies [36,52], while their changes followed the pattern of anthocyanins. At the
end of storage, G50 exhibited the highest catechin concentration.

Therefore, at the end of storage, the OFI extracts were the most effective in contain-
ing higher c-3-rut levels even than the initial ones, while G50 in the highest catechin
concentration.

5. Conclusions

The results here show that all ECs reduced WL and RR similarly and increased firmness
values compared to the controls, resulting in extending the cherry storage by one week.
Among treatments, chitosan was superior in enhancing peel glossiness and firmness when
compared to OFI extracts. OFI extracts exhibited elevated c-3-rut and G50 catechin levels
after 28 d of storage and no negative effect among the determined variables.

The use of raw materials from plant residues is desirable, while OFI cladodes are
rich in dietary fibers, calcium, potassium, carbohydrates and polyphenols. Nevertheless,
Opuntia genotype, cladode age, cultivation area and pruning season affect their composition.
Cladodes are abundant after pruning in cultivation areas of cactus pear, and comprise an
alternative for ECs preparation at low cost, while in a dried form would facilitate their
storage and transport [60]. In OFI cladode extracts, incorporation of other materials or
compounds along with plasticizers could improve the properties and functionalities of
the coating. However, more experiments are needed to improve the effectiveness of OFI
extracts on cherry storage. After all, Opuntia cladode extracts have potential as ECs to
extend the storage life and improve the quality of cherries.
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Abstract: Butanol vapor feeding to ripe banana pulp slices produced abundant butyl butanoate,
indicating that a portion of butanol molecules was converted to butanoate/butanoyl-CoA via butanal,
and further biosynthesized to ester. A similar phenomenon was observed when feeding propanol and
pentanol, but was less pronounced when feeding hexanol, 2-methylpropanol and 3-methylbutanol.
Enzymes which catalyze the cascade reactions, such as alcohol dehydrogenase (ADH), acetyl-CoA
synthetase, and alcohol acetyl transferase, have been well documented. Aldehyde dehydrogenase
(ALDH), which is presumed to play a key role in the pathway to convert aldehydes to carboxylic
acids, has not been reported yet. The conversion is an oxygen-independent metabolic pathway and is
enzyme-catalyzed with nicotinamide adenine dinucleotide (NAD+) as the cofactor. Crude ALDH was
extracted from ripe banana pulps, and the interference from ADH was removed by two procedures:
(1) washing off elutable proteins which contain 95% of ADH, but only about 40% of ALDH activity,
with the remaining ALDH extracted from the pellet residues at the crude ALDH extraction stage;
(2) adding an ADH inhibitor in the reaction mixture. The optimum pH of the ALDH was 8.8, and
optimum phosphate buffer concentration was higher than 100 mM. High affinity of the enzyme was a
straight chain of lower aldehydes except ethanal, while poor affinity was branched chain aldehydes.

Keywords: Musa AAA; ALDH; aroma volatile; ester; enzyme characteristics

1. Introduction

Aldehyde dehydrogenases (ALDH, aldehyde:NAD(P)+ oxidoreductases, EC 1.2.1) use
nicotinamide adenine dinucleotide (NAD+) or nicotinamide adenine dinucleotide phos-
phate (NADP+) as a cofactor to convert aldehydes to their corresponding carboxylic acids
plus NADH or NADPH. ALDH in plants are currently receiving considerable attention be-
cause they are involved in processing many aldehydes that serve as biogenic intermediates
in a wide range of metabolic pathways [1]. They often function as an ‘aldehyde scavenger’,
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thus removing reactive aldehydes generated during the oxidative degradation, especially
under environmental stress, such as exposure to salinity, drought, cold, and heat [1].

The highly abundant volatiles in fresh bananas are aldehydes, ketones, alcohols,
carboxylic acids, and esters. It has been recognized that the production of straight chain
alcohols, aldehydes, ketones, and acids in fruit is largely derived from α-oxidation, β-
oxidation, or the lipoxygenase pathway [2,3]. Branched chain volatiles are derived from
branched chain amino acids [4,5]. Recently, Sugimoto et al. [6,7] proposed that some
branched and straight chain alcohols and acids come from the citramalate pathway.

Many enzymes regarding the conversions between volatile alcohols, aldehydes/ketones,
acids, and esters have been studied extensively in fruits and plants, and/or adapted from
microorganism studies [8–10]. In banana fruit ripening, gene expression and enzyme
activity of alcohol dehydrogenase (ADH, short and medium chains), which facilitates the
interconversion between alcohols to aldehydes [11,12], acyl-CoA synthetase (ACS), which
activates carboxylic acids to acyl-CoAs [13] thus can be used to biosynthesize esters, and
alcohol acetyl transferase (AAT), which catalyzes ester biosynthesis, have been intensively
studied (Figure 1) [14–17]. ALDH dehydrogenizes aldehydes to carboxylic acids in different
plant tissues [1,18]. However, to our knowledge, there is no report on the role of ALDH in
volatile flavor metabolism in fruits.

Figure 1. Role of aldehyde dehydrogenase (ALDH) in the dehydrogenation from aldehydes to
carboxylic acids and the entire ester production pathways. ADH, alcohol dehydrogenase; ACS, acyl-
CoA synthetase; AAT, alcohol acyl-CoA transferase; BCAT, branched-chain amino transferase; BCKD,
branched-chain α-ketoacid decarboxylase; BCKDH, branched-chain α-ketoacid dehydrogenase.

Beekwilder, Alvarez-Huerta et al. [16] showed that when incubating petunia leaves
with 3-methylbutanol vapor for 24 h, 3-methylbutyl 3-methylbutanoate was the domi-
nant volatile, in addition to 3-methylbutanol in the headspace, indicating a strong dehy-
drogenization of 3-methylbutanol to 3-methylbutanal, further to 3-methylbutanoic acid,
then passing through 3-methylbutanoyl-CoA, and finally synthesizing 3-methylbutyl 3-
methylbutanoate, catalyzed by ADH, ALDH, ACS, and AAT, respectively [13–16].

The purpose of the current study was to determine the enzyme which converts volatile
straight and branched aldehydes to carboxylic acids, to identify their involvement in
volatile metabolisms in banana fruit (Figure 1), and to reveal the functional characteristics
of ALDH. Due to both ADH and ALDH activities being determined by the change in
NADH concentration, efforts were made to minimize the effect of ADH [19].
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2. Materials and Methods

2.1. Chemicals and Reagents

Folin and Ciocalteu’s phenol reagent and 2-keto-4-methylpentanoic acid were ob-
tained from Sigma-Aldrich (Tokyo, Japan). Polyclar-VT was purchased from Gokyo (Osaka,
Japan). Bovine serum albumin, dithiothreitol (DTT), nicotinamide adenine dinucleotide
(NAD+), nicotinamide adenine dinucleotide phosphate (NADP+), and the reduced forms
NADH and NADPH, tris(hydroxymethyl)aminomethane (Tris), 2-[4-(2,4,4-trimethylpentan-
2-yl)phenoxy]ethanol (Triton X100), 4-methyl pyrazole, sodium hydroxide (NaOH), phos-
phoric acid, C2–C6 branched and straight chain alcohols, aldehydes, and carboxylic acids
were purchased from Wako (Osaka, Japan).

2.2. Plant Materials

Banana fingers (Musa spp. AAA group, Cavendish subgroup) ripened to “yellow with
green tips”, “yellow”, or “yellow, flecked with brown”, unless otherwise stated [20], were
produced in the Philippines and purchased from local grocery stores, and experiments were
conducted in the Osaka Prefecture University lab. For ripening stage influence experiments,
unripe fruit were purchased and ripening was triggered by 100 μL L−1 of ethylene at 20 ◦C
for 24 h. For all samples, each replicate contained five fingers, and each treatment had three
replicates. For fruit pulp slice samples, cylindrical pulp discs were taken from the central
section of a banana finger and further divided into 4 wedges. Pulps were homogenized in
some experiments.

2.3. Substrate Feeding Experiments
2.3.1. Feeding of Alcohols and 2-Keto-4-Methylpentanoic Acid

The feeding experiments were conducted by incubating 10 g of banana pulp slices with
different exogenous substrates: 50 μmol of C3–C6 straight chain or branched alcohols, or
2-keto-4-methylpentanoic acid, in a 150-mL conical flask for 90 min at 35 ◦C. The substrates
were spotted onto a 40 × 5 mm filter paper strip prior to incubation to enhance evaporation
(Figure 2a). After incubation, 1 mL of headspace gas was taken with a glass syringe, and
analyzed by gas chromatography (GC, Shimadzu GC-15A, Kyoto, Japan) to target alcohols,
aldehydes, or esters. A flame ionization detector was equipped with a packed glass column
(2 m × 3 mm) with 20% of tween 20 or 5% of polyethylene glycol 6000. Injector and
detector temperatures were 190 ◦C, and oven temperature was 60–120 ◦C, depending on
the molecular weight of the target esters. Flow rate of carrier nitrogen gas was 20 mL min−1

and flaming hydrogen gas was 30 mL min−1.

2.3.2. Feeding of Aldehydes and Trapping of Carboxylic Acids

When feeding experiments were conducted by incubating 10 g of banana pulp slices
with 50 μmol of exogenous C2–C6 straight chain or branched aldehydes, the incubation
conditions were similar to Section 2.3.1 (Figure 2a,b). Due to the targeted products being
carboxylic acids, specific procedures were applied as Figure 2b. Filter paper strips treated
with NaOH (1 M) were dried before spotting exogenous substrate aldehydes to remove
any possible acid impurities in the substrate aldehydes. A recovery flask (250-mL) was
used for the incubation. After incubation, the pulp slices were well soaked with 1.5 mL of
phosphoric acid (0.4 M) in the flask. Then, the flask was attached to a rotary evaporator in
which a cotton ball was inserted at back-flow prevention glass wear. The cotton ball for the
acid trap was previously treated with NaOH (0.1 M) and dried. After rotary evaporation
(40 ◦C for 60 min), the cotton ball was put into a 17 mL vial and then mixed well with 5 mL
of phosphoric acid (0.4 M). For ethanoic acid measurement, 5 mL of acidified ether was used
instead of the phosphoric acid solution. For the phosphoric acid solution with carboxylic
acids, 1 μL was injected into GC to determine the targeted carboxylic acids (Figure 2b). The
GC conditions were: a glass column (3 m × 3 mm) of SP1200 (10%) + phosphoric acid (1%),
and oven temperature 60–120 ◦C depending on molecular weight of the target acid. The
recovery rate of this method was 53.3% ± 3.2 for ethanoic acid, 81.4% ± 4.7 for propanoic
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acid, 92.6 ± 1.6 for 2-methylpropanoic acid, 95.6 ± 6.1 for butanoic acid, 97.2% ± 7.4 for
3-methylbutanoic acid, 94.9% ± 7.2 for pentanoic acid, and 97.6% ± 1.3 for hexanoic acid
(n = 3).

 

Figure 2. Feeding experiments procedures. (a) Feeding alcohol or 2-keto-4-methylpentanoic acid
feeding to banana pulps to produce alcohol/aldehyde/esters in air or nitrogen gas. (b) Incubating
aldehyde vapor with banana pulps to produce corresponding carboxylic acid, and separation of the
carboxylic acid from pulps.

The same method as mentioned above was used for the feeding of aldehydes and
trapping of acids when pulp homogenate was used instead of pulp slices (Figure 2b). Ten
grams of pulp slices were macerated together with 10 mL of phosphate buffer (0.2 M,
pH 8.8), 0.8 g of Polyclar-VT, 1.0 mg of DTT, and 3 g of quartz sand with a mortar and
pestle in an ice bath. The pH of the homogenate was adjusted to pH 8.8 with 0.1 M NaOH
just after macerating.

2.3.3. Setting and Monitoring of O2 and CO2 in Incubation

To determine the effect of oxygen on the volatile metabolism, anaerobic conditions
were created by flushing the conical flasks with pure nitrogen gas (Figure 2a). The
headspace gas sample, 1 mL, was tested to confirm the conditions by using GC-thermal
conductivity detector (TCD). A stainless column packed with active charcoal (4 m × 3 mm)
was used for oxygen and a stainless column with active aluminum (1 m × 1 mm) was used
for carbon dioxide analysis. The flow rate of carrier nitrogen was 10 mL min−1, and oven
temperature was 50 ◦C.

Headspace gas samples during incubation were tested periodically to confirm that
there were no severe anaerobic conditions, O2 > 15 kPa and CO2 < 5 kPa when using air as
the incubation gas.

2.4. Crude ALDH Extraction from Banana Pulps, and Functional Characteristics of the Enzyme
2.4.1. Crude Protein Extraction

Ten grams of banana pulps were macerated together with 10 mL of Tris buffer (0.2 M,
pH 8.8), 0.8 g of Polyclar-VT, 1.0 mg of DTT, and 3 g of quartz sand with a mortar and
pestle in an ice bath for 5 min. The final homogenates were adjusted to pH 8.5. From
this point, the procedures were conducted under 4 ◦C in an ice bath. The homogenates
were centrifuged at 8300× g for 15 min, and supernatants were collected. The pellets
were carefully resuspended into 30 mL of Tris buffer (0.1 M, pH 8.8), and centrifuged
again in the same condition. The first and second supernatants were merged for ALDH
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activity test (protein-S). The pellets were resuspended into 30 mL of Tris buffer (0.1 M,
pH 8.8, containing 1.0 mg of DTT) with the assistance of ultrasonic wave for 10 min. Then,
centrifugation (8300× g for 15 min) was applied. The supernatants were used for pellet
ALDH activity test (protein-P).

For each of the above supernatants (protein-S and protein-P), solid ammonium sulfate
was added to the supernatants (80% saturation: 5.61 g 10 mL−1). After stirring for 2 h, the
precipitations were separated by centrifugation at 25,000× g for 15 min. The precipitations
were solubilized by 10 mL of Tris buffer (0.01 M, pH 8.8) with DTT (1 mg) and dialyzed
by using a total of 2 L of Tris buffer (0.01 M, pH 8.8) for 3 h where the buffer was renewed
twice. After dialysis, the insoluble pellets were removed by centrifugation at 25,000× g for
15 min, and the supernatants were collected as crude protein-S and protein-P, respectively.

A crude protein-PT sample was also prepared to test whether Triton X-100 nonionic
surfactant improves protein extraction and enzyme activity of crude protein-P. The proce-
dures were similar to the above for protein-P, and the only change was to add 0.1% Triton
X-100 to the Tris buffer during the ultrasonic treatment.

The crude proteins were stored at −20 ◦C until enzyme characteristics analysis. The
activity was stable for at least one month under DTT condition.

2.4.2. Functional Characteristics of ALDH

Substrate specificity: reaction mixture (2 mL) included 1660 μL of phosphate buffer
(0.2 M, pH 8.8), 100 μL of low C2–C4 aldehydes (50 mM), 100 μL of crude protein extraction
(protein-S, -P or -PT), 40 μL of NAD+ (50 mM), with or without 100 μL of 4-methyl pyrazole
(100 mM). For C5–C6 aldehydes, 500 μL (10 mM) was added with reduced volume of buffer
(1260 μL). ALDH activity was determined by monitoring the increase in NADH at 340 nm
at 35 ◦C by a spectrophotometer with a 10 mm path length UV cuvette. Km value of NAD+

was measured with butanal as the substrate. An extinction coefficient of 6.2 mM−1 cm−1

was used for the activity calculation.
Optimum pH and buffer concentration: ALDH activity was determined by monitoring

the increase in NADH at 340 nm at 35 ◦C by a spectrophotometer, as described above.
Butanal was used as the substrate. For the optimum pH searching, bicine buffer (0.1 M) was
used at a pH range of 6.5–10.0. For the optimum buffer concentration searching, phosphate
buffer (pH 8.8) was used at a range of 0–200 mM.

Protein contents in the crude ALDH extraction: Lowry method [21,22] was adapted to
determine protein content with Folin and Ciocalteu’s phenol reagent and bovine serum
albumin was used as the standard.

2.4.3. Activity of ADH in Crude Protein Extractions and Inhibition by 4-Methyl Pyrazole

To confirm the purity of ALDH, and exclude the potential influence from other
enzymes, especially ADH, the ADH activity in the crude protein extraction listed in
Sections 2.4.1 and 2.4.2 was determined by monitoring the decline in NADH at 340 nm
at 35 ◦C by a spectrophotometer in a mixture comprised of 1660 μL of phosphate buffer
(0.2 M, pH 8.8), 100 μL of butanol (50 mM), 100 μL of crude protein extraction, and 40 μL
of NAD+ (50 mM) with or without 100 μL of 4-methyl pyrazole (100 mM), where the total
volume was 2 mL (balanced with water to make the volume). An extinction coefficient of
6.2 mM−1 cm−1 was used for the activity calculation [11,19].

2.5. Statistical Analysis

Data were present as the means and standard deviations of three replicates. Statis-
tical analysis was performed with JMP software (version 11.2.2; SAS Institute, Cary, NC,
USA). Differences were tested using Tukey’s honestly significant difference (HSD) with the
significance level at 0.05.
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3. Results

3.1. Feeding Alcohols to Banana Pulps to Produce Esters

When butanol vapor was fed to banana pulp slices (at the “yellow with green tips”
stage), butyl ethanoate as well as butyl butanoate were accumulated (Figure 3a). Under
anaerobic conditions, those esters were barely accumulated (Figure 3a). Green banana
(immediately after ripening was triggered by ethylene) pulp was not able to biosynthesize
such esters, but obtained the capacity within one day (Figure 3b). Butyl butanoate produc-
tion increased continually until the “yellow with green tips” stage (day 3 after ethylene
treatment), then gradually declined toward senescence (Figure 3b). Similarly, feeding bu-
tanol to fruit pulp of ripe muskmelon, pineapple, pawpaw, strawberry, European pear, and
apple, also produced butyl butanoate (data not shown). Figure 3a,b results were confirmed
when incubating a banana finger in a 1 L jar with butanol vapor, with a much lower yield
(about 20%) of butyl butanoate in comparison to that of pulp slices (data not shown). When
feeding other C3–C6 branched or straight chain alcohols to banana pulp instead of butanol,
propyl propionate and pentyl pentanoate were produced in comparable amounts to butyl
butanoate, but productions of hexyl hexanoate, 3-methylbutyl 3-methylbutanoate, and
2-methylpropyl 2-methylpropanoate were much lower (Figure 3c).

Figure 3. Alcohol feeding experiments and production of corresponding esters in banana pulps.
Exogenous alcohol (50 μmol) on filter paper was fed into 10 g of banana pulp tissues. (a) Effect of
anaerobic conditions and butanol feeding to pulps at the “yellow with green tips” stage; (b) effect of
ripening stage; (c) substrate specificity of C3–C6 branched and straight chain alcohols at the “yellow
with green tips” stage. Vertical/horizontal line at each marker/column shows average ± SD (n = 3).

3.2. Feeding Aldehydes to Banana Pulps to Produce the Corresponding Acids

When feeding C2–C6 branched and straight chain aldehydes to the banana pulp slices
(at the “yellow with green tips” stage), the acids with the highest production were hexanoic
acid, followed by butanoic acid, pentanoic acid, 2-methylpropanoic acid, propanoic acid,
and 3-methylbutanoic acid. The acid that was produced in the lowest quantities was
ethanoic acid (Figure 4a).

When feeding butanal to banana pulp homogenate samples from fruit from different
ripening stages, butanoic acid produced more in over ripe fruit—“yellow with brown
flecks” and “brown” stages—and less in the “yellow” stage fruit. Butanoic acid production
in fruit at the “yellow with green tips” stage was even lower (Figure 4b).

To confirm the ALDH activity in pulp homogenates, fruit at the “yellow with brown
flecks” stage was combined with butanal feeding experiments. Little butanoic acid was
detected when the banana pulp homogenate was heated with a 600 W microwave oven
for 1 min (Figure 4c). However, anaerobic conditions did not affect the butanoic acid
production (Figure 4c). When adding 50 μM NAD+ to the reaction system, butanoic acid
production increased by two-fold in comparison to the addition of 10 μM NAD+, which
was no different from non-NAD+ addition control (Figure 4c).
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Figure 4. Aldehyde feeding experiments and production of corresponding carbolic acids in banana
pulps. Exogenous aldehyde (50 μmol) on filter paper was fed into 10 g of banana pulp tissues.
(a) Substrate specificity of C2–C6 branched and straight chain aldehydes at the “yellow with green
tips” stage (banana pulp slices); (b) Effect of ripening stage (pulp homogenate); (c) Effects of en-
zyme deactivation by heat, anaerobic incubation, and feeding of NAD+ at different levels (pulp
homogenate). Vertical/horizontal line at each column shows average ± SD (n = 3).

3.3. Extraction and Functional Characteristics of ALDH

As shown in materials and methods, crude proteins were extracted in three ways: from
supernatant (protein-S), or from pellets by sonication-assisted extraction with or without
Triton X-100 (protein-PT and protein-P, respectively). The protein-S possessed more than
95% of ADH activity, while both protein-P and protein-PT had very little ADH activity
(Figure 5a). On the other hand, ALDH activity was evidenced in all protein extractions
(Figure 5b,c).

Figure 5. ADH and ALDH activity in crude proteins extracted from different fractions and effect of
Triton X-100 (protein extraction enhancer) and 4-methyl pyrazole (ADH inhibitor). Proteins were
extracted by ammonium sulfate precipitation from Tris buffer extraction of banana pulp tissues at
the “yellow with brown flecks” stage. The activity was presented based on fresh sample mass (a,b)
or protein mass (c). Protein-S: extraction from supernatant merged from 2 × Tris buffer extractions;
protein-P: extraction from pellets was washed 2 × Tris buffer and solubilized by sonication; protein-
PT: extraction from pellets after 2 × Tris buffer washing and solubilized by sonication with addition
of Triton X-100. Vertical line at each column shows average ± SD (n = 3).

When based on weight of pulp tissue, calculated ALDH activity distribution for
protein-P was slightly more than for protein-S; however, the distribution at pellet extraction
was increased when Triton X-100 was used (protein-PT) (Figure 5b). When 4-methyl
pyrazole was added into the reaction mixture, ALDH activity distribution at protein-PT
was about 60%, and at protein-S, it was about 40% (Figure 5b). However, when calculation
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was based on protein weight, the highest ALDH activity was found in protein-P, followed
by protein-PT and then protein-S. This was partially because Triton X-100 caused more
extraction in non-ALDH proteins (protein-PT), and protein-S contained more non-ALDH
proteins (Figure 5b,c). ALDH-PT contained more yellow pigments as contaminants. Protein-
S had the lowest ALDH activity at protein basis (Figure 5). Thus, protein-P was chosen as
crude extract of ALDH in the following experiments.

ALDH activity was very low when the phosphate buffer concentration was less than
20 mM (Figure 6a). The activity increased slightly until the buffer concentration reached
saturation at 100 mM (Figure 6a). Optimum pH of the ALDH was 8.8 as shown in Figure 6b,
and at pH 8.5–9.2, ALDH activities were kept > 80% capacity (Figure 6b). Km values of
butanal and NAD+ of the ALDH were about 250 μM and 25 μM, respectively, from the
Lineweaver–Burk plot (data not shown). When replacing NAD+ by NADP+, the ALDH
activity reduced to about one third in comparison to NAD+ (data not shown).

Figure 6. Activity of crude ALDH. (a) Optimum concentration of phosphate buffer; (b) Optimum
pH; and (c) Substrate specificity to C2–C6 branched and straight chain aldehydes. Horizontal line at
each column shows average ± SD (n = 3).

Substrate specificity of the ALDH was shown in Figure 6c. Lower molecular weight
straight chain aldehydes, except ethanal, had high affinity to ALDH, while poor affinity
was detected for branched chain aldehydes (Figure 6c).

3.4. Feeding 2-Keto-4-Methylpentanoic Acid to Banana Pulps to Produce Branched Alcohol,
Aldehyde and Ester

To test the production of branched chain alcohol, aldehyde and ester from keto acid,
2-keto-4-methylpentanoic acid was fed to banana pulps. As expected, 3-methylbutanol
and 3-methylbutal were detected in the headspace (Figure 2a). However, there was no
3-methylbutyl 3-methybutanoate in the headspace, although 3-methylbutyl ethanoate was
detected (Figure 7).

Figure 7. Formation of 3-methylbutanol, 3-methylbutanal and 3-methylbutyl ethanoate from exogenous
2-keto-4-methylpentanoic acid (50 nmol) after incubation with pulp slices (10 g) of bananas at the “yellow
with green tips” stage. Vertical line at each marker shows average ± standard deviation (n = 3).
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4. Discussion

Under anaerobic conditions, exogenous butanol fed to banana pulp was not effectively
converted to butyl butanoate (Figure 3a), indicating that oxygen was required in the
pathway from alcohols to esters (Figure 1). Due to ADH, ACS, and AAT all not directly
requiring oxygen, aldehyde oxide (ALO) was suspected as the enzyme which catalyzes
butanal to butanoic acid, although only several specific substrates were catalyzed by
ALO in plants, some of which are precursors of important plant hormones (indole-3-
acetate (IAA) and abscisic acid (ABA)) [23] (Figure 1). However, the butanal feeding
experiment showed that oxygen was not directly required; under anaerobic conditions,
banana pulp converted exogenous butanal to butanoic acid, meanwhile, NAD+ was the
cofactor (Figure 4c), indicating that ALDH, not ALO, is the enzyme. Another side-by-side
experiment in Figure 4c showed that enzyme-deactivated pulp tissue by microwave heating
lost the ability to convert butanal to butanoic acid. Nevertheless, there is not a clear answer
why under anaerobic conditions, feeding with butanol did not produce butyl butanoate
(Figure 3a). It seems that a deficit of NAD+ may correlate to the cascade conversions from
alcohols to carboxylate, and dehydrogenation of NADH to NAD+ was blocked under
anaerobic conditions (Figure 1).

In vitro experiments showed that the optimum phosphate buffer concentration to
ALDH was >100 mM (Figure 6a). This might be due to phosphate ion accelerating the
activity of ALDH, which was observed in germinating peanut cotyledon [24]. NAD+ was a
better coenzyme to ALDH and the efficiency of NADP+ was only one third in comparison
to NAD+ (data not shown), although NAD+ and NADP+ perform similar redox functions
within the cell. The latter is also more confined to biosynthetic pathways and redox
protective roles in general [25].

During ripening, ALDH activity in the homogenate increased continually until the
“yellow with many brown flecks” stage, and then it remained unchanged or slightly
decreased in the butanal feeding experiment (Figure 4b). However, when butanol was
fed into banana slices at different ripening stages, the peak of butyl butanoate production
appeared the “yellow with green tips” stage (Figure 3b), indicating that experiments using
pulp slices and homogenate may lead to different results in enzyme activities: ALDH
could have high activity at younger ripening stage, i.e., at the “yellow with green tips”
stage (Figure 3b), but at that stage, polyphenol and tannin contents were much higher than
at the “yellow with many brown flecks” stage, which were mixed with enzymes during
homogenization, thus inhibiting the enzyme activity of ALDH (Figure 4b) [26].

In the substrate specificity experiments feeding C2–C6 branched or straight chain
aldehydes, the ones with the highest affinity to ALDH were even and straight chain C6 and
C4 aldehydes, and that with the lowest was C2 ethanal (Figure 4a). This means that ethanal
formed during fermentation or senescence cannot leak to ethanoic acid, which usually is
a key function in detoxification of exogenously and endogenously generated aldehydes
in mammals [27]. Branched chain aldehydes were generally lower in affinity to ALDH
in comparison to the straight chain aldehydes with the same carbon number (Figure 4a).
The trends are similar to the affinity of the acyl-CoA/carboxylate to AAT [14]: the even
and straight chain substrates had high affinity, but branched chain substrates had low
affinity (Figure 4a). A conflicting observation was that even though the affinity of ALDH
for hexanal was high (Figure 4a), very low conversion occurred from exogenous hexanol to
hexyl hexanoate (Figure 3c). One of the possible reasons is due to slow partition of hexyl
hexanoate in headspace, it did not build up enough vapor when direct headspace sampling
was used, even though hexyl hexanoate was abundant in the pulps or solutions. For
example, hexyl hexanoate was one of the most abundant esters in Gala apples when Tenax
GC trap or solid-phase microextraction (SPME) trap sampling methods were used [28].
However, when direct headspace sampling method was used, hexyl hexanoate was not
detectable [29].

TCA cycle and β-oxidation of fatty acids in fruit pulps continually provide ethanoyl-
CoA (acetyl-CoA)/ethanoate to the background in the pulp. One of the consequences is
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that when feeding ethanol, numerous ethyl ethanoates are produced, and it is difficult
to differentiate whether the ethanoyl-CoA/ethanoate are from the fed ethanol or the
background substrates. Thus, in Figure 3c, ethanol feeding was not shown. Thus, in
bananas, there are rich sources of ethanoate/ethanoyl-CoA via TCA and β-oxidation, and
ALDH is not the major way to produce ethanoate (Figure 4a).

It is well known that butanoate esters are the second most produced esters after
ethanoate esters in banana fruits [30], and the high affinity of butanal to ALDH ensured suf-
ficient butanoate (Figure 4a). However, ester profiles changed with fruit senescence [30,31],
controlled/modified atmosphere [32–34], or other treatments which may extend shelf life
with sacrifice of flavor quality [29]. Due to ester production being more dependent on alco-
hol and carboxylic acid substrate availability than substrate specificity of AAT [14,15,35],
ALDH plays a key role in the ester profile and flavor quality of fresh fruit.

Feeding of 2-keto-4-methylpentanoic acid to banana pulps produced 3-methylbutanol,
and 3-methylbutyl ethanoate, but no 3-methylbutanoate and the esters (Figure 7). The
results confirmed that the affinity of ALDH for branched chain aldehydes is low. There are
reports that some fruits such as apples and melons produce a relatively high amount of
esters consisting of branched chain carboxylic acid [36,37]. It is worth continuing research
on ALDH in branched chain carboxylic acid rich fruits.

The most critical question for this feeding model research was how to obtain high
purity ALDH and minimize the effect of other enzymes, especially ADH, which is also de-
termined by monitoring the change in NADH concentration. Furthermore, ADH facilitates
the interconversion between alcohols and aldehydes with the redox between NAD+ and
NADH. In this study, two actions were taken to eliminate the potential effect of ADH. The
first was to remove proteins that had high ADH activity but much less ALDH activity. We
removed elutable proteins (protein-S) which contained 95% of ADH, but only about 40%
of ALDH activity, and obtained proteins which had higher binding force to pellets—they
were extracted under sonicator-assistance (Figure 5). In such pellet protein, there was little
ADH activity (Figure 5). The second action involved using 4-methyl pyrazole, an ADH
inhibitor, to block any potential ADH activity in the reaction mixture for ALDH activity
determination (Figure 5).

5. Conclusions

ALDH, which converts aldehydes to carboxylic acids, was found in banana pulps
and may play a key role in the conversion between alcohols, aldehydes, carboxylic acids
and esters, and the formation of fruit aromas. Crude ALDH tests showed that the enzyme
required NAD+ as a cofactor, and the optimum pH was 8.8. Lower molecular weight
straight chain aldehydes, except ethanal, had high affinity to ALDH, while poor affinity
was detected to branched chain aldehydes. Further research is needed to confirm whether
ALDH is an enzyme in the routine pathway for volatile production associated with fruit
ripening or just a consequence of aldehyde scavenging.
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Abstract: The effects of hot water treatments on antioxidant responses in red sweet pepper (Capsicum
annuum L.) fruit during cold storage were investigated. Red sweet pepper fruits were treated with
hot water at 55 ◦C for 1 (HWT-1 min), 3 (HWT-3 min), and 5 min (HWT-5 min) and stored at 10 ◦C
for 4 weeks. The results indicated that HWT-1 min fruit showed less development of chilling injury
(CI), electrolyte leakage, and weight loss. Excessive hot water treatment (3 and 5 min) caused cellular
damage. Moreover, HWT-1 min slowed the production of hydrogen peroxide and malondialdehyde
and promoted the ascorbate and glutathione contents for the duration of cold storage as compared
to HWT-3 min, HWT-5 min, and control. HWT-1 min enhanced the ascorbate-glutathione cycle
associated with ascorbate peroxidase, monodehydroascorbate reductase, dehydroascorbate reductase,
and glutathione reductase, but it was less effective in simulating catalase activity. Thus, HWT-1 min
could induce CI tolerance in red sweet pepper fruit by activating the ascorbate-glutathione cycle via
the increased activity of related enzymes and the enhanced antioxidant level.

Keywords: Capsicum annuum L.; hot water treatment; chilling injury; ascorbate-glutathione cycle

1. Introduction

Red sweet pepper (Capsicum annuum L.) is an important crop of the dominant horti-
cultural products in terms of the global economy. It is grown worldwide in tropics and
subtropics. More than 65% of the production area is in Asia; China is the largest producer,
followed by Mexico, Turkey, Indonesia, Spain, and the USA [1]. Red sweet pepper fruit
contains nutrition value (a good source of vitamin A and C) and bioactive materials, such
as phenolic compounds and carotenoids [2,3]. However, red sweet pepper fruit are a
perishable commodity due to mechanical damage and microbial deterioration related to
softening along with fruit ripening when stored at ambient temperature, resulting in a
short shelf-life after harvest. Thus, a suitable storage method is necessary to maintain the
quality of red sweet pepper fruit.

Low-temperature storage maintains the quality of horticultural products, and is
required to extend the storage duration for horticultural products, particularly for long-
distance transport or export quarantine treatments that take 21–24 days before market-
ing [4,5]. The shelf life of peppers in storage is limited by decay, loss of water during
storage, and sensitivity to cold stress. It is reported that the optimum storage temperature
for peppers is indicated to be 12 ◦C [6]. However, at storage temperatures below the
optimum temperature, peppers often occur chilling injury (CI) according to their chilling
sensitivity. CI symptoms indicates surface pitting, calyx discoloration, water-soaked areas,
and shriveling related with moisture loss [7]. The development of CI symptoms relates
to several factors. The severity level of CI is subject to the storage time and storage tem-
perature interaction. Generally, after exposure to lower chilling temperatures and longer
duration, horticultural products suffer more CI [8].

Foods 2021, 10, 3031. https://doi.org/10.3390/foods10123031 https://www.mdpi.com/journal/foods
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Several stress in plant is caused by change in the environment conditions [9]. Environ-
mental stress excessively induces reactive oxygen species (ROS) production and provokes
oxidative stress to the plant. Oxidative stress is exhibited when the ROS produces over
the capacity that maintains homeostasis in plant cellular redox. Imbalances between the
generation and detoxification for ROS are CI responses in horticultural crops [10,11]. Lipid
peroxidation in a plant is the first evidence of the illustration of CI. Malondialdehyde
(MDA) is generated by the non-enzymatic oxidation and enzymatic destruction of polyun-
saturated fatty acids in plant cell membranes. The level of MDA is usually a marker of plant
oxidative stress, and its level is used to evaluate lipid peroxidation [9,12]. Plants react to
oxidative stress by non-enzymatic and enzymatic systems that sustain the equilibrium be-
tween ROS generating and scavenging. This system includes both antioxidants of ascorbate
(AsA) and glutathione (GSH), and scavenging enzymes that consist of catalase (CAT) and
ascorbate-glutathione (AsA-GSH) cycle-related enzymes composed of ascorbate peroxidase
(APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR),
and glutathione reductase (GR). The AsA-GSH cycle, which implicates antioxidants and
antioxidative enzymes, improves the chilling resistance of plants [13,14].

Hot water treatment can be utilized to inhibit fruit ripening or to increase CI tolerance.
The alleviative effect of CI by hot water treatment has been revealed in many horticultural
products [15], such as cucumber [16], zucchini [17], mume [18], banana [19], orange [20],
and many other crops [21–23]. The mechanism to mitigate CI in fresh fruits and vegetables
by postharvest heat treatment could be attributed to (1) improving the membrane integrity
by the increase of unsaturated fatty acids and saturated fatty acids ratio; (2) enhancing
heat shock protein gene expression and accumulation; (3) enhancing the antioxidant sys-
tem; (4) enhancing the arginine pathways, which result in the accumulation of signaling
molecules that play critical roles in improving chilling tolerance; (5) altering phenylala-
nine ammonialyase and polyphenol oxidase enzyme activities; and (6) enhancing sugar
metabolism [21].

Hot water immersion is a nonchemical and safe postharvest treatment [13]. Pre-
storage with moderate heat treatment of fresh commodities not only improves their heat
stress resistance but also promotes tolerance to other stresses [22]. In scanning electron
microscopy analysis of hot water-treated sweet pepper fruit, it was indicated that hot water
immersion markedly firmed the surface and that cracks in the epidermis were sealed due to
recrystallization or melting of the wax layer, thus maintaining the fruit quality during cold
storage [24]. Exposing to sub-lethal temperatures induces thermos-tolerance, which can
protect horticultural products from subsequent introduction into lethal temperatures [15].
However, the responses of commodities to hot water treatments differ depending on the
treatment temperature and time of exposure to hot water. It is important that the suitable
conditions of hot water immersion are established for low-temperature storage.

Thus, the object in our study was to analyze the influences of different immersion
durations (1, 3, and 5 min) of hot water immersion at 55 ◦C on antioxidant responses by
monitoring the oxidative stress level and the AsA-GSH cycle in red sweet pepper fruit
during low-temperature storage at 10 ◦C, and to determine the suitable conditions of hot
water treatment.

2. Materials and Methods

2.1. Plant Materials and Treatments

Red sweet pepper (Capsicum annuum L.) cv. Habataki fruits were obtained at the red
ripening stage from an agricultural field in Kochi Prefecture, Japan. Fruits of uniform
size that were free of defects and had been delivered immediately to the laboratory were
selected for this study. In total, 144 fruits of sweet pepper fruits were cleaned with water,
air-dried at 20 ◦C for 15 min, and divided into four groups (36 fruits each). According to
a preliminary experiment based on cold storage in fruit treated by hot water at different
temperatures, suitable temperatures for hot water treatment were selected. The results
showed that hot water treatment at 55 ◦C had better effects on alleviating CI. One group
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(control) was kept without being treated. The others were immersed in hot water at
55 ◦C for 1 (HWT-1 min), 3 (HWT-3 min), and 5 min (HWT-5 min), respectively, and then
quick cooled until room temperature. After air drying, 3–4 fruits each were packed in
a polyethylene film bag (38 cm × 26 cm with 0.03 mm thickness and four 5 mm holes
on each side). In all treatments, three bags of fruits represented three replications. The
pepper fruits were stored in a laboratory refrigerator at 10 ◦C and relative humidity (RH)
of 95% for 4 weeks. Samples were taken every 7 days during storage to measure the quality
attributes (weight loss; L*, a*, and b*; and overall quality); CI index; and CI incidence; and
to determine electrolyte leakage. Fruit pericarp tissues were cut into roughly 1 cm pieces,
immediately immersed in liquid nitrogen, and then preserved at −80 ◦C until further
analysis.

2.2. Chilling Injury

The chilling injury symptom was evaluated on the level of surface pitting in accordance
with the methods described by Wang et al. [25]. CI was measured according to a scale of
6 levels; 0, no pitting; 1, trace (0% < injury ≤ 10%); 2, slight (10% < injury ≤ 20%); 3, regular
(20% < injury ≤ 30%); 4, moderate (30% < injury ≤ 50%); 5, severe (injury ≥ 50%). CI index and
CI incidence were determined by the following formula: CI index = (sum (CI scale × number
of fruit at the CI scale))/total number of evaluated fruit; CI incidence (%) = (the number of
CI fruit/the total number of evaluated fruits) × 100.

2.3. Quality Attributes

Red sweet peppers were weighed at the beginning and the end of each storage period.
The variance between the two weigh values was calculated to be the total weight reduction
and was indicated as a percent on a fresh weight basis.

Fruit color was indicated by measuring L* (lightness), a* (redness), and b* (yellowness)
using a color difference meter (Nippon Denshoku, ZE 6000, Tokyo, Japan). Each fruit was
measured with three replications.

The overall quality of the fruit was assessed by the method of Özden and Bayindirli [6].
The quality was evaluated subjectively for their flavor and appearance according to the
following scale: 5 = excellent, 3 = marketable level, and 1 = unusable.

2.4. Electrolyte Leakage

Electrolyte leakage was determined according to the method of Endo et al. [13]. Twenty
disks (10 mm × 2 mm) of fruit pericarp tissue from each fruit were cut using a cork borer
and then rinsed with distilled water before immersion in 30 mL of double-distilled water
in glass vials. After incubation for 2 h at 25 ◦C, the initial electrolyte conductivity was
evaluated with a digital electrolyte conductivity meter (DKK-TOA, MM-41DP, Japan). The
disks were boiled for 30 min to complete the electrolyte leakage, and the final electrolyte
conductivity was determined. The percent of electrolyte leakage was expressed as a relative
between the initial and final electrolyte conductivity.

2.5. Malondialdehyde Content

The level of lipid peroxidation was expressed by the MDA level based on the thiobar-
bituric acid (TBA) reaction following the method of Dipierro and De Leonardis [26]. Two
grams of frozen sample were extracted in 10 mL of cold 0.1% trichloroacetic acid (TCA).
The extract was passed through filter paper and centrifuged at 20,000× g for 10 min at
4 ◦C. Then, 1 mL supernatant of extract was mixed with 4 mL of 0.5% TBA in 20% TCA
and then was heated at 95 ◦C for 30 min and then quick cooled to room temperature. The
absorbance was determined spectrophotometrically at 532 and 600 nm (Jasco V-530, Jasco,
Tokyo, Japan), after being centrifuged at 20,000× g for 10 min at 4 ◦C. The MDA content
was calculated using the extinction coefficient, 155 mM−1cm−1.
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2.6. Hydrogen Peroxide Content

The content of hydrogen peroxide (H2O2) was determined by the chromogenic
peroxidase-coupling method following the procedures of Veljovic-Jovanovic et al. [27].
Three grams of frozen sample were extracted in 12 mL of cold 1 M HClO4, then passed
through filter paper. After centrifugation at 12,000× g for 10 min at 4 ◦C, the supernatant
of extract was neutralized to pH 5.6 by 5 M K2CO3 and then centrifuged at 12,000× g
for 10 min at 4 ◦C to eliminate insoluble KClO4. To oxidize ascorbate before incubation,
the supernatant was incubated with 1-unit ascorbate oxidase for 10 min. Then, 1 mL of
neutralized supernatant was reacted with the reaction mixture solution of 0.1 M phosphate
buffer (pH 6.5) containing 16.5 mM 3-(dimethylamino) benzoic acid, 0.35 mM 3-methyl-
2-benzothiazoline hydrazine, and 250 ng horseradish peroxidase. The absorbance was
measured spectrophotometrically at 590 nm (Jasco V-530, Jasco, Tokyo, Japan) and moni-
tored at 25 ◦C. The content of hydrogen peroxide was determined from a 25–100 μM H2O2
standard curve.

2.7. Antioxidant Content
2.7.1. Ascorbate and Dehydroascorbate

The contents of ascorbate and dehydroascorbate (DHA) were determined following
the procedures of Stevens et al. [28]. Three grams of frozen sample were homogenized in
12 mL of cold 6% TCA. The extract was passed through two layers of Miracloth (Calbiochem,
San Diego, CA, USA). Two assays were performed on each sample to analyze the total
ascorbate and reduced ascorbate. The first assay measured the total ascorbate (incubation
with 5 mM dithiothreitol (DTT) for reduction of the oxidized ascorbate), and another assay
measured the reduced ascorbate (without DTT). The content of DHA was determined from
the difference between the total and the reduced ascorbate content. In each sample, after
the filtrate (1 mL) was mixed with 1 mL of 0.4 M phosphate buffer (pH 7.4) with 5 mM DTT
or 0.4 M phosphate buffer (pH 7.4), it was incubated at 37 ◦C for 20 min. After incubation,
the reaction solution was added with 5 mL of 0.5% N-ethyl malemide for the total ascorbate
assay, or 5 mL of 0.4 M phosphate buffer (pH 7.4) for the reduced ascorbate assay, and left
for 1 min at room temperature, and finally was added with 4 mL of color reagent. The
absorbance was determined spectrophotometrically at 550 nm (Jasco V-530, Jasco, Tokyo,
Japan) after 40 min incubation at 37 ◦C. The AsA content was calculated from a standard
curve. The color reagent was as follows: solution A comprised of 31% orthophosphoric
acid, 4.6% TCA, and 0.6% iron chloride; and solution B, which included 4% 2,2-dipyridyl
(made up of 70% ethanol). Solutions A and B were mixed 2.75 parts (A) to 1 part (B). The
content of AsA was estimated by a standard curve.

2.7.2. Reduced Glutathione and Oxidized Glutathione

The contents of GSH and GSSG contents were determined using the 5,5′-dithiobis-(2-
nitrobenzoic acid) (DTNB) and glutathione reductase procedure as detailed by Griffith [29],
with certain modifications. Frozen fruit tissue (5 g) was homogenized with 10 mL of cold
5% sulphosalicylic acid and passed through two layers of Miracloth (Calbiochem, San
Diego, CA, USA). The homogenate was centrifuged at 12,000× g for 10 min at 4 ◦C. The
extract was neutralized to pH 7.0 using with 7.5 M triethanolamine. Each neutralized
solution was divided into 2 assays. One (1 mL) was used to determine the total glutathione
content (GSH and GSSG). Another (1 mL) was reacted with 20 μL of 2-vinylpyridine for
60 min at 20 ◦C to allow the derivatization of GSH and the detection of only GSSG in the
subsequent assay. The assay was carried out by adding 50 μL of the sample, 150 μL of
125 mM sodium phosphate buffer (pH 6.5) including 6.3 mM EDTA, 700 μL of 0.3 mM
NADPH, 100 μL of 0.6 mM DTNB, and 10 μL of 50 units mL−1 GR in a cuvette with a 1 cm
light path. The absorbance was monitored spectrophotometrically at 412 nm (Shimadzu
UV-1800, Shimadzu, Japan) for 120 s at a temperature of 30 ◦C. Total glutathione and GSSG
contents were estimated from the standard curve of GSH using 25–100 μL.
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2.8. Antioxidant Enzyme Extraction and Assay

Enzyme extraction was performed following the method of Ishikawa et al. [30], with
certain modifications. Frozen fruit tissue (5 g) was homogenized in a cooled mortar and
pestle with 20 mL of cold 50 mM potassium phosphate buffer (pH 7.0) containing 20%
sorbitol, 1 mM ascorbate, 1 mM EDTA, and 4% polyvinylpyrrolidone. The homogenate was
passed through two layers of Miracloth (Calbiochem, San Diego, CA, USA) and centrifuged
at 15,000× g for 15 min at 4 ◦C.

The activity of CAT was determined according to the procedure established by
Aebi [31]. H2O2 consumption was recorded as the decrease in absorbance at 240 nm
(Shimadzu UV-1800, Shimadzu, Japan) at 25 ◦C for 120 s. The calculation of CAT activity
used an extinction coefficient of 39.4 mM−1 cm−1.

The activity of APX was estimated according to the procedure of Nakano and Asada [32].
The ascorbate oxidation was recorded as the absorbance decrease at 290 nm (Shimadzu
UV-1800, Shimadzu, Japan) at 25 ◦C for 120 s. The calculation of APX activity used an
extinction coefficient of 2.8 mM−1 cm−1.

The activity of MDHAR was estimated according to the procedure of Hossain and
Asada [33]. The NADH oxidation was recorded as the absorbance decrease at 340 nm
(Shimadzu UV-1800, Shimadzu, Japan) at 25 ◦C for 120 s. The calculation of MDHAR
activity used an extinction coefficient of 6.2 mM−1 cm−1.

The activity of DHAR was estimated according to the procedure of Hossain and
Asada [33]. The generation of ascorbate was recorded as the increase in absorbance at
265 nm (Shimadzu UV-1800, Shimadzu, Japan) at 25 ◦C for 120 s. The calculation of DHAR
activity used an extinction coefficient of 14 mM−1 cm−1.

The activity of GR was estimated according to the procedure of Klapheck et al. [34].
The NADPH oxidation was recorded as the absorbance decrease at 340 nm (Shimadzu
UV-1800, Shimadzu, Japan) at 25 ◦C for 120 s. The calculation of GR activity used an
extinction coefficient of 6.2 mM−1 cm−1.

2.9. Determination of Protein

The protein content in extracts was measured by the method of Bradford [35], using
bovine serum albumin as the standard.

2.10. Data Analysis

The data were subjected to two-way analysis of variance (treatments and storage
weeks) for a completely randomized design using SPSS (SPSS 16.0 for Windows) statistical
software. Mean comparisons were determined by Duncan’s multiple range test (DMRT) at
a significance level of 0.05 (p < 0.05). The data were reported as the means ± S.E. (standard
error).

3. Results

3.1. Changes in the Chilling Injury Index and Chilling Injury Incidence

Hot water-treated fruit and untreated fruit (control) presented CI symptoms and
incidence by week 2 and developed continuously with storage time (Figures 1 and 2).
Fruit heated at 55 ◦C for 1 min (HWT-1 min) exhibited a delay in the development of CI
symptoms and a lower percentage of incidence than HWT-3 min, HWT-5 min, and the
control fruit. By 2 weeks of storage, the CI incidence of 60% was shown in HWT-3 min,
HWT-5 min, and the control fruit, and it reached 100% in week 3. In week 4, the severity
of CI in HWT-1 min fruit was slight (CI index = 2), but damage was moderate to severe
(CI index = 4.5–4.8) in control, HWT-3 min, and HWT-5 min fruit.
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Figure 1. Effect of hot water treatment (55 ◦C for 1, 3, 5 min) on (A) chilling injury index and
(B) chilling injury incidence in red sweet pepper fruit during storage at 10 ◦C. Data represent
means ± S.E. (n = 3). Different letters on bars are significantly different (p < 0.05).

Figure 2. Effect of hot water treatment at 55 ◦C for (A) 0 min (control), (B) 1 min, (C) 3 min, and (D)
5 min on virtual symptoms of CI in red sweet pepper fruit during storage at 10 ◦C for 4 weeks (1, 2, 3, 4).
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3.2. Changes in Quality Attributes

Weight loss continued to increase over the storage period (Figure 3). The accumulated
losses did not differ statistically after storage for 1 and 2 weeks. The HWT-3 min and
HWT-5 min fruits exhibited significant loss of water by week 4 and had higher losses than
HWT-1 min and control fruits.

Figure 3. Effect of hot water treatment (55 ◦C for 1, 3, 5 min) on weight loss in red sweet pepper fruit
during storage at 10 ◦C. Data represent means ± S.E. (n = 3). Different letters on bars are significantly
different (p < 0.05).

It was found that there was no significant difference of L*, a*, or b* between hot
water-treated fruits and the control fruit during storage at 10 ◦C for 4 weeks (p > 0.05)
(Figure S1).

The overall quality of sweet pepper fruits declined during prolonged storage in all
treatments (Figure 4). HWT-1 min fruits had a higher overall quality score until the end of
storage, while HWT- 5 min fruits lost the market potential after storage for 3 weeks; control
and HWT-3 min fruits were below the marketable level at week 4 (as the score was less
than 3).

Figure 4. Effect of hot water treatment (55 ◦C for 1, 3, 5 min) on overall quality in red sweet pepper
fruit during storage at 10 ◦C. Data represent means ± S.E. (n = 3). Different letters on bars are
significantly different (p < 0.05).

3.3. Changes in Electrolyte Leakage

The value of electrolyte leakage in the initial time was about 30% (Figure 5). After
4 weeks of storage, the electrolyte leakage sharply increased to 67% in HWT-5 min fruit and
gradually increased to 50% in HWT-3 min and the control fruit, whereas fruits treated for 1
min had a slight increase (40%). During low-temperature storage, HWT-1 min was given
a moderate heat treatment to reduce cold stress, HWT-3 min had no positive effect, and
an excessive exposure time—HWT-5 min—triggered cell damage that caused electrolyte
leakage that was higher than those in HWT-1 min, HWT-3 min, and the control.
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Figure 5. Effect of hot water treatment (55 ◦C for 1, 3, 5 min) on electrolyte leakage in red sweet
pepper fruit during storage at 10 ◦C. Data represent means ± S.E. (n = 3). Different letters on bars are
significantly different (p < 0.05).

3.4. Changes in Lipid Peroxidation

The content of MDA in HWT-1 min fruit markedly increased by week 1, declined
thereafter, and remained at a lower level than those of HWT-3 min, HWT-5 min, and the
control until the end of storage. There was a slight increase and constant level of MDA in
HWT-3 min, while the MDA level in HWT-5 min increased higher than those of shorter
treatments, and the content of MDA was the same as that of the control during the storage
at 10 ◦C for 4 weeks (Figure 6).
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Figure 6. Effect of hot water treatment (55 ◦C for 1, 3, 5 min) on malondialdehyde (MDA) content in
red sweet pepper fruit during storage at 10 ◦C. Data represent means ± S.E. (n = 3). Different letters
on bars are significantly different (p < 0.05).

3.5. Changes in Hydrogen Peroxide Content

The hydrogen peroxide level increased slightly until week 1 in all fruits. In week 2,
the increase was almost 3.6-fold in HWT-3 min and HWT-5 min fruits and continuously
increased until the finale of storage; whereas in HWT-1 min fruit, the content of H2O2 was
relatively low and stable from week 1 to week 3 but significantly increased by week 4.
HWT-1 min showed a lower H2O2 content than HWT-3 min, HWT-5 min, and the control
(Figure 7).
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sweet pepper fruit during storage at 10 ◦C. Data represent means ± S.E. (n = 3). Different letters on
bars are significantly different (p < 0.05).

3.6. Changes in Total Ascorbate and Dehydroascorbate Contents

The level of total AsA in HWT-1 min fruit slightly increased by week 1 but gradually
decreased thereafter until the end of storage and was at a higher level than those in HWT-3
min, HWT-5 min, and the control. Prolonged heat treatments (3 and 5 min) showed a lower
total AsA level and had a trend similar to that of HWT-1 min (Figure 8A). Heat treatment
increased the total AsA and DHA in comparison with the control except at longer exposure
times (3 and 5 min), in which excessive treatments induced heat damage in red sweet
pepper fruits.
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means ± S.E. (n = 3). Different letters on bars are significantly different (p < 0.05).
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The content of DHA in HWT-1 min fruit increased sharply, by approximately 1.5 times,
at 1 week and then gradually declined; the level was higher than that in HWT-3 min,
HWT-5 min, and the control regardless of the storage time (Figure 8B).

3.7. Changes in Reduced Glutathione and Oxidized Glutathione Contents

The content of GSH in HWT-1 min fruit increased after storage for 1 week and then
significantly decreased at week 4; the level was higher than those in HWT-3 min, HWT-5
min, and the control fruit. By contrast, HWT-3 min, HWT-5 min, and control fruits indicated
a rapid decline of the GSH content after storage for 1 week and were maintained at a lower
level during the storage at 10 ◦C for 4 weeks (Figure 9A).
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Figure 9. Effect of hot water treatment (55 ◦C for 1, 3, 5 min) on (A) reduced glutathione (GSH) and
(B) oxidized glutathione (GSSG) contents in red sweet pepper fruit during storage at 10 ◦C. Data
represent means ± S.E. (n = 3). Different letters on bars are significantly different (p < 0.05).

The GSSG level had a tendency similar to that of the level of GSH in HWT-1 min fruit,
which sharply increased at week 1 and gradually decreased thereafter, and was higher
than those in HWT-3 min, HWT-5 min, and control fruits until the final storage period
(Figure 9B).

3.8. Changes in Catalase, Ascorbate Peroxidase, Monodehydroascorbate Reductase,
Dehydroascorbate Reductase, and Glutathione Reductase Activities

Antioxidant enzymes, such as CAT and AsA-GSH cycle-related enzymes (APX, DHAR,
MDHAR, and GR), play important roles to maintain cellular homeostasis by scavenging
H2O2 and preventing the accumulation of H2O2 to toxic levels [14].

The activities of CAT indicated a quick decrease in week 1 and steadily declined until
the end of the storage duration in all samples. By week 4, the activities of CAT in HWT-1
min fruit remained at a level higher than those of HWT-3 min, HWT-5 min, and control
fruits (Figure 10).
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Figure 10. Effect of hot water treatment (55 ◦C for 1, 3, 5 min) on the activity of catalase (CAT) in red
sweet pepper fruit during storage at 10 ◦C. Data represent means ± S.E. (n = 3). Different letters on
bars are significantly different (p < 0.05).

Ascorbate peroxidase activities in HWT-1 min fruit slightly decreased in the first week
of storage but increased in weeks 2 and 3, then declined thereafter, and remained higher
than those of HWT-3 min, HWT-5 min, and control fruits throughout the storage period.
HWT-3 min and HWT-5 min fruits presented a significant decrease in APX activities until
the end of storage time, showing a level lower than those of HWT-1 min and control fruits
(Figure 11A).

Monodehydroascorbate reductase activities in HWT-1 min fruit sharply increased and
approximately doubled after 2 weeks but decreased afterward. The MDHAR activities in
HWT-1 min fruit were higher than those in HWT-3 min, HWT-5 min, and control fruits,
except in week 4, when all fruits showed similar levels (Figure 11B).

Dehydroascorbate reductase activities in HWT-1 min fruit tended to increase during
cold storage for 3 weeks and decreased thereafter. In HWT-1 min fruits, DHAR activities
were higher than those of HWT-3 min, HWT-5 min, and control fruits, except in week 4,
when all fruits showed similar levels (Figure 11C).

Glutathione reductase activities in HWT-1 min fruit sharply increased during the
storage at 10 ◦C for 4 weeks. The activities of GR in HWT-1 min fruit were higher than
those of HWT-3 min, HWT-5 min, and control fruits. There was a gradual increase in GR
activities in HWT-3 min and HWT-5 min fruits until the end of storage (Figure 11D).
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Figure 11. Effect of hot water treatment (55 ◦C for 1, 3, 5 min) on the activity of (A) ascorbate
peroxidase (APX), (B) monodehydroascobate reductase (MDHAR), (C) dehydroascorbate reductase
(DHAR), and (D) glutathione reductase (GR) in red sweet pepper during storage at 10 ◦C. Data
represent means ± S.E. (n = 3). Different letters on bars are significantly different (p < 0.05).

4. Discussion

Low-temperature storage is used extensively to keep the quality and prolong the shelf
life of horticultural products after harvest. Nevertheless, because of their sensitivity to cold
stress, the utilization of low-temperature storage has some limitations for chilling sensitive
horticultural products, such as subtropical and tropical crops [21]. Chilling-induced stress
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changes the balance between the ROS-forming system and defensive mechanisms, resulting
in oxidation-induced CI [10].

In the present study, HWT-1 min was effective in alleviating CI and retarded the
development of CI symptoms in red sweet pepper fruit as compared to control and the
longer treatment times, HWT-3 min and HWT-5 min. CI symptoms presented in the same
period of storage (week 2); however, the level of damage differed. Finally, the CI severity
in HWT-1 min fruit was slight; however, in the control, HWT-3 min, and HWT-5 min fruit,
damage was moderate to severe (Figures 1 and 2). Previous studies also found that hot
water immersion modified responses to cold stress, delaying the onset of CI, and thus has
been proven to alleviate CI in fresh produce, such as sweet pepper [13,36], mumes [18],
plums [37], and cucumbers [16].

Weight loss in untreated red sweet peppers was less than in those treated with hot
water, except for HWT-1 min fruit. Hot water immersion increased fruit weight loss in
some fresh produce, such as mandarins [38], which lost more weight than the control
during cold storage. From this study, short exposure to hot water (HWT-1 min) reduced
weight loss (Figure 3), probably as a result of the stimulated recrystallization or molecular
orientation of the waxes on the cuticle layer, which plays a significant role in regulating the
water loss and preserving fruit firmness [16,39]. However, red sweet pepper fruits exposed
to hot water for a longer time (HWT-3 min and HWT-5 min) lost more fresh weight, which
might be due to tissue damage (Figure 2). Although hot treatment may be of benefit to
hot water-treated horticultural products, excessive heat, such as revelation of products
to lethal temperatures or an extended treatment duration, might induce cell damage [40].
Excess heat stress may cause the destruction of cells, the loss of membrane integrity, and
the elimination of the wax coating the outer surface of the cuticle, resulting in higher loss
of water.

In previous studies, Fallik et al. [41] found serious heat injury in sweet pepper when
hot water treatment at 55 ◦C was applied, and even observed severe fruit damage when
treated at 52 ◦C for 2 min [4,41]. Thus, they [24] suggested 55 ± 1 ◦C for only 12 s to
maintain fruit quality during prolonged storage. In contrast similar with our results
(Figure 4), Shehata et al. [42] found that the high-temperature treatment (55 ◦C for 1 min)
provided a good appearance without visible injury and decay in pepper fruits during cold
storage. The difference of heat tolerance in fruits depends on species, genotype, stage
of fruit maturity, type and severity of heat treatment applied, and the preconditioning
treatments before heat treatment [43].

Cell membrane integrity is most affected by CI. In the cell membrane, the transition
from the flexible liquid crystalline phase to a solid gel structure phase is caused at cold
storage temperatures, which increases the malfunction of cell membranes [44]. When
horticultural product is exposed to damaging temperatures below a certain threshold
temperature, cell membranes break, resulting in the leakage of ion, metabolites, and
intracellular water, which can be traced as electrolyte leakage [21,45]. Electrolyte leakage in
fruits treated with hot water immersion differed depending on the exposure time. During
storage at 10 ◦C, brief hot water immersion (HWT-1 min) showed lower electrolyte leakage
because mild heat treatment may reduce chilling stress; however, 5 min (HWT-5 min) was
an excessive heating time that triggered cell damage and presented the highest leakage
(Figure 5). Similarly, treated cucumbers (55 ◦C, 5 min) had lower electrolyte leakage than
untreated fruit, thus hot water mitigated CI by maintaining membrane integrity [16].

Lipid peroxidation is the initial phenomenon caused by CI. Cold stress alters the
structure of the plant cell membrane, causing membrane integrity to deteriorate due to
lipid peroxidation, which is measured as the MDA level. MDA is the oxidative secondary
metabolite of polyunsaturated fatty acid in cell membranes; it is a suitable indicator of
oxidative destruction to cell membrane integrity under temperature stress, and its level is a
useful indicator of the oxidative stress level [9,11,21]. Our result found that the MDA level
in red sweet pepper fruit immersed with HWT-1 min was lower than that with prolonged
heat exposure (3 and 5 min) and in the control (Figure 6). The low level of MDA and

45



Foods 2021, 10, 3031

electrolyte leakage in HWT-1 min fruit reflected the lower degree of CI and the incidence
of CI in red sweet peppers during cold storage for 4 weeks.

Hydrogen peroxide is a strong oxidant, a relatively long-lived molecule, and it is mod-
erately reactive. It is produced by the superoxide dismutase that catalyzes a superoxide
radical to H2O2. Environmental stresses can cause the production of H2O2; however, ex-
cessive H2O2 can cause oxidative damage in plant cells by disrupting metabolic processes
and affecting cell membrane integrity [13,46]. In this study (Figure 7), when comparing
different times of heat exposure (55 ◦C for 1, 3, and 5 min), HWT-1 min fruit had lower
H2O2 contents; this remained constant until week 3 and then rose significantly by week 4.
Prolonged heating times (HWT-3 min and HWT-5 min) tended to overheat red sweet pep-
pers, causing higher oxidative stress, which was demonstrated by a higher accumulation of
H2O2 from week 2 until the end of storage (Figure 6). H2O2 responds to oxidative stress as a
signal in the cell compartments that it originates from, leading to an applicable response in
the cellular protection system [12]. In low levels, H2O2 reacts as a signal molecule involved
in acclimatory signaling, triggering tolerance to several stresses; in contrast, in high levels,
it acts as a providing factor to stress damages and causes cellular destruction [13,47,48].
HWT-1 min could stimulate H2O2 production to a level that triggered the defense mecha-
nism responses, involving enzymatic and non-enzymatic antioxidative scavenging systems,
promoting tolerance of subsequent cold storage. Previous study indicated that temperature
stresses reacted to antioxidative scavenging systems in plants. Moderate heat treatment
of horticultural produce induces mild oxidative stress, which affects the antioxidant con-
dition and induces tolerance to subsequent stress [18]. The oxidative function of H2O2 is
intimately linked to the redox state in plant tissues. The redox balance is associated with
the expression of genes that contribute to stress resistance, stress acclimation, and defense
systems [12].

Heat treatment of horticultural crops before storage not only increases their resistance
to heat stress but also improves their tolerance to other various stresses [15]. Temperature
stress altered homeostasis in plant cell and major processes in its physiological functions,
resulting in the accumulation of ROS levels. ROS may potentially play a function in signal
transduction processes that activate stress-response pathways and trigger defensive sys-
tems [49]. Mild heat treatment causes slight stress in fresh products, stimulating antioxidant
responses in both enzymatic and non-enzymatic systems [11]. Non-enzymatic systems
include antioxidant substances, such AsA and GSH, whereas antioxidant enzymes involve
superoxide dismutase (SOD), CAT, and AsA-GSH cycle-related enzymes (APX, DHAR,
MDHAR, and GR) [9,11]. The AsA-GSH cycle consists of an antioxidant and detoxifying
system against ROS that has a significant impact on the resistance to chill damage during
postharvest storage [50]. Both AsA and GSH are the significant antioxidants in plants that
play important roles in stress resistance. High AsA and GSH contents may be responsible
for improving performance during postharvest cold storage [51]. AsA is known to be the
most powerful antioxidant substance and plays a critical role in maintaining APX activities
to detoxify H2O2 in the AsA-GSH cycle [48]. In the current study (Figure 8A), the content
of AsA in HWT-1 min fruit was gradually decreased but maintained at a higher level
than those in HWT-3 min, HWT-5 min, and control fruits during the storage at 10 ◦C. The
decreasing trend of DHA contents in HWT-1 min fruit was similar to that of AsA contents
(Figure 9B). Prolonged exposure to hot water (3 min and 5 min) decreased the AsA and
DHA content. Hot-water dipping has also been observed to increase the AsA level in other
fresh products, including tomatoes [9], zucchini [17], and mumes [18]. The elevated redox
potential in AsA may correspond with the chill acclimation of hot water-treated fruit. The
increased activity of the AsA metabolism system may indicate a key role in lowering H2O2
levels throughout low-temperature storage [18]. In HWT-1 min fruit, the high level of AsA
was reflected in the lower content of H2O2 during the initial 3 weeks of storage (Figure 7).

Glutathione has a crucial function in the antioxidative defense mechanism, regen-
erating AsA from its oxidized form, DHA, throughout the AsA-GSH cycle [48]. In this
study (Figure 9), the GSH level in HWT-1 min fruit increased after 1 week of storage and
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significantly decreased at week 4; throughout the storage period, the content remained
higher than in fruits treated differently. Hot water treatment for 1 min increased chilling
tolerance by the increase of the GSH production and the GR activities.

The accumulation of ROS induced by various stresses is mitigated by enzymatic
protection systems, such as SOD, APX, GPX, and CAT, and non-enzymatic protection
systems of low molecular substances, such as AsA, GSH, α-tocopherol, carotenoids, and
flavonoids. ROS disturbs many functions of cellular metabolism by injuring nucleic
acids, oxidizing proteins, and producing lipid peroxidation [48]. Many processes in plant
metabolism may indicate different optimal temperatures, and their related enzymes may
be less heat unstable, so they respond differently to the stresses of temperature [18]. CAT is
one of the main enzymes that scavenges ROS by decomposing H2O2 into water and oxygen.
The increase in CAT activity is considered to be the adapted characteristic that assists in the
disposal of H2O2. Abiotic stresses either increase or decrease CAT activity, depending on
the strength, period, and kind of stress [12]. In this result (Figure 10), hot water treatments
were less effective at stimulating CAT activities. CAT activity in red sweet peppers treated
with immersion of hot water (55 ◦C for 1, 3, and 5 min) and untreated fruit tended to
decline during cold storage. Similar trends were indicated in mature green mumes [18],
which were treated with immersion of hot water (45 ◦C for 5 min) during low-temperature
storage for 4 weeks. Cold stress might cause the downregulation of abundant CAT enzyme
protein and the decrease in CAT activity in red sweet peppers during cold storage.

Ascorbate peroxidase has an important role in the decomposition of H2O2 and the
control of H2O2 levels in cellular compartments. In the present study (Figure 11A), although
HWT-1 min did not significantly increase APX activities, they were higher than those in
fruits treated for prolonged times (3 and 5 min) and the control. HWT-1 min might be
a modest heat exposure that could induce APX activity to maintain low levels of H2O2.
APX is considered to play a role in the defensive mechanism against CI development
during cold storage, and to enhance the tolerance to cold storage, as well as having a more
important action in the ROS control or being responsible for regulating ROS signaling [13].

Ascorbate is a powerful antioxidant that can directly detoxify free radicals. It comes
in two oxidized forms: MDHA and DHA. In living organisms, the AsA recycling metabolic
system is significant for preserving AsA homeostasis against exogenous stimuli. DHAR and
MDHAR are two major AsA recycling enzymes and are members of the AsA-GSH cycle [52].
DHAR catalyzes the recycle action of DHA to AsA, utilizing GSH as a hydrogen donor prior
to the spontaneous hydrolysis of DHA to irreversibly form 2,3-diketogulonic acid. On the
other hand, MDHAR uses reduced ferredoxin or NAD(P)H as an electron donor to recycle
MDHA prior to the spontaneous oxidation of MDHA to form DHA [44]. The activity
of MDHAR in HWT-1 min fruit highly enhanced and about doubled after 2 weeks of
storage but reduced subsequently (Figure 11B). DHAR activity in HWT-1 min fruit slightly
increased throughout the first 3 weeks of storage and reduced thereafter (Figure 11C).
The levels of both DHAR and MDHAR activities in HWT-1 min fruit were higher than
those in HWT-3 min, HWT-5 min, and control fruits. The increase of DHAR and MDHAR
activities indicates accumulative responses to cold stress. In a previous study, the higher
H2O2 level produced by heat treatment promoted DHAR and MDHAR activities [13].
Temporally, an increase in gene expression of DHAR and MDHAR was induced in H2O2
accumulation caused by heat treatment [53]. H2O2 responds as a molecular-signaling
secondary messenger of metabolic control, and regulator of gene expression, increasing
responses and activation of protection pathways to various stresses. Thus, the higher
activities of DHAR and MDHAR enzymes play a significant role in alleviating CI.

Glutathione reductase is a key enzyme in the AsA-GSH cycle and catalyzes the
conversion of GSSH to GSH by utilization of NADPH as an electron donor. It also plays
a crucial role in the defense against ROS by maintaining the reduction state of GSH and
the AsA pools [13]. GR activity in HWT-1 min fruit sharply increased and was higher
than those in HWT-3 min, HWT-5 min, and control fruits throughout the storage period
(Figure 11D). High GR activity induced a larger GSH pool and maintained the AsA-GSH
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cycle, and consequently enhanced the AsA pool [54]. Therefore, higher levels of GSH
content and GR activity imply an influence on chilling tolerance and cold acclimation. The
GR has a significant action in resistance systems for chilling stress.

5. Conclusions

The findings of our study revealed that pre-treatment with immersion of hot water at
55 ◦C for 1 min alleviated CI in red sweet pepper fruit during the chilling storage duration,
which may be due to the increase of the AsA-GSH cycle by enhanced antioxidant contents
of AsA and GSH and the activity of antioxidant-related enzymes. During cold storage,
chilling resistance was improved, and the onset of CI was delayed and mitigated in HWT-1
min fruit, as illustrated by low H2O2 levels, whereas prolonged exposure to hot water
(3 and 5 min) caused cellular damage, as showed by increases in weight loss, the CI index,
the level of electrolyte leakage, and the MDA level. The non-damaging heat condition of
hot water at 55 ◦C for 1 min can allow cold storage at storage temperatures lower than
the optimal temperature. This hot water treatment in the present study is a safe treatment,
technologically easier, cheaper, and more feasible for suitable postharvest treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10123031/s1, Figure S1: Effect of hot water treatment (55 ◦C for 1, 3, 5 min) on L*, a*, b*
color in red sweet pepper fruit during storage at 10 ◦C.
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Abstract: The effect of the application of chitosan–Aloe vera coatings emulsified with beeswax (0,
0.5, 1, 1.5 and 2%) during storage of Mangifera indica L. (cv Anwar Ratol) was investigated. Particle
size of emulsions was reduced significantly with an increase in beeswax concentration. Water vapor
permeability of the coatings was reduced by 43.7% with an increase in concentration of beeswax to
2%. The coated mangoes (at all concentrations of beeswax) exhibited reduced weight loss, delayed
firmness loss, minimized pH change, maintained the total soluble solid contents, and retained free
radical scavenging activity and total phenolic contents when stored at 18 ◦C and 75 ± 5% R.H. The
best results were produced with a formulation containing 2.0% beeswax. Antimicrobial properties of
chitosan and Aloe vera coatings were also improved with an increase in beeswax concentration and
remarkably reduced the disease incidence in mangoes. In conclusion, beeswax-emulsified chitosan–Aloe
vera coatings can be effectively used to increase the shelf life and marketable period of mangoes.

Keywords: mango; bioactive; coatings; biodegradable; Aloe vera; chitosan

1. Introduction

Mango (Mangifera indica L.), commonly known as the “king of fruits”, is the most
popular fruit in the world due to its attractive color, taste, nutritional value and health
benefiting impact [1]. After citrus, mango is the second largest fruit crop in Pakistan,
making it the fifth largest producer among 87 countries. This fruit provides a significant
socio-economic contribution to the economy [2,3]. Several postharvest changes i.e., continu-
ous respiration, disease incidence, weight loss etc., end in loss of quality of mango fruits [4].
Various strategies have been developed to reduce waste. Among them, physical control
(i.e., controlled atmospheric (CA) storage), chemical control (i.e., chemical preservatives)
and fungicides have been used as a common practice to extend the shelf life of fruits and
vegetables [5]. Changes in relative humidity, gas composition and temperature fluctuations
during CA storage result in loss of weight, fruit texture, chlorophyll decay, respiration and
microbial infection. Similarly, chemical preservatives pose a threat to the environment and
human health. Thus, there is a need to develop human environment friendly alternates
that may extend the shelf life of fruits.

In this regards, biodegradable coatings have been considered as an assistive approach
to increase the shelf life and acceptability of stored fruits [6]. The term “biodegradable”
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refers to the condition that these coatings are prepared from natural polymers and can be
decomposed by microorganisms after consumption of fruits [7]. Thus, they are safe, sus-
tainable and environment friendly tool to assist the preservation of fruits and vegetables [8].
They have also been used as a carrier to several functional ingredients i.e., antioxidants
and antimicrobial agents, to prevent the growth of microorganisms and oxidation reactions
in fruits and vegetables [9,10]. These types of coatings are commonly known as active
coatings. Performance of biodegradable coatings depends on type of polymer, bioactive
agent, and lipid used, as lipids play an essential role to prevent moisture loss and preserve
the freshness of the food product. In the past, scientists focused only on the development
of these types of coatings. Therefore, the literature reports limited application of these
coatings to enhance the shelf life of food products.

Chitosan, an amino-polysaccharide, is a non-toxic, biodegradable, edible and excellent
film forming material [11]. Positively charged amino groups of chitosan interact with
negatively charged cell walls of microorganisms, exhibiting antimicrobial potentials of
chitosan [12]. Incorporation of Aloe vera in combination with chitosan has been reportedly
used in the literature to improve the functional properties of biodegradable coatings [9].
Combination of chitosan and Aloe vera has been used to enhance the shelf life and disease
control in cucumber [13], blueberries [14], strawberries [15], papaya [16], fresh-cut kiwifruit
slices [17], fresh-cut red bell pepper [18] and several other applications.

To further improve the barrier properties and functionality of biodegradable coatings,
beeswax has been reportedly used in coating solutions. Previously, beeswax coatings have
been applied on several fruits such as kinnow [19], guava [20], blackberries [21], sapodilla
fruits [12] and other similar fruits. These coatings had successfully minimized weight loss
and maintained total soluble solids, skin color, and bioactive components i.e., vitamins,
antioxidants, flavonoids.

Chitosan–Aloe vera coatings and beeswax has been separately evaluated on various
fruits, however, no application of Chitosan–Aloe vera coatings emulsified with beeswax
have been reported on any of the fruits and vegetables, to the best of our knowledge.
Moreover, authors previously developed edible films using different concentrations of
these materials [22]. Films revealed excellent physicochemical and mechanical properties,
which strengthened their potential for food packaging application. Therefore, the purpose
of current study was the development and characterization of beeswax-emulsified chitosan–
Aloe vera coatings. Furthermore, effects of application of these coatings on physicochemical,
mechanical and functional properties of mango fruits have been studied.

2. Materials and Methods

2.1. Selection of Healthy Mango Fruits

Fully ripened mango (Magnifera Indica L. cv. Anwar Ratol) fruits were collected from
the local market of Faisalabad, Pakistan. Fruits with uniform shape, color, size were
selected, while diseased or blemished fruits were discarded. Sorted fruits were first washed
with distilled water and then dipped in NaOCl (3%) solution for 3 min to sterilize the
mango fruits. Afterward, fruits were washed and cleaned with soft tissues to remove small
water droplets. Afterward, fruits were randomly distributed into five different groups
(each containing 20 fruits) prior to treatments. Each fruit was assigned a specific name
(Controli, S1i, S2i, S3i, S4i; where i = 1, 2, 3, 4, . . . n) and stored at 8 ◦C prior to coating.
Uncoated samples were considered as control samples.

2.2. Procurement of Coating Material

Chitosan (origin: crab shells), beeswax (yellow soft), gallic acid (MW: 170.12), Folin-
Ciocalteu (2 N), glycerol (MW: 92.09), tween 20 (conductivity: 50 μS/cm), acetic acid
(≥99.5%) and NaOCl (4–4.99% available chlorine) were purchased form Sigma Aldrich,
USA. Fresh Aloe vera plants were harvested from a local nursery in Faisalabad, Pakistan.
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2.3. Preparation of Coating Solutions

Preparation of coatings was performed in three steps. First, chitosan solution was
prepared by slowly dissolving 1 g of chitosan in 100 mL of 2% acetic acid solution (v/v)
on a magnetic stirrer (350 rpm) to get 1% chitosan solution (w/v) [23]. For Aloe vera gel
preparation, Aloe vera leaves were peeled with stainless steel knife and gel was extracted. It
was then blended and homogenized in a blender and filtered to remove impurities and debris
material. A 20% Aloe vera–chitosan solution was prepared by mixing 20 mL of Aloe vera with
80 mL of prepared chitosan solution (1%). This combination was selected because films of
these materials revealed superior barrier and mechanical strength in our previous study [22].
Afterward, glycerol (0.2 g) and tween 20 (0.2 g) were added in chitosan–Aloe vera solution.
Finally, beeswax was melted at 70 ◦C and mixed with the chitosan–Aloe vera solution in the
proportions described in Table 1. Coating formulations were homogenized at 13,500 rpm for
3–4 min using ultra-turrax homogenizer (IKA-T18-Germany).

Table 1. Proportions of the emulsions used to formulate the different treatments.

Treatment Aloe vera—Chitosan Solution (mL) Beeswax (Melted) (mL)

S1 99.5 0.5
S2 99.0 1.0
S3 98.5 1.5
S4 98.0 2.0

2.4. Application of Coatings on Mango Fruits

Coatings (slightly yellowish in color) were applied on mango fruits by dipping the
mango fruits in the coating solution. Mango fruits in each group were dipped in the coating
formulations, separately, for the same time under ambient conditions (20 ◦C, R.H. 70%).
After drying of coatings, all the samples were stored at 18 ◦C and 75 ± 5% R.H. These
conditions were selected to mimic the market environment, as this study attempted to
increase the marketable life of mangoes. For subsequent physicochemical analyses, each
sample was marked with the group name and fruit number for an effective storage study
(e.g., sample S1 as S11, S12, S13, etc.). Then, each sample was evaluated for physicochemical
characteristics in 7 day intervals for three weeks.

2.5. Characterization of Coating Emulsions
2.5.1. Particle Size Analysis

Prepared emulsions were subjected to particle size analysis using particle size analyzer
(Bettersizer ST, Bettersize Instruments Ltd., Dandong, Liaoning, China).

2.5.2. Emulsion Stability

Stability of the emulsions was determined by following the method reported by
Amin et al. [22] with little modifications. Briefly, 6 mL from each coating formulation was
taken in a test tube on test tube rack and placed under ambient condition for three days.
Stability of the emulsion was measured by the following equation:

Emulsion stability =
ho − ht

ho
(1)

where ho and ht is the initial and final height of the emulsion in the test tube after 3 days’
time, respectively.

2.5.3. Water Vapor Transmission Rate

Water vapor permeability of the coatings was measured according to ASTM method [24]
with few modifications. Coating solutions were casted into films and dried at 23 ± 2 ◦C
on a smooth horizontal surface until the coating solutions shaped into a thin sheet or films.
Glass tubes (5 × 10 cm) were filled with desiccant (silica gel) and dried films were fixed over
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the face of the tube (by using gel). Films were placed in the climate chamber (POL-EKO-
APARATURA-KK-350, Poland) and maintained at 38 ± 0.6 ◦C and 90 ± 2% R.H. Change in
weight of tubes was measured periodically for 7 days to obtain moisture transfer rate. Water
vapor permeability (WVP) was calculated by the following equation:

WVP =
Δm × T

A × t × ΔP
(2)

Here, Δm is the change in mass (g) before and after the specific time, A is the area
(m2), t is the time (hours), T is the thickness of films and ΔP is the difference in pressure at
saturated pressure and pressure under the testing conditions.

2.5.4. Diffusion Coefficient

The moisture loss in term of diffusion through the coatings was determined by using
Fick’s law of diffusion, written as:

MR =
Mt − Me

Mo − Me
=

8
π2 exp

(−π2Dt
4L2

)
(3)

Here, MR, D, t and L are the moisture ratio, effective diffusion coefficient (m2/s), time
(s) and thickness (m) of the sample layer distributed in the drying chamber, respectively.
Moreover, Mt, Me, Mo represents moisture levels at time interval of t, initial and equilibrium,
respectively. The diffusion coefficient can be calculated from the slope of line (α) drawn
between ln(MR) and time as:

α =

(
π2Dt
4L2

)
(4)

2.6. Physicochemical Analysis of Coated and Uncoated Mango Fruits
2.6.1. Percentage Weight Loss

Percentage weight loss of fruits was measured by using digital weight balance. The
weight of each marked sample was measured before the start of experiment. Change in
weight of stored samples was observed and percentage weight loss was calculated by the
following equation [19]:

Weight loss (%) =
Wi − Wf

Wi
(5)

where Wi is the initial weight of the coated fruit and Wf is the weight after specific time
interval during storage.

2.6.2. Firmness

Firmness of mangoes was measured by using a Texture Analyzer (TA XT Plus, Stable
Micro Systems, Godalming, Surrey, UK) as performed by Meindrawan et al. [25] with slight
modification in speed and replications. Three samples from each group of S1, S2, S3, and S4
were selected randomly after 0, 7, 14, 21 days and repeatedly placed on the stage of Texture
analyzer. Sampling probe was inserted inside the fruit sample at a speed of 3 mm/s and
repeated three times on different areas of a sample. The penetration force was expressed in
grams the fruits can bear.

2.6.3. Total Soluble Solids

The total soluble solid contents of the fruits were determined using digital refractome-
ter (DR201-95, KRÜSS Optronic GmbH, Hamburg, Germany). The pulp of the mangoes
was extracted and homogenized for uniform distribution of solid particles in the solution.
A drop from the pulp was placed on the sample stage of the refractometer, and the results
were expressed as ◦Brix.
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2.6.4. pH

Homogenized fruit pulp was subjected to pH measurement using pH meter (ST5000,
OHAUS, Parsippany, NJ, USA) through the method described by Eshetu et al. [26]. pH
meter was first calibrated, and the probe was inserted into the homogenized sample. The
value of pH was noted as the concentration of hydronium ion on pH scale 0–14.

2.6.5. Total Phenolic Contents (TPC)

Total phenolic contents were measured by the Folin-Cicalteau method [8]. Briefly,
0.3 mL of the extract prepared for antioxidant activity was mixed with 1.2 mL of 7%
sodium carbonate solution. The mixture was then mixed with 1.5 mL of Folin reagent
and placed on shaker for 1.5 to 2 h. The absorbance was measured at 765 nm by UV/VIS
spectrophotometer (T80). Gallic acid calibration curve (10 ppm–1000 ppm) was used to
measure TPC, and results were expressed as mg gallic acid (GAE)/100g MP.

2.6.6. Total Antioxidant Capacity

The antioxidant activity was assayed by the method adopted by Ebrahimi et al. [8]. To
prepare the extract, homogenized fruit pulp was added in 80% methanol and placed on
the shaker for 3–4 h. After this, DPPH solution was prepared by adding 0.025 g of DPPH
in 10 mL of 85% ethanol. A volume of 50 μL of the prepared extract was mixed well with
950 μL of DPPH solution. The samples were then placed in the dark room for 30 min.
Absorbance by the samples was measured at 517 nm using UV/VIS spectrophotometer
(T80). Free radical scavenging activity (%) was measured by using the following equation:

Free redical Scavenging activity (%) =
(Absorbance)DPPH − (absorbance)Sample

(Absorbance)DPPH
(6)

2.6.7. Decay Incidence

Decay incidence on mango fruits was assessed through the method reported by
Khaliq et al. [27] and Eshetu et al. [26]. Fruits were carefully observed for fungal and
bacterial infection after 7, 14 and 21 days. Scale was observed as 1 = no decay, 2 = 0–5%
decay, 3 = 5–25%, 4 = 25–50%, 5 = 50–75%, 6 = >75%. Percentage of fungal and bacterial
decay was calculated by the following equation:

Decay incidence =
∑(decay level × Number of fruit at that level)
Total number of fruits × Maximum decay level

× 100 (7)

2.7. Statistical Analysis

Data was obtained in triplicate and subjected to statistical analysis at 5% confidence
interval. Characteristics of emulsion were analyzed through ANOVA and differences be-
tween the means was analyzed through pairwise comparison using SAS software package
(SAS institute, Cary, NC, USA). Shelf life study parameters were analyzed using MATLAB
curve fitting tool (MATLAB 2016a, Natick, MA, USA).

3. Results and Discussions

3.1. Characterization of Emulsion Coatings
3.1.1. Particle Size and Emulsion Stability

Particle size and size distribution are the most important parameters of emulsions,
determining their characteristics such as rheology, appearance, stability, etc. [28]. The effect
of beeswax concentration on logarithm distribution of particles in emulsions is shown
in Figure 1. A non-significant difference was observed in particle size distribution with
increase in concentration of beeswax in chitosan—Aloe vera emulsions. The average particle
diameter for all the emulsions was observed to be around 4 μm. Xie et al. [29] observed
similar behavior for emulsions of beeswax in carboxymethyl chitosan and cellulose nanofib-
rils. Contraction in particle size range with increased beeswax concentration might have
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produced more shear during homogenization and produced more rod-like structures dur-
ing hardening of beeswax upon cooling [30]. Moreover, emulsions remained stable for
all concentrations of beeswax after 72 h, without any separation of dispersed phase. This
reveals better dispersibility of beeswax in chitosan—Aloe vera emulsions.

Figure 1. Particle size distribution of emulsion.

3.1.2. Water Vapor Permeability and Diffusivity

Results for water vapor permeability of films is shown in Figure 2. The highest value
of WVP was observed for 0.5% beeswax and the lowest for 2% concentration of beeswax.
Thus, increasing the concentration of beeswax from 0.5 to 2% resulted in 43.78% reduction
in water vapor permeability of films. This is obvious due to increase concentration of wax
in the coatings. Pérez-Vergara et al. [31] attributed the reduction in moisture transfer to a
large number of long-chain fatty alcohols and alkanes present in the orthorhombic structure
of beeswax. Zhang et al. [32] have reported that synergistic interaction between chitosan
and beeswax films exhibits better water barrier properties compared to pure beeswax films.

Similarly, diffusion of moisture through the films was also calculated and drawn
in Figure 2. Results of diffusion coefficient revealed that an increased concentration of
beeswax in Aloe vera and chitosan blend had significantly reduced moisture diffusion
through the coatings. Initially, moisture diffusion for uncoated mango fruits was observed
to be 1.5 × 10–10 m2/s, which was reduced to 7.94 × 10–11 m2/s as the concentration of
beeswax increased to 2% in the coating formulations.
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Figure 2. Water vapor permeability and diffusion coefficient of chitosan–Aloe vera gel coatings with different concentrations
of beeswax.

3.2. Physicochemical Characteristics of Coated and Uncoated Mangoes
3.2.1. Weight Loss

Fruits and vegetables are mainly composed of water, which is known as the indicator
of freshness of fruits and vegetables. Fluctuation in storage temperature and relative
humidity of the storage environment may trigger respiration and transpiration rate, which
may cause weight loss in fruits and vegetables [26]. In the current study, weight loss
of mangoes was significantly reduced by all coating solutions as shown in Figure 3a.
However, weight loss was observed to increase throughout storage. Mangoes coated with
treatment S4 (containing 2% beeswax) exhibited minimum weight loss during storage
periods. Increased concentration of beeswax increased the hydrophobicity of coatings,
which conversely reduced the moisture removal, and consequently, the weight loss from
the fruits. This reduction of weight loss in polysaccharide coatings may be associated to
better crosslinking between hydroxyl group of polysaccharide and hydrophilic substance
(such as phenols) in coatings through hydrogen bonding [33]. The results are supported by
the findings of Nasrin et al. [34], who used beeswax coatings in combination with coconut
oil and observed the similar behavior of weight loss in lemons. Eshetu et al. [26] also
reported that 2% beeswax in chitosan coatings preserved moisture inside the mangoes.

3.2.2. Total Soluble Solids

Figure 3b exhibits the effect of beeswax concentration and storage time on total soluble
contents of mango fruits. Concentration of beeswax in coating solutions significantly affected
total soluble contents in mango fruits. A rapid change in degree brix was observed in the
control sample, which increased from 60.08 to 65.13 ◦Brix during storage time. However, a
non-significant change in brix was observed for coated fruits. This may be due to the reduced
conversion of acid into sugar during 21 days of storage. Chitosan–Aloe vera coatings with 2%
beeswax revealed minimum change in TSS (from 60.08 to 61.74 ◦Brix). Moalemiyan et al. [35]
reported that an increase in TSS may be associated with weight loss causing an increase in
sugar concentration. Moreover, conversion of complex carbohydrates present in the mangoes
into soluble sugars also increased the TSS contents. Coatings provide an efficient cover
from the environmental oxygen and hinder the metabolic activities responsible for rapid
conversions of acids into sugar [19]. As explained earlier, a slight change in weight loss was
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observed for coatings containing 2% beeswax, which may be responsible for a slight increase
in TSS contents in mangoes treated with S4.

Figure 3. Effect of storage time and beeswax concentration on the various properties of coated mangoes, i.e., weight loss (a),
total soluble solids (b), pH (c) and firmness (d) during storage at 18 ◦C and 75 ± 5% R.H.

3.2.3. pH

Concentration of beeswax in the coating solution significantly affected the pH of
mangoes during storage, as shown in Figure 3c. A linear and rapid increase in concentration
of hydronium ion was observed for uncoated fruits. As the storage time was increased,
their change in pH became more pronounced. All the coating formulations significantly
hindered the change in pH as compared to the uncoated treatments. However, treatment
S4 was the most efficient in reducing the rate of change in pH. Increase in pH values is
attributed to an increase in conversion of organic acids into sugars [35]. As explained
in the section above, TSS values changed slightly for mango coated with 2% beeswax
(S4). Therefore, minimum variations in pH were observed for samples treated with S4 as
compared to control samples. Findings of Velickova et al. [23] support the results obtained
in the current study, who applied chitosan–beeswax coatings on strawberries.

3.2.4. Firmness

Firmness of fruit is an important indicator of freshness and quality. Firmness of coated
mango fruits was tested and compared with uncoated mangoes. Figure 3d reveals the effect
of beeswax concentration and storage time on firmness of mango fruits. Firmness of mango
fruits was observed to decrease linearly with an increase in storage time for all coating

58



Foods 2021, 10, 2240

treatments. However, the rate of firmness loss was consistently reduced with addition of
beeswax up to 2%. Application of hydroxypropyl and carnauba wax coatings [36] also
revealed similar results. Klangmuang and Sothornvit [37] reported that loss in firmness
of mango fruits is attributed to cell wall digestion by different enzymes during ripening.
Enzymes such as pectin esterase and polyglacturonase trigger the hydrolysis of starch and
pectin present in the cell wall. This causes the loss in cellular turgor and subsequent loss of
firmness of mango fruits. Emulsified coatings slowed down the metabolic activity in the
fruits by controlling the environment of coated fruits, which maintained the firmness in
coated samples [38].

3.2.5. Free Radical Scavenging Activity

Antioxidant activity of mangoes has been attributed to a number of compounds, i.e.,
organic acids, chlorophyl, phenolic compounds etc. The role of coatings in maintaining
antioxidant activity during storage is shown in Figure 4a. Uncoated samples exhibited
maximum reduction in antioxidant activity (84.89% to 80.66%) during the storage of 21 days.
The loss of antioxidant activity was reduced with an increase in beeswax concentration,
with minimum reduction observed in S4. Reduction in free radical scavenging activity
was more pronounced at the end of the first week for all samples. These results are
in correspondence with Ebrahimi et al. [8], who applied guar gum–Aloe vera coatings
containing Spirulina platensis on mango fruits.

Figure 4. Effect of time and beeswax concentration on DPPH activity (a), total phenolic contents (b), and decay incidence (c)
of mango fruits stored for 21 days at 18 ◦C and 75 ± 5% R.H.
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3.2.6. Total Phenolic Contents (TPC)

Phenolic compounds are present in almost all plants as essential secondary metabolites.
They also provide protective mechanisms against different pathogens. However, phenolic
compounds start to decrease with an increase in storage time in fruits and vegetables [27].
The effect of coatings on phenolic contents of coated and uncoated mangoes during storage
is presented in Figure 4b. All the coating formulations were observed to efficiently retain
the TPC throughout the storage period, with S4 being the most efficient. TPC in the control
sample reduced from 0.342 to 0.3201 mg GAE/g of mango pulp. Maintenance of phenolic
compounds with increase in beeswax concentration can be attributed to the low oxygen
permeability. Hinderance in oxygen availability to mango fruits through coatings slowed
down the enzymatic degradation and oxidation in coated samples [33].

3.2.7. Decay Incidence

Percentage decay incidence was observed throughout the storage of 21 days at 8 ◦C. An
increase in decay of the samples became more pronounced between 7–14 and 14–21 days
interval. All the fruits in the control treatment showed microbial infection with different
levels of severity on the disease incidence scale (Figure 4c). Maximum disease incidence
of 67.33% was observed for uncoated samples during the first week of storage and cor-
responded with the results of Klangmuang and Sothornvit [37]. The decay incidence
decreased with an increase in beeswax concentration, with S4 being the most efficient in
reducing fruit decay. This may be attributed to the antimicrobial properties and inhibitory
action of chitosan and Aloe vera, which helped to maintain the cellular integrity. Amino
group of chitosan attaches to the cell membrane of bacteria through electrostatic forces,
which permanently destroys the bacterial cell [10]. Additionally, Aloe vera extract used
in coatings might have released phenolic compounds to thwart microbial growth [27].
Hinderance in the transport of oxygen from the environment to the surface of fruit might
also have contributed to reduced microbial growth [9].

4. Conclusions

In this study, the potential of beeswax-emulsified chitosan–Aloe vera coatings was
explored for the preservation of mangoes. Increased concentration of beeswax (0.5 to 2%)
in coating formulations produced significantly stable emulsions with decreased polydisper-
sity and average particle size of 4 μm. Hydrophobicity of beeswax and better cross-linkages
between polymer and bioactive compounds in Aloe vera extract reduced the water trans-
mission and diffusion coefficient to 33.83% and 43.78%, respectively. Furthermore, coatings
having variable beeswax concentration significantly conserved the physicochemical charac-
teristics of fruits, i.e., weight loss, firmness, pH, and total soluble solid contents. Coatings
also reduced the oxygen permeability, which minimized the oxidation of phenolic com-
pounds in the coated fruits. A significant reduction in decay incidence (4.2% on coated
fruits with S4 formulation as compared to 62.1% in uncoated fruits) reveals their potential
for practical application to decrease senescence and ripening of fruits during their exposure
to market conditions.
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Abstract: Sweet potato (Ipomoea batatas (L.) Lam.) is a commercially relevant food crop with high
demand worldwide. This species belongs to the Convolvulaceae family and is native to tropical and
subtropical regions. Storage temperature and time can adversely affect tuberous roots’ quality and
nutritional profile. Therefore, this study evaluates the effect of storage parameters using physicochem-
ical and transcriptome analyses. Freshly harvested tuberous roots (Xingxiang) were stored at 13 ◦C
(control) or 5 ◦C (cold storage, CS) for 21 d. The results from chilling injury (CI) evaluation demon-
strated that there was no significant difference in appearance, internal color, weight, and relative
conductivity between tuberous roots stored at 13 and 5 ◦C for 14 d and indicated that short-term CS
for 14 d promoted the accumulation of sucrose, chlorogenic acid, and amino acids with no CI symp-
toms development. This, in turn, improved sweetness, antioxidant capacity, and nutritional value of
the tuberous roots. Transcriptome analyses revealed that several key genes associated with sucrose,
chlorogenic acid, and amino acid biosynthesis were upregulated during short-term CS, including su-
crose synthase, sucrose phosphate synthase, phenylalanine ammonia-lyase, 4-coumarate-CoA ligase,
hydroxycinnamoyl-CoA quinate hydroxycinnamoyltransferase, serine hydroxymethyltransferase,
alanine aminotransferase, arogenate dehydrogenase, and prephenate dehydratase. These results
indicated that storage at 5 ◦C for 14 d could improve the nutritional quality and palatability of sweet
potato tuberous roots without compromising their freshness.

Keywords: sweet potato; postharvest treatment; edible quality; chilling injury; transcriptome

1. Introduction

Sweet potato (Ipomoea batatas) is an important crop that has recently been recognized as
a functional food due to its health-promoting properties and nutraceutical components [1].
Both the leaves and tuberous roots of sweet potato are consumed, providing carbohydrates,
fibers, carotenes, thiamine, riboflavin, niacin, minerals, vitamins A and C, and protein [2,3].
In 2019, the global production of sweet potato reached 91,820,929 t, with a plantation
area of 7,768,870 ha (Food and Agriculture Organization of the United Nations; http:
//www.fao.org (accessed on 16 August 2020) [4]. China is the largest producer of sweet
potatoes in the world, with an annual production of 51,992,156 t (56.6% of the world’s
production) in 2019 [4].

In China, a large portion of harvested sweet potato tuberous roots is shipped for fresh
consumption. Sweetness and nutritional value are fundamental quality factors for sweet
potato tuberous roots. Particularly, low sweetness is an undesirable characteristic of freshly
harvested tuberous roots, which negatively impacts marketability. Therefore, some sweet
potato tuberous roots are routinely submitted to a postharvest sweetening process prior
to their marketing. For instance, Masuda et al. [5] reported that 3–4 months of storage
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at 13 ◦C is required to sweeten “Kokei 14” sweet potato tuberous roots before meeting
the sweetness requirements of the fresh market. Previous studies have demonstrated
that the sugar content and sweetness of postharvest sweet potato tuberous roots could
be enhanced via cold storage at 4–5 ◦C for more than 20 d; however, the root suffered
serious CI, thus affecting its overall quality and producing off-flavors [6]. CI of chilling-
sensitive produce is generally thought to be the consequence of oxidative stress caused
by excessive accumulation of reactive oxygen species (ROS) under low temperature [7].
Cold-induced ROS production leads to increased electrolyte leakage and compromises
membrane integrity. CI is characterized by surface pitting, dark watery patches, and
internal tissue browning [8,9]. Therefore, cold storage conditions must be optimized to
shorten the sweetening period while also avoiding CI.

Besides sugars, chlorogenic acid is one of the key components in sweet potato tuberous
roots and an important factor leading to the quality of sweet potato tuberous roots. This
functional compound possesses a wide variety of health-promoting properties, including
antioxidant, antimicrobial, anti-inflammatory, and antitumor activities [10–12]. Therefore,
monitoring its changes during the postharvest process would provide a useful indicator of
the nutrient composition of the sweet potato tuberous roots.

Therefore, this study sought to develop a quick and safe method to improve the
quality of freshly harvested “Xinxiang” sweet potato tuberous roots. Tuberous roots were
stored at 13 ◦C (control) and 5 ◦C (cold storage, CS) for 3 weeks. Afterward, the effects
of different storage temperature and time combinations on quality parameters such as
mass loss, flesh color, relative conductivity, and sugar, chlorogenic acid, and amino acid
contents during storage were investigated. Furthermore, transcriptomic analyses were
also performed to understand the molecular mechanisms that drive the aforementioned
processes, and key genes associated with quality changes were identified.

2. Materials and Methods

2.1. Plant Materials

“Xinxiang” sweet potato tuberous roots were harvested at optimum maturity (135 d)
from the Lingxi sweet potato professional cooperative (Hangzhou City, China). Similarly
sized tuberous roots without mechanical or biological damage were selected. The selected
tuberous roots were randomly divided into two groups, each with 240 tuberous roots (3
replicates; n = 80). Two groups of tuberous roots were packed in non-woven bags and
stored at 13 ◦C (control) or 5 ◦C (cold storage, CS), respectively, for 21 d under 80%–85%
relative humidity. After 14 and 21 d, some samples were transferred and stored at 20 ◦C
for another 3 d to simulate shelf display. Shelf display is reflected in whether there will
be different changes between the exterior and interior when it is transferred to normal
temperature after cold storage. Three tuberous roots were randomly selected at 0, 14 + 3,
and 21 + 3 d for visual assessment of CI and flesh color. Tuberous root tissue samples from
under the skin (0.5–1 cm) were collected on 0, 7, 14, and 21 d of storage frozen in liquid
nitrogen and stored at −80 ◦C for further phytochemical and molecular analyses.

2.2. Relative Conductivity and Mass Loss

Relative conductivity was measured as described by Li et al. [9] with some modifi-
cations. Thirty tuberous root disks (10 mm diameter and 2 mm thickness) were put in
100 mL of deionized water and shake at 150 cycles min−1 for 1 h on a lab plate shaker. The
solution conductivity was measured using a Model EC 215 conductivity meter (HANNA
Instruments, Beijing, China). The total conductivity was obtained after each sample was
boiled for 15 min and the relative electrolyte leakage was expressed as a percentage of the
total conductivity. The results were calculated using the following Equation (1):

Relative conductivity = (P1/P0) × 100% (1)

where P1 is the conductivity after vibration; P0 is the conductivity after boiling.
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Ten marked tuberous roots were weighted, and the mass loss was calculated as follows
Equation (2):

Mass loss = [(W1 − W2)/W1] × 100% (2)

where W1 is the fresh mass; W2 is the mass after storage.

2.3. Sugar Content, Sweetness Index, and Taste Evaluation

The sugar content was evaluated as described by Li et al. [9] with some modifications.
Briefly, 2.0 g of sample was ground in 15 mL of 40% acetonitrile in a mortar on ice. The
homogenate was then transferred to a centrifuge tube and sonicated for 20 min before
centrifuging at 12,000× g for 15 min. The precipitate was reextracted twice with 2 × 15 mL
extracting solvent. All supernatants were then collected to a final 50 mL volume, after
which the sample was filtered through a 0.45 μm membrane filter prior to assessment.

Next, 10 μL of the filtrate was injected into a high-performance liquid chromatography
(HPLC) system (Agilent 1200, Agilent Technologies, Palo Alto, CA, USA) fitted with
a refractive index detector (RID-1260, Agilent) and an Agilent ZORBAX Carbohydrate
Analysis Column (4.6 mm × 250 mm, Agilent). Soluble sugars were separated in 75% (v/v)
acetonitrile at a 1 mL min−1 flow rate at room temperature. Target peaks were identified
by comparing the retention times of the compounds in the sample solutions to those of a
standard mixture, and compound concentrations were determined via the area percentage
method. All results were expressed as mg kg−1 on a dry mass basis.

The sweetness index, an estimate of total sweetness perception, is calculated based
on the amount and sweetness properties of individual carbohydrates in fruits and vegeta-
bles [13]. The sweetness contribution of each carbohydrate was calculated based on the fact
that fructose and sucrose are 2.30 and 1.35 times sweeter than glucose, respectively [14].
The sweetness index was calculated using the following Equation (3):

Sweetness index = 1.00 × glucose + 2.30 × fructose + 1.35 × sucrose (3)

The sensory quality of sweet potato tuberous roots was evaluated by measuring the
sensory quality index. Evenly sized tuberous roots were selected, cleaned, weighed, and
boiled for 40 min under atmospheric pressure. After cooking, the tuberous roots were
allowed to cool for 30 min prior to sensory evaluation. A group of 10 people of different
ages, sex, and education levels participated in the assessment. A five-point hedonic scale:
2 = “extremely dislike”; 4 = “dislike”; 6 = “neither like nor dislike”; 8 = “like”; and
10 = “extremely like” was used to assess the sensory qualities of the boiled tuberous roots.
The sensory attributes evaluated were general appearance, smell, sweetness, and overall
acceptability.

2.4. Total Phenolics, Individual Phenolic Acid Content, and Antioxidant Capacity

Sample extracts were prepared as described by Wang et al. [15] with some modifica-
tions. Briefly, 3.0 g of sample was ground in 15 mL of 80% methanol in a mortar on ice. The
homogenate was then sonicated for 20 min and centrifuged at 12,000× g for 15 min at 4 ◦C.
The residue was reextracted twice with 2 × 15 mL of extracting solvent. The supernatants
were then pooled, and vacuum evaporated at 40 ◦C to remove all methanol residues. The
remaining extract was adjusted to pH 1.5 with 6 mol L −1 HCl and centrifuged at 12,000× g
for 15 min at 4 ◦C. Afterward, the sample was extracted five additional times with an equal
volume of ethyl acetate-ether (v/v; 1:1), then pooled. The supernatant was dried with
anhydrous sodium sulfate, filtered with filter paper, and vacuum evaporated at 35 ◦C until
dry. The residue was dissolved in 5 mL methanol, and the sample was filtered through a
0.45 μm membrane prior to analysis.

A total phenolic standard curve was constructed as described by Kalt et al. [16]. The
total phenolic content (TPC) of the sweet potato tuberous roots extracts were determined
spectrophotometrically using Folin–Ciocalteu’s reagent, and the results were expressed as
gallic acid equivalents per gram of dry mass (mg GAE kg−1 DW).
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The levels of individual phenolic acids in tuberous roots were determined via HPLC
analyses. Phenolic acid standards were prepared in methanol (m/v; 0.01:10) and stored
in brown reagent bottles before use. Afterward, 10 μL of the filtrate was injected into an
HPLC system fitted with a refractive index detector (RID-1260, Agilent) and an Agilent
ZORBAX Eclipse Plus C18 column (4.6 mm × 250 mm, Agilent). The mobile phase was
composed of (A) 2% acetic acid (aqueous) and (B) acetonitrile, and gradient elution was
performed as follows: 0 min, 97:3; 20 min, 95:5; 35 min, 85:15; 65 min, 70:30; and 65 min,
0:100. The mobile phase was vacuum filtered through a 0.45 μm membrane filter before
use. All HPLC analyses were conducted at a 1 mL min−1 flow rate at room temperature,
and the results were expressed as mg kg-1 DW.

DPPH radical-scavenging activity was determined as described by Oliveira et al. [17]
with some modifications. Scavenging activity was calculated using the following Equation
(4):

Scavenging activity = [(A517 of control − A517 of sample)/A517 of control] × 100 (4)

DPPH scavenging activity values were expressed as mg Trolox equivalent antioxidant
capacity·kg−1 (mg TEAC kg−1 DW).

Ferric reducing antioxidant power (FRAP) assays were conducted as described by
Apati et al. [18] with some modifications. Briefly, 1 mL sample solution was mixed with
2.5 mL of phosphate buffer (0.2 mol L−1, pH 6.6) and 2.5 mL of K3Fe(CN)6 (v/v; 1:100).The
mixture was incubated at 50 ◦C for 20 min and added 2.5 mL of trichloroacetic acid (v/v;
1:10), which was then centrifugated at 3000 rpm for 10 min. The supernatants were sucked
2.5 mL and mixed with 2.5 mL of bidistilled water and 0.5 mL of FeCl3 (v/v; 0.1:100). The
absorbance was measured at 700 nm. The results were expressed as mg TEAC kg−1 DW.

2.5. Free Amino Acid Content Determination

A 0.5 g sample was ground in a mortar on ice with 5 mL of extracting solution
containing 50% alcohol and 0.01 mol L−1 of HCl. The homogenate was transferred to a
centrifuge tube and sonicated for 30 min at low temperature, then centrifuged at 12,000× g
for 5 min. Next, 1 mL of supernatant was recovered, freeze-dried, and dissolved in 1
mL of amino acid diluent. The sample was filtered through a 0.22 μm membrane filter
before use. Finally, 50 μL of the filtrate was assessed in an automatic amino acid analyzer
(SykamS433D, SYKAM Vertriebs GmbH, Fürstenfeldbruck, Germany) with an analysis
column (LCA K07/Li, Sykam). The results were expressed as mg kg−1 DW.

2.6. RNA Isolation and Sequencing

Total RNA was extracted from control samples on days 0 and 14 and from CS sam-
ples on day 14 using the RNAprep Pure Plant Kit (Tiangen Biotech Co., Ltd., Beijing,
China). Agarose gel electrophoresis was used to evaluate the RNA integrity. RNA se-
quencing (RNA-Seq) was then conducted by BmK Biotechnology Co., Ltd. (Beijing, China).
Adapter sequences and low-quality sequences were then filtered out to ensure that all
downstream analyses were conducted using clean and high-quality data. The hisat2
software was then used to map the data to the wild sweet potato reference genome (
http://sweetpotato.plantbiology.msu.edu/ (accessed on 15 October 2020)). The hisat2
software uses an indexing scheme based on the Burrows-Wheeler transform and the
Ferragina-Manzini (FM) index, employing two types of indexes for alignment: a whole-
genome FM index to anchor each alignment and numerous local FM indexes for very
rapid extensions of these alignments [19]. Functional annotation, cluster analysis, protein-
protein interaction network analysis, and more in-depth mining analysis were conducted
thereafter.

2.7. Quantitative Real-Time PCR Validation

Representative differential expressed genes (DEGs) identified by RNA-Seq were se-
lected for experimental quantitative real-time PCR (qRT-PCR) validation. Gene-specific
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primers were synthesized by Beijing Qingke Biotechnology Co., Ltd. (Beijing, China)
(Table S1). The RNA was reverse transcribed into complementary DNA (cDNA) using a
PrimeScript™ RT reagent Kit with gDNA Eraser (Takara Bio Inc., Kusatsu (Shiga), Japan).
qRT-PCR was performed using a TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) (Takara
Bio Inc., Kusatsu (Shiga), Japan) under the following conditions: 95 ◦C for 30 s, followed
by 40 cycles of 95 ◦C for 5 s and 60 ◦C for 30 s. Relative gene expression was calculated
using the ΔΔCt method and normalized to the expression levels of α-tubulin. The qRT-PCR
experiments were performed using at least three biological replicates, a negative control,
and two technical replicates.

2.8. Statistical Analyses

The data were subjected to ANOVA analysis, and significant differences between
means were determined using Duncan’s multiple range test at a p < 0.05 probability (level).
All results were reported as the mean of three replicates.

3. Results

3.1. Chilling Injury, Relative Conductivity, and Mass Loss in Sweet Potato Tuberous Roots

The typical symptoms of CI in sweet potato tuberous roots are pitting, water-soaked
areas, and skin depression. Moreover, fungal infestation may be observed in damaged
tissues in severe cases. The tuberous root in the CS group had no CI symptoms after 14 d
at 5 ◦C plus 3 d of shelf display, whereas slight surface pitting and internal browning
developed after 21 d at 5 ◦C and 3 d at 20 ◦C. Tuberous roots stored at 13 ◦C did not
develop CI even after 21 d of storage (Figure 1A,B).

Figure 1. The color changes, relative conductivity, and mass loss of sweet potato tuberous roots during 21 d storage at the
control and CS group. (A) color changes on the cutting surface, (B) color changes on the skin, (C) relative conductivity, (D)
relative mass-loss rates. Results are expressed as the mean ± standard error of three replicates. Different characters indicate
significant differences between treatment means at the p < 0.05 level.

As shown in Figure 1C, the relative conductivity of either control or CS tuberous roots
increased throughout storage. No significant difference was detected between the control
or CS group until day 21, where the relative conductivity was 8.5% higher than that of the
control group.

Excessive mass loss can compromise the quality of fresh produce. As shown in
Figure 1D, the two groups underwent substantial loss after 21 d of storage, reaching up to
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11.8% and 9.3% at 13 and 5 ◦C, respectively. The mass loss at 13 ◦C was significantly higher
(p < 0.05) than that at 5 ◦C.

3.2. Changes in Soluble Sugars, Sweetness Index, and Sensory Qualities

Soluble sugars are the main nutritional components of sweet potato tuberous roots,
among which fructose, glucose, and sucrose are the main free sugars that determine their
sweetness. Particularly, sucrose content was significantly higher in tuberous roots of the
CS group compared with the control (p < 0.05) after 14 d of storage. In contrast, glucose
and fructose contents did not change significantly in tuberous roots of either CS or control
groups during storage (Figure 2A–C).

Figure 2. Contents of (A) glucose, (B) fructose, (C) sucrose, and (D) sweetness index and sensory score (E) of sweet potato
tuberous roots of control and CS group during 21 d storage. Results are expressed as the mean ± standard error of three
replicates. Data with different characters are significantly different from each other at the p < 0.05 level.

As shown in Figure 2D, the sweetness index in CS group tuberous roots peaked
at day 14, reaching a level that was significantly higher than that of the control group.
Therefore, sweet potato tuberous roots stored at 5 ◦C successfully achieved low-temperature
sweetening. However, the sweetness index of sweet potato tuberous roots not further
improved after 14 d of cold storage. Results from the sensory evaluation indicated that
rates of consumer acceptance of tuberous roots did not change after 21 d of storage at 13 ◦C.
In contrast, the sensory score of tuberous roots stored at 5 ◦C for 14 d was significantly
higher than that of the control tuberous roots; however, these scores decreased in tuberous
roots stored for 21 d at 5 ◦C due to flesh browning and CI-induced off-flavors after cooking
(Figure 2E).

3.3. Changes in Total Phenolics, Free Phenolic Acid Content, and Antioxidant Capacity

The total phenol contents in tuberous roots of both groups increased after 21 d of
storage (Figure 3A). Further, the total phenol content in tuberous roots of the CS group
was significantly higher than that in the control group (p < 0.05) after 14 d of storage.
Chlorogenic acid is the main phenolic compound in sweet potatoes and thus might have
contributed to the increase in total phenolic. The chlorogenic acid content in CS tuberous
roots was significantly higher (p < 0.05) than that in the control group after 14 d (Figure 3B).
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Figure 3. (A) Total phenol and (B) chlorogenic acid contents, (C) 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) radical-scavenging
activity, and (D) ferric reducing antioxidant power (FRAP) of sweet potato tuberous roots during 21 d storage control
and CS groups. Data are the mean ± standard error of three replicates. Data with different characters indicate significant
differences between treatments at the p < 0.05 level.

Moreover, the DPPH scavenging activity in tuberous roots of the CS group was
significantly (p < 0.05) higher than that in the control group after 7 d of storage (Figure 3C).
As shown in Figure 3D, the FRAP in the CS group also showed a significant upward trend
during storage, with CS tuberous roots showing significantly higher FRAP levels than the
control group (p < 0.05).

3.4. Changes in Free Amino Acid Content in Sweet Potato Tuberous Roots during Storage

The free amino acids analyzed herein were glycine, phenylalanine, tyrosine, and
propanine. The initial phenylalanine content was approximately 90 mg kg−1 FW, followed
by alanine and tyrosine. The glycine content was the lowest among the four amino acids
tested. Almost all of these free amino acids tended to increase continuously between two
and six times during storage at temperatures (Figure 4A–D).

Figure 4. Contents of (A) glycine, (B) alanine, (C) tyrosine, and (D) phenylalanine of sweet potato tuberous roots of control
and CS group during 21 d storage. Results are expressed as the mean ± standard error of three replicates. Different
characters indicate significant differences between means of treatments at the p < 0.05 level.
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3.5. Sweet Potato Tuberous Roots Transcriptome Analysis at Different Storage Temperatures
3.5.1. Data Quality Evaluation and Analysis

To gain a better understanding of the physiological changes of sweet potato tuberous
roots under different storage temperatures, RNA samples were collected on days 0 (control,
C0) and 14 (control and CS group, C14, and CS14). A total of 6.44 Gb to 9.51 Gb clean reads
were obtained, and more than 94.0% of the reads had a Q30 quality score (Table S2). The
sequencing data were therefore deemed adequate for correlation analysis. Hisat2 was used
to align the clean reads with the sweet potato reference genome (https://ipomoea-genome.
org/ (accessed on 15 October 2020)), achieving a 77.64–82.57% alignment efficiency. The
alignment results are shown in Table S3.

Pearson correlation analysis was performed to validate the gene expression profiles
based on the transcripts from nine different samples (Figure 5A). As expected, the results
indicated that biological replicates from the same treatment group were highly correlated.
Particularly, C0 and C14 were highly correlated, whereas CS14 and C0 were less correlated.
The principal component analysis (PCA) (Figure 5B) results coincided with the correlation
analysis findings. These findings indicated that the gene expression profile of the CS14 and
C0 groups exhibited the most significant differences.

Figure 5. Global transcriptomic changes at the control and CS groups after 14 d of storage (C14 and CS14). (A) 2D
hierarchical clustering, blue indicates a high correlation, purple represents low correlation. (B) Principal component analysis
(PCA) of the RNA sequencing data of sweet potato tuberous roots samples.

3.5.2. Unigene Annotation Statistics

Unigene function annotation was conducted using the COG, GO, KEGG, KOG, Pfam,
Swissprot, eggnog, and NR databases (Table S4). A total of 24,045 single genes were
annotated in eight databases, of which the NR database had the highest annotation rate,
with 31,000 annotations, accounting for 99.52% of the total annotated genes.

3.5.3. DEG Screening and Annotation Analysis
Comparison of Two DEG Groups

Degseq was used to identify differentially expressed genes (DEGs) in C0 vs. C14 and
C0 vs. CS14. The screening criteria were fold change ≥2 and FDR < 0.01. Compared with
the C0, 602 unigenes were upregulated, and 466 were downregulated in C14, whereas
more genes were differentially expressed in the CS14 group (4850 upregulated and 5086
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downregulated) (Table 1). The two groups of DEGs were annotated using the COG, eggnog,
NR, Pfam, Swissprot, GO, and KEGG databases. The number of annotated genes is shown
in Table S5, and the annotation ratio of the NR database was the highest (>95%).

Table 1. Statistics of the number of deferentially expressed genes.

DEG Set DEG NUMBER Upregulated Downregulated

C0 vs. C14 1068 602 466
C0 vs. CS14 9936 4850 5086

GO Database Annotation Analysis

The GO annotation system includes three main branches: cellular component, molec-
ular function, and biological process. The two groups of DEGs were classified into 53 func-
tional subgroups (Figure S1). As indicated in Table S6, in terms of cellular components, the
DEGs were mainly associated with seven functional sub-categories: “cell”, “membrane”,
“macroscopic complex”, “organelle”, “organelle part”, “membrane part”, and “cell part”.
Regarding molecular function, DEGs were mainly associated with the two functional
subclasses of “catalytic activity” and “binding”. For the biological process classification,
the DEGs were mainly enriched in pathways associated with “biological process”, “cellular
process”, “single organization process”, “response to stimulus”, “localization”, “biological
regulation”, and “cellular component organization or biogenesis”. Regarding the differ-
ences in DEG ratios between the two groups, the “cell”, “membrane-enclosed lumen”,
“macroscopic complex”, “organelle”, “organelle part”, “cell part”, “structural molecular
activity”, “growth and cellular component organization or biogenesis” process ratios exhib-
ited marked differences (e.g., up to 40-fold differences). Moderately low temperatures had
an important effect on the aforementioned processes at the transcriptome level in sweet
potato tuberous roots stored for 14 d.

KEGG Functional Annotation

The enriched KEGG pathways could be divided into five categories, including “cellu-
lar processes”, “environmental information processing”, “genetic information processing”,
“metabolism”, and “organic systems”. According to the KEGG pathway classification
(Figure S2A,C) and enrichment analysis (Figure S2B,D), the DEGs were mainly associated
with metabolism pathways. As shown in Table S7, the C0 vs. C14 and C0 vs. CS14
comparisons indicated that “plant hormone signal transduction”, “protein processing in
endoplasmic reticulum”, “ribosome”, “phenylpropanoid biosynthesis”, “starch and su-
crose metabolism”, “biosynthesis of amino acids”, and “carbon metabolism” were the main
metabolic pathways affected by different low-temperature storage conditions. Among
them, the “phenylpropanoid biosynthesis”, “starch and sucrose metabolism”, and “biosyn-
thesis of amino acids” pathways are associated with the synthesis of partial free phenolic
acids, sugars, and free amino acids, respectively. The present study mainly focused on
these three metabolic pathways by screening key genes linked to metabolic changes.

3.5.4. Key Genes Involved in Sweet Potato Tuberous Roots Quality

As shown in Table 2, the key genes related to sucrose synthesis were sucrose synthase
and sucrose phosphate synthase, among which sucrose synthase exhibited differential
expression and sucrose phosphate synthase was downregulated at low temperatures.
Further, upregulated genes were more abundant than downregulated genes in sucrose
synthase.
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Table 2. Selected genes associated with the accumulation of sucrose, amino acid, and chlorogenic acid in the biosynthesis
pathways.

Name Gene ID
FPKM

Enzyme
C0 C14 CS14

sucrose synthase itf11g07860 88.50 67.61 912.29 EC:2.4.1.13
itf06g18950 4.20 7.05 113.25 EC:2.4.1.13
itf02g07130 555.91 451.65 72.19 EC:2.4.1.13

sucrose phosphate synthase itf03g21140 84.66 96.66 19.06 EC:2.4.1.14

phenylalanine ammonia-lyase itf09g14800 10.94 51.55 231.74 EC:4.3.1.24
itf09g14820 6.15 30.92 138.57 EC:4.3.1.24
itf15g00190 1.69 24.46 56.15 EC:4.3.1.24

4-coumarate-CoA ligase itf11g10280 61.32 70.53 166.77 EC:6.2.1.12
hydroxycinnamoyl-CoA quinate
hydroxycinnamoy- ltransferase itf07g23450 100.19 220.02 448.15 EC:2.3.1.133

serine hydroxymethyltransferase itf09g04020 26.86 32.19 60.77 EC:2.1.2.1
alanine aminotransferase itf11g08270 44.75 47.50 283.38 EC:2.6.1.2
arogenate dehydrogenase itf10g08090 3.86 5.57 33.58 EC:1.3.1.78

itf12g23730 1.77 2.48 19.53 EC:1.3.1.78
arogenate dehydratase/
prephenate dehydratase itf07g12100 0.16 3.86 12.61 EC:4.2.1.91

4.2.1.51

itf14g14710 11.57 14.87 27.00 EC:4.2.1.91
4.2.1.51

tyrosine aminotransferase itf02g15070 38.52 20.45 7.71 EC:2.6.1.5

The phenylalanine ammonia-lyase, 4-coumarate-coa ligase, and hydroxycinnamoyl-
CoA quinate hydroxycinnamoyltransferase genes were upregulated in the phenylalanine
metabolism pathway, which has been associated with chlorogenic acid accumulation in
sweet potato tuberous roots at low temperatures. In the amino acid biosynthesis pathway,
low-temperature storage upregulated the alanine aminotransferase, serine hydroxymethyl-
transferase, aromatate dehydrogenase, and aromatate dehydratase/precursor dehydratase
genes. Therefore, the lower storage temperature translated to higher expression levels,
which are highly associated with the accumulation of glycine, alanine, tyrosine, and pheny-
lalanine in sweet potato tuberous roots.

3.6. Validation of RNA-Seq Results via qRT-PCR

The results from the transcriptome analysis were validated in a biologically inde-
pendent experiment using qRT-PCR. A total of 7 DEGs linked to sweet potato tuberous
roots quality were selected and analyzed, and α-tubulin was used as a reference gene. As
illustrated in Figure 6, the relative expression levels of sucrose synthase (itf11g07860),
phenylalanine ammonia-lyase (itf09g14800), 4-coumarate-CoA ligase (itf11g10280), ser-
ine hydroxymethyltransferase (itf09g04020), alanine aminotransferase (itf11g08270), aro-
genate dehydrogenase (itf10g08090), and arogenate dehydratase/prephenate dehydratase
(itf07g12100) were all upregulated by low-temperature storage, which was consistent with
our RNA-Seq results.
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Figure 6. Validation of differentially expressed genes (DEGs) by quantitative real-time PCR. All data were assessed by
ANOVA, and the results are expressed as the mean ± standard error of three replicates. Data with different characters
indicate significant differences between treatments (p < 0.05).

4. Discussion

Sweet potato is now globally recognized as a functional food due to its preventive and
therapeutic effects against chronic diseases [1]. However, the sweetness of freshly harvested
sweet potato tuberous roots is not enough, which limits the acceptance of consumers. Cold
storage can improve the sweetness of sweet potato tuberous roots, but long-term storage
will cause CI. The development and likelihood of CI can also depend on the sweet potato
origin, variety, cultivar, harvest season, temperature, and chilling stress duration [20].
Therefore, precise control of storage temperature and time may improve tuberous root
sweetness without resulting in CI. Our study demonstrated that the sweetness of mature
“Xinxiang” sweet potato tuberous roots increased 2-fold after 14 d of storage at 5 ◦C, which
significantly improved their taste according to our sensory tests. Moreover, no CI was
detected at this time point. During storage at 13 ◦C, the soluble sugar and sweetness
index of the sweet potato tuberous roots did not change significantly, which contrasted
with the findings of Ru et al. [21], who demonstrated that the levels of sugars in tuberous
roots stored at both 13 and 4 ◦C increased after 15 d. We speculate that these differences
were related to the maturity of the sweet potatoes. In this study, sweet potatoes were
harvested 135 d after planting, which was different from our previous study (Ru et al.) [21].
More mature tuberous roots appeared to be less sensitive to low-temperature stress [21].
Therefore, there were no observable differences in the soluble sugar contents of tuberous
roots stored at 13 ◦C even after 21 d.

Phenolic compounds are naturally occurring chemicals that defend sweet potatoes
and other plants against biotic and abiotic stressors [22–24]. Chlorogenic acid (5-O-
caffeoyliquinic acid, CGA) is the predominant component of phenolic acids in sweet
potato tuberous roots and is the primary contributor to its antioxidative, antimutagenic,
and radical-scavenging properties [25–27]. The increase in phenolic compound contents
due to low-temperature exposure may enhance the nutraceutical value of sweet potato
tuberous roots. The chlorogenic acid content in “Xinxiang” sweet potato tuberous roots
increased markedly after 14 d of storage at 5 ◦C. This is consistent with the findings of
Ishiguro et al. [28], who detected a significant increase in total phenolic content in sweet
potato tuberous roots after two weeks of low-temperature exposure.

Low temperature also increases the concentration of some free amino acids in sweet
potato tuberous roots, thus enhancing the nutritional value of cold-stored tuberous roots.
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However, tyrosine is one of the main substrates of enzymatic browning. Specifically, the
enzyme tyrosinase oxidizes tyrosine to produce quinones. This, in turn, leads to melanin
production, resulting in browning [29]. Therefore, a large amount of tyrosine accumulated
during long-term low-temperature storage can lead to browning/blackening in fruits and
vegetables [30]. This is consistent with the internal browning of sweet potato tuberous
roots with surface cuts after 21 d of storage at 5 ◦C and 3 d at room temperature.

Several studies have assessed the effects of low temperature on transcript profiles in
stored sweet potato tuberous roots. For instance, Ji et al. [8] analyzed the transcriptome
changes of sweet potato tuberous roots stored at an optimal (13 ◦C) and low temperature
(4 ◦C) for 6 weeks and found that the tuberous roots could resist CI by inducing genes
related to the biosynthesis of unsaturated fatty acids, pathogen defense, and phenylalanine
metabolism. These results indicate that phenylalanine metabolism can affect the production
of phenolic compounds at low temperatures, which is consistent with the results of the
present study. Additionally, their study demonstrated that membrane damage may be the
main cause of chilling injury, thus highlighting the critical importance of lipid metabolism
to improve the stress resistance of tuberous roots under low-temperature storage conditions.
Xie et al. [31] also conducted transcriptomic analyses on “xushu18” sweet potato tuberous
roots and found that the expression of genes associated with carbohydrate metabolism
was regulated during cold storage, leading to the accumulation of sucrose in sweet potato
tuberous roots, which was consistent with the results of this study. There have been reports
on long-term cold storage of sweet potato tuberous roots to study the molecular mechanism
of CI in tuberous roots, but there are no transcriptome reports on short-term cold storage
of sweet potato tuberous roots. In this study, RNA-Seq was used to explore the molecular
mechanisms through which short-term low-temperature storage enhances sweet potato
tuberous roots’ quality. The concentrations of soluble sugars, phenolic compounds, and
amino acids increased significantly after short-term low-temperature storage.

Sucrose synthase (SUS; EC 2.4.1.13), sucrose phosphate synthase (SPS; EC 2.4.1.14),
and acid convertase (AI; EC 3.2.1.26) are key enzymes in sucrose metabolism (Figure 7).
Among them, sucrose synthase can catalyze the reversible reaction of sucrose synthesis
and decomposition [32]. Previous studies have reported that low temperatures increase
the activity of sucrose synthase in wheat [33]. In this study, low-temperature storage
upregulated the expression of two sucrose synthase genes. SPS is a rate-limiting enzyme in
the synthesis of sucrose [34]. In this study, SPS expression was downregulated in the CS
treatment, suggesting that the regulation of SPS activity is highly complex and may not be
affected at the transcript level [21].

In plants, CGA biosynthesis occurs downstream of the phenylpropanoid pathway
(red and blue color represents upregulation and downregulation, respectively) (Figure 7).
Phenylalanine generates P-coumaroyl-CoA, which in turn is catalyzed by key enzymes
in the biosynthesis of chlorogenic acid, including phenylalanine ammonia-lyase (PAL;
EC 4.3.1.24), cinnamic acid 4-hydroxylase (C4H; EC 1.14.14.91), 4-coumarate-CoA ligase
(4CL; EC 6.2.1.12), hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltrans-
ferase (HCT; EC 2.3.1.133), β-coumaroylester 3-hydroxylases (C3H; EC 1.14.14.96), and
hydroxycinnamoyl-CoA quinate hydroxycinnamoyltransferase (HQT; EC 2.3.1.99) [35,36].
In this study, several key genes belonging to the chlorogenic acid synthesis pathway, such
as 3 PAL, 1 4CL, and 1 HQT, were regulated by low temperature. The expression levels of
PAL in the control and CS groups increased by 5.69- and 22.71-fold, 4CL increased by 1.17-
and 2.72-fold, respectively, and HQT increased by 2.20- and 4.47-fold, respectively. Further,
some key genes in the shikimic acid pathway were also upregulated by low temperature,
which might have contributed to the accumulation of tyrosine in CS tuberous roots.
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Figure 7. Color, sucrose content, and chlorogenic acid content changes in sweet potato tuberous roots during 14 d of storage.
The figure contains the metabolite map of the sucrose and chlorogenic acid synthesis pathway. The relative expression
levels of C0, C14, and CS14 are shown as heat maps.

5. Conclusions

Our study demonstrated that the sweetness index, antioxidant activity, amino acid
content, and sensory characteristics of postharvest mature sweet potato tuberous roots
were significantly improved after 14 d of storage at 5 ◦C without any indications of CI,
but a continued extension of CS time would lead to cold injury, resulting in the decline of
storage tolerance. The key genes associated with sweet potato quality parameters were
also identified through RNA-Seq and verified using qPCR, and exhibited the involvement
of sucrose synthase and sucrose phosphate synthase in starch and sucrose metabolism
pathway, phenylalanine ammonia-lyase, 4-coumarate-CoA ligase, and hydroxycinnamoyl-
CoA quinate hydroxycinnamoyltransferase in phenylpropane biosynthesis pathway and
serine hydroxymethyltransferase, alanine aminotransferase, arogenate dehydrogenase
and prephenate dehydratase in the biosynthesis of amino acids pathway, thus providing
insights into the molecular mechanisms by which short-term cold storage enhances sweet
potato quality and nutritional profile. Therefore, short-term CS treatment is an effective
method to improve the nutritional and sensory quality of sweet potato tuberous roots.
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table of single gene sequence, Table S5: Statistics of the number of annotations for differentially
expressed genes, Table S6: Comparison table of GO function annotations of differentially expressed
genes, Table S7: Function annotation comparison table of differentially expressed gene KEGG, Figure
S1: Statistical chart of GO annotation classification of DEGs, Figure S2: KEGG classification map and
KEGG enrichment map of DEGs.
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Abstract: Postharvest damage, leading to loss and waste, continues to be a significant problem in
the fresh produce industry. Trays, designed to reduce fruit-to-fruit contact, are utilized by the apple
industry to minimize bruising of whole apples. During distribution, packaged apples are subjected
to various supply chain hazards, which may lead to bruising damage. Currently, molded fiber
(MF) and expanded polystyrene (EPS) trays transport whole apples from the packhouse to the retail
outlet. Mechanical shock, by free-fall drop method, was used to evaluate the performance differences
between the two trays and quantify the bruising characteristics of the apples. Results showed that
the EPS trays provided better shock protection to the apple as compared to the MF tray, reducing the
impact acceleration by more than 70%. Additionally, the bruise susceptibility was 40% less for the
apples packaged inside the EPS trays, regardless of drop height. However, apples packaged in the
middle layer trays were most susceptible to bruising damage, regardless of tray type.

Keywords: bruise susceptibility; apples; mechanical shock; transportation; molded fiber;
expanded polystyrene

1. Introduction

Fresh produce travels through a demanding food supply chain to reach the consumer.
During this journey, products are exposed to a variety of supply chain hazards, such
as mechanical shock, vibration, and compression. In apples, these hazards can result
in bruising to the fruit, altering their quality and perceived deterioration by consumers,
especially during bulk display at retail [1–6]. In today’s market, consumers demand fresh
produce to be free from visible defects such as bruising. Excessive defects in the apple will
deter consumers, resulting in them selecting other items causing product shrinkage [4].
Although the bruise size is a function of the mechanical properties of the apple flesh,
a visible bruise greater than 100 mm2 will typically result in the apple being discarded
as waste [7,8]. Peggie [9] reported that approximately 8–10% of apples harvested were
discarded mainly due to bruise damage. However, Lewis et al. [4] reported data from apple
distributors that indicated apple waste could be 50% or higher due to bruising. As a result,
the product’s visual appearance is critical to the purchasing instincts of the consumer.

Packaging performs a variety of functions, one of which is to protect the product
during transport. For apples, the type of packaging system employed is dependent on
its position in the postharvest supply chain. For example, bulk bins are used during post-
harvesting to move the apples from the grower to the packhouse, while apples traveling to
the retail outlet are packaged inside corrugated containers containing bags, pouches, or
trays of apples. Unfortunately, although a wide range of packaging formats are available,
most of them are not designed to adequately protect the apples during transit, resulting in
bruise damage still being a frequent quality problem for growlers and retailers [1].

Limiting apple-to-apple contact during transport is desirable as this minimizes the
opportunity of the fruit to bruise. To accomplish this, apples traveling to retail are often
packaged into trays with individual cells. The two predominant tray materials utilized by
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the apple industry are molded fiber (MF) and expanded polystyrene (EPS). MF, produced
from pulp slurry, can be appealing due to its end-of-life impact but is susceptible to
moisture gain and swelling, which could be a deterrent for some applications. EPS is a
closed-cell foam consisting of 98% air, making it incredibly lightweight while also providing
excellent energy absorption and dissipation during impacts. However, in recent years
there have been restrictions put in place regarding the use of EPS due to its environmental
impact including legislation passed by local and state governments [10]. Food losses and
waste (FLW) are globally becoming a top priority in food management in order to increase
food security, while also striving to reduce environmental impacts [11]. Therefore, it is
imperative to understand not only the environmental impact of the package material, but
also understand its influence on food loss. Additional packaging solutions exist for the
transport of fresh fruit, such as corrugated sleeves, mesh netting, and stand-up pouches and
bags, but these solutions are not commercially used in the transport of apples. Although
both MF and EPS have been used extensively by the apple industry to move whole apples
to retail, limited data exists comparing these two materials to understand which tray
provides better protection against bruising.

Previous research has evaluated the influence of packaging materials on the bruising
characteristics of whole apples undergoing transportation simulations, but the vast majority
of research available examines impacting the fruit using a pendulum method [5,6,12–15].
Singh et al. [16] and Singh and Xu [17] examined different packaging materials, including
MF and EPS, focused on the damage resulting from laboratory vibration simulations. The
results, however, indicated the fruit packaged inside the EPS trays had less damage than
those inside the MF trays. Fadiji et al. [1] reported that apples were more susceptible
to bruising when packaged inside plastic bags as compared to trays during multiple
impacts. By placing the apples inside the individual cells, the fruit-to-fruit impact was
reduced [18]. Batt et al. [19] investigated the performance of MF and EPS tray types during
simulated transport conditions and noted there were no significant differences in apple
bruise frequency or size. However, this project examined only one impact from 61 cm,
unlike Fadiji et al. [1], which examined apple bruising using multiple drops from shorter
drop heights which are more common for fruit packaged at this stage in the supply chain.

Numerous studies focusing on the design of the ventilated corrugated container for
apples and other fruits have been published [20–23]; however, little is known about the
performance of the fruit trays designed to prevent fruit damage. The objective of this
research was to investigate the bruise susceptibility of whole apples during mechanical
shock inside ventilated corrugated containers when packaged using either MF or EPS trays,
including the bruise frequency and impact acceleration experienced by the fruit.

2. Materials and Methods

2.1. Apple Variety

‘Minneiska’ (SweeTango®) apples packaged using two different tray designs (MF
and EPS) were acquired during commercial harvest, in September, from a packhouse in
Wolcott, NY, USA. Fruit of uniform size and maturity based on color, firmness, and free
from physical defects were used for the experiments. The mean diameter of the apple was
74.4 ± 8.8 mm. The average mass of the apple was 197 ± 25 g. The packaged apples were
stored at refrigerated conditions (4 ◦C) for at least 48 h before the experiment.

2.2. Packaging Materials

Selected for this study were two interior trays types used for whole apple transport,
molded fiber (MF) and expanded polystyrene (EPS). The trays used for this study were
standard apple trays designed to hold 88 apples per ventilated corrugated container. Each
tray held 22 apples, and there are four trays of apples in each container. The trays were
numbered sequentially as Tray 1–4 from bottom to top, starting with Tray 1 located at the
bottom of the container. The outer dimensions of the ventilated corrugated container were
514 mm × 327 mm × 635 mm. The final mass of the filled corrugated containers with
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whole apples was 18.81 ± 0.05 kg and 18.31 ± 0.17 kg for the containers with MF and EPS
trays, respectively. The apples were carefully inspected and arranged in the trays with
the flower stalk axis horizontal and running parallel with the molded pockets of the trays
(Figure 1).

 
Figure 1. Arrangement of apples in molded pockets prior to testing.

2.3. Free-Fall Drop Test

A Lansmont Model PDT 227 Precision Drop Tester (Lansmont Corporation, Monterey,
CA, USA) was used to perform the free-fall drop events (Figure 2). Impact bruises were
produced by dropping each corrugated container five times from a predetermined drop
height onto the concrete floor surface of the drop test equipment. In this study, the packages
were dropped onto the bottom panel of the package from two drop heights, 30 cm and
50 cm. The testing was performed in duplicate for each package configuration at the two
different drop heights.

 
Figure 2. Packaged product on the Lansmont PDT 227.

To record the impact acceleration of the apple from the free-fall drop event, a model
HT356B21 triaxial accelerometer (PCB Piezotronics, Inc., Depew, NY, USA) was attached to
the apple located in the corner cell of the top tray. The sensor was placed in this position to
ensure it would not shear off during the impacts with surrounding apples. The Lansmont
Test Partner 3 (Lansmont Corporation, Monterey, CA, USA) processed the signal events
and the resultant acceleration from each impact recorded.
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2.4. Bruise Analysis

To allow for the full development of bruising sustained during the mechanical shock
testing, the apples were kept at ambient laboratory conditions after drop testing for a
period of 24 h, prior to inspection and analysis. The total number of bruises per apple
was recorded for each tray to determine the frequency of occurrence and distribution of
bruising inside the container. The bruise area (BA) and bruise volume (BV) were measured
for each apple after testing. The bruise dimensions were measured using digital calipers
(±0.01 mm). The BA was measured using the major and minor bruise width, and the BV
was calculated by measuring the depth of the bruise by cutting the fruit perpendicularly
along the major bruise width (Figure 3). BA and BV were quantified using an assumed
elliptical bruise shape [24–26] using Equations (1) and (2).

BA =
π

4
w1w2 (1)

BV = π
db
24

(3w1w2 + 4d2
b) (2)

where w1 is the bruise width along the major axis (mm), w2 is the bruise width along the
minor axis (mm), and db is the depth of the bruise (mm)

 

Figure 3. Elliptical bruise thickness method used for BA and BV.

The bruise susceptibility (BS) was computed as the ratio of the BV to the impact
energy (IE), as shown in Equation (3) [2,26]. Table 1 and Equation (4) display how IE was
calculated for each tray type.

BS =
BV
IE

(3)

where BV is the bruise volume (mm3) and IE is the impact energy (J).

IE = mighd (4)

where mi is the mass of the falling object (kg), g is the acceleration due to gravity (m/s2),
and hd is the drop height (m).

Table 1. Equivalent impact energy (J) of the package types.

Tray Type Height 30 cm Height 50 cm

MF 55.36 92.26
EPS 53.89 89.81
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2.5. Tray Damage Assessment

At the completion of each drop test, the trays were visually inspected for damage
sustained during the mechanical shock testing. The condition of the tray was graded using
a qualitative assessment based on the level of damage (i.e., tearing and cracking). The scale
used to grade the condition after the drop test was poor (severe damage), fair (moderate
damage), or good (minor damage) based on the damage level.

2.6. Statistical Analysis

The data were statistically analyzed using a one-way analysis of variance (ANOVA) at
a 95% confidence level to compare the results collected during this experiment. Statistical
differences between treatments were noted where p < 0.05. The experiment was performed
in duplicate for the two packaging materials at the different heights. All statistical analyses
and resulting graphical outputs were performed using Minitab (v. 18 Minitab, LLC, State
College, PA, USA).

3. Results and Discussion

3.1. Bruise Analysis

The results in Figures 4 and 5 show the total apple bruise area and volume for each
tray material after completion of drop testing. As the drop height increased from 30 cm to
50 cm, the bruise sizes increased in both EPS and MF. As demonstrated by Lu et al. [25] and
T. Fadiji et al. [1], the bruise area and volume increased due to drop height and number
of drops. For a bruise to form, the apples absorb kinetic energy that is not dissipated by
the packaging material [5,27–29]. At both test drop heights, the apples in the MF trays
experienced more damage and bruising. Both tray systems prevent direct apple-to-apple
contact, but the protective nature of the EPS material plays a crucial role in minimizing
bruising. The lower bruise damage results from the EPS trays absorbing more kinetic
energy than the MF trays from the same drop height. The amount of bruising observed on
the apples is dependent on the amount of energy absorbed by the packaging in the apple
supply chain. The amount of bruising directly affects the quality of the apple fruit and the
consumers purchasing behavior [5,26,30,31].

There was an increase in bruise area and volume for both the MF and EPS when
comparing the 30 cm to 50 cm drop height results. The differences in the bruise area were
not significant for Trays 2–4 but were significantly different for Tray 1 for the MF trays.
The bruise area for apples packaged with EPS trays was not significantly different for
Trays 1 and 4, but was for Trays 2 and 3. Furthermore, when comparing these results, no
significance was reported between the MF Trays 2 and 3 dropped from 30 cm and EPS
Trays 2 and 3 dropped from 50 cm. This indicates the apples dropped from 50 cm with EPS
trays had similar damage to apples dropped from 30 cm inside MF trays.

Evaluating the results from the 30 cm drop height, no statistical differences in tray
location between apples packaged with EPS trays were observed. The 30 cm drop resulted
in impact energies low enough to be within the cushion material’s working length, resulting
in a similar performance of the tray throughout all tests. For the 30 cm drop height, all of
the bruise areas were below 240 mm2 for the EPS trays. Regarding the MF tray locations,
there were significant differences in bruise area and volume for Trays 2 and 3. The bottom
and top trays (Trays 1 and 4) were aided in protection by the corrugated container, likely
reducing the impact energy on apples in those locations.

Statistical differences were noted for the package system dropped from a height of
50 cm for both the EPS and MF tray types. Tray 4 (top tray) had the smallest bruise area
compared to apples located in other tray locations for both tray types. Apples packaged
using MF saw significantly greater damage in Trays 1–3 as compared to Tray 4. For apples
inside EPS trays, the two middle layers were significantly different than Trays 1 and 4.
These results are consistent with Fadiji et al. [1], who noted apples packaged in the middle
trays of an MK4 corrugated container had more bruising damage than those packaged in
the bottom and top trays.
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Figure 4. Bruise area of apples by tray location packaged using MF and EPS trays from 30 and
50 cm drop height (mean ± SD, n = 2). Different letters indicate statistically significant differences at
p < 0.05. Bars with no common letters are significantly different (p < 0.05).

 

Figure 5. Bruise volume of apples by tray location packaged using MF and EPS trays from 30 and
50 cm drop height (mean ± SD, n = 2). Different letters indicate statistically significant differences at
p < 0.05. Bars with no common letters are significantly different (p < 0.05).

Additionally, the frequency, or occurrence, of bruising was observed during the
analysis. Figures 6 and 7 display bruise frequency based on the drop height and tray
material. Results from the 30 cm and 50 cm drops show EPS trays reported a lower total
count of bruises than the MF trays. The MF trays from 30 cm show an increasing trend in
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the total number of bruising from the bottom to top trays, whereas the remaining treatments
have the greatest number of bruises occurring to the middle trays.

 

Figure 6. Bruise frequency of apples by tray location packaged using MF and EPS trays from 30 cm
drop height (mean ± SD, n = 2). Different letters indicate statistically significant differences at p < 0.05.
Bars with no common letters are significantly different (p < 0.05).

 

Figure 7. Bruise frequency of apples by tray location packaged using MF and EPS trays from 50 cm
drop height (mean ± SD, n = 2). Different letters indicate statistically significant differences at p < 0.05.
Bars with no common letters are significantly different (p < 0.05).

3.2. Bruise Susceptibility

Table 1 displays the impact energy associated with each package configuration based
on the mass of the package system and the drop height. The impact energies at each of
the drop heights were effectively the same, noting the difference being the lighter mass of
the EPS tray compared to the MF tray. Although the impact energies of the two package
systems were similar, the bruise susceptibility, in terms of the ratio of the bruise volume to
the impact energy [7], was greater for apples packaged using MF trays (Figure 8). These
results indicate the EPS trays were able to absorb more of the impact energy, reducing
the amount of energy transferred to the apple during the impact event. Although the MF
tray reduces the lateral movement of the apples, it provides minimal energy absorption
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during vertical impacts, resulting in the apples being exposed to greater impact energy
and subsequent bruising. The apple package system absorbs the energy through stretching
of the trays, container sidewall buckling, and compression between the apple contact
surfaces [28,32]. The most significant difference in the two package systems evaluated
during this study was the compression of the apple contact surfaces. The EPS trays were
able to reduce the compression between apples better than the MF trays.

 

Figure 8. Bruise susceptibility of apples by tray location packaged using MF and EPS trays from
30 and 50 cm drop height (mean ± SD, n = 2). Different letters indicate statistically significant
differences at p < 0.05. Bars with no common letters are significantly different (p < 0.05).

To compare the protective cushion properties of the two trays, the resultant accel-
eration was recorded for each free-fall event. Figure 9 displays an example acceleration
versus time curve from the individual impacts showing the apples’ response to the free-fall
impact. The impact accelerations were averaged for comparison for each treatment type
(drop height and material type). As shown in Figure 10, the average acceleration of the
apples packaged with the EPS tray was significantly less than that of the MF tray for both
the 30 cm and 50 cm drops. The impact duration of the apples in the EPS were twice as
long on average compared to MF trays. Comparing the trays from the 30 cm drop tests, the
acceleration levels experienced by the apples increased by 30% for those packaged with MF
trays. Additionally, examining the results from the 50 cm drop tests, the acceleration levels
increased by 71% for apples packaged inside the MF as compared to those of the apples
packaged inside the EPS trays. These results indicate that the EPS trays could absorb the
impact energy from the event, resulting in less bruising as noted in previous sections.

3.3. Tray Damage

For packaging to protect the product, the material must absorb the mechanical shock
event to mitigate the event from transferring to the product. After drop testing, the trays
were graded based on the level of damage observed using the scale outlined in Section 2.5.
The MF trays from the 30 cm and 50 cm drops were graded as good condition. Regardless
of drop height, the MF trays showed occasional small tears (<25 cm) and minor creasing.
The EPS trays from both the 30 cm and 50 cm drops experience heavy damage, and were
graded as poor condition. Figure 11 illustrates the type of damage experienced by the
EPS trays as result of the drop testing. This absorption of shock will often damage the
packaging materials, especially at refrigerated conditions where the materials, specifically
plastics, are more brittle than fiber-based trays [33]. However, although the EPS trays were

86



Foods 2021, 10, 1980

damaged, the apple bruising was not as prevalent as the MF tray material. This indicates
that the EPS tray material, although more susceptible to fracturing due to the storage
conditions, absorbed more impact energy during the drop testing as compared to MF. For
all of the drop tests, both with the MF and EPS trays, no damage was observed to any of
the corrugated containers used.

 

Figure 9. Example of acceleration vs. time curve during impact response from each of the experimen-
tal treatments.

 

Figure 10. Impact acceleration from the free-fall drop events of apples by tray location packaged
using MF and EPS trays from 30 and 50 cm drop height (mean ± SD, n = 2). Different letters indicate
statistically significant differences at p < 0.05. Bars with no common letters are significantly different
(p < 0.05).
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Figure 11. Example of tray damage, (a) EPS and (b) MF.

4. Conclusions

Examined in this research project were two packaging tray materials, molded fiber
and expanded polystyrene, commonly used to transport whole apples. To evaluate the
protective nature of these trays, packaged product systems were subjected to mechanical
drops by free-fall, promoting bruise damage and reducing fruit quality. This study indicates
the EPS trays decreased the bruise susceptibility of whole apples compared to the MF
trays, regardless of drop height. This was confirmed in both bruise analysis performed
on the individual apples as well as comparing the impact accelerations of the apples
packaged in these two configurations. The apples packaged using EPS trays experienced
significantly less impact acceleration as those packaged inside MF trays, indicating the
EPS trays mitigated the shock, thus reducing the severity and level of bruising to the
apples. Fruit damage was more prevalent to the middle layers of the packages, noting
additional cushioning material may be desirable to reduce bruising in those areas. Based
on the data from this study, although both materials prevent direct fruit-to-fruit contact
during handling, they do not provide the same level of performance in reducing bruise
damage. Therefore, it is imperative to select a packaging material, which can decrease
the likelihood of bruising to the apple as a result of mechanical forces experienced during
transport and handling. Results from this study would be of great benefit to apple growers
and packaging engineers who are seeking to reduce or minimize the effects of bruising to
apples during transport.
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Abstract: The interactive effects of six maturity stages and refrigerated storage (chilling)/blanching
(heating) treatments on the volatile profiles of ripe tomatoes were studied. A total of 42 volatiles
were identified, of which 19 compounds had odor activity values equal to or greater than 1. Of those,
“green” and “leafy” aroma volatiles were most abundant. Chilling and heating treatments both
suppressed overall volatile production, with chilling having the greater impact, regardless of harvest
maturity. However, fruit harvested at the turning stage had the least volatile suppression by chilling
and heating treatments in comparison with fruit harvested earlier or later, mostly in the fatty acid-
and phenylalanine-derived volatiles. Volatiles derived from amino acids were promoted by heat
treatment for fruit harvested at all maturities, and those derived from carotenoid and phenylalanine
pathways and harvested at advanced harvest maturities were stimulated by chilling treatment.
Volatile production is generally believed to be improved by delayed harvest, with vine-ripe being
optimum. However, opposite results were observed possibly because the later-harvested fruit had
longer exposure to open-field weather stress. The best harvest maturity recommendation is the
turning stage where fruit developed abundant volatiles and were least impacted by chilling and
heating treatments.

Keywords: Solanum lycopersicum; aroma; blanching; chilling; synthetic pathway; volatile; maturity;
tomato; flavor; postharvest

1. Introduction

Tomato is widely consumed worldwide due to its nutrition, flavor, and processing
properties [1]. It has been determined that tomatoes contain large amounts of vitamins,
carotene, lycopene, and other antioxidants which are beneficial to human health [2]. More-
over, about 400 volatile compounds have been detected in the ripe tomato that contribute to
fruit palatability [3–5]. These volatile substances are derived from different pathways such
as the amino acid pathway, phenylalanine pathway, fatty acid pathway, and carotenoid
pathway [6]. However, many consumers complain that the flavor of modern commercial
tomatoes is lacking typical tomato flavor [7]. In fact, the formation of tomato flavor is a
complicated process, which is related to many factors, such as variety, pre-harvest environ-
ment, and cultural practices; harvest maturity; and postharvest conditions, such as storage
temperature, and blanching. In this research we focused on the effect of harvest maturity
and postharvest treatments on the volatile profiles of “Tasti-Lee” tomatoes.
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Under the current tomato production system, tomatoes are often harvested before full
ripeness to avoid postharvest losses and extend storage life [8,9]. Results have not been
consistent on how harvest maturity affects the flavor quality of fruit after reaching full red
in modern commercial cultivars [5,10,11]. However, it is thought that poor flavor quality
often results from harvesting tomatoes prior to breaker stage [8,12]. Xu et al. [13] found
that a Florida “heirloom” cultivar had substantially lower quality after reaching full ripe if
harvested before the breaker stage, however for commercial cultivars, harvest maturity
after mature green did not affect fruit quality in terms of soluble solids content (SSC) and
titratable acidity (TA), although differences between harvest maturities for aroma volatiles
were detected by an electronic tongue device. “Tasti-Lee” is a hybrid with the crimson
gene, high lycopene content, and flavor quality [14,15].

Tomatoes are chilling sensitive at temperatures below 10 ◦C, and longer exposure time
and lower temperature aggravate this sensitivity [16,17]. In Florida, tomatoes are harvested
green, gassed with ethylene to initiate and synchronize ripening, then stored at 12–13 ◦C
to slow ripening during packing, repacking, shipping, and marketing [8]. However, on
the consumer side, ripe fruit are often stored in the refrigerator (about 5 ◦C) for several
days before cooking and consumption, which has been confirmed to suppress tomato
volatiles [18]. However, few studies have been conducted on the interactive effects of the
chilling treatment and harvest maturity on tomato flavor.

Blanching (heating) treatment is another method widely used in kitchen and foodser-
vice operations, which can reduce foodborne microorganisms and remove the epidermis
structure [19–21]. Heating treatment causes volatile flavor loss, which has been reported in
many fruits, including in tomatoes [18,22,23], although the volatile production could be
partially recovered after a mild high temperature treatment [18,22]. Blanching uses boiling
water to treat fruit, and the treated fruit are then immediately cooked or processed. Thus, it
is hypothesized there is no time for the fruit to form a visible physiological response after
treatment.

The objectives of this research were to analyze the independent and interactive effects
of harvest maturity and temperature treatments on volatile profiles of “Tasti-Lee” tomatoes,
and to discuss the effects on precursor pathways for aroma volatiles.

2. Materials and Methods

2.1. Plant Materials

“Tasti-Lee” tomato plants were selected from a tomato research block at the USDA
Horticultural Research Laboratory Picos Farm in Fort Pierce, Florida, USA. The harvest
maturity of the fruit in the field ranged from immature to full ripe (Figure 1). Sixty fruit of
similar size (about 210 g) at each of six mature stages (red, light red, pink, turning, breaker,
and mature green) were harvested on 27 December 2015 and stored in a 20 ◦C dark storage
room (humidity: 90%) until they reached the full (red) ripe stage. For each harvest maturity
group, when 45 fruits reached red stage (color a* value ≈ 20), the fruits were randomly
divided into three temperature treatment sub-groups: non-treated control, refrigeration
(chilling; 5 ◦C air for 4 days), and blanching (heating; 100 ◦C water for 1 min, then ice
water used to cool the fruits to room temperature within 3 min). The changes in core
temperature were monitored after blanching. Immediately after the temperature treatment,
fruits were further divided into five replicates with three fruits each. The experimental
design is depicted in Figure 1.
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Figure 1. Diagrammatic sketch of overall experimental design. Fruit harvested at six maturities were
ripened at 20 ◦C and then treated by refrigeration (chilling, c), blanching (heating, h), or non-treated
(n) as control.

2.2. Sample Preparation

Each replicate sample of three fruits was blended with a homogenizer (Model VM0101,
Vita-mix Corp., Cleveland, OH, USA) for one minute. The homogenate, 4.3 g, was pipetted
into a 20 mL vial, mixed with 1.7 mL of a saturated CaCl2 solution [24], and crimp-capped
with a silicone septum (Gerstel Inc., Linthicum, MD, USA). Samples were vortexed, flash
frozen in liquid nitrogen, and stored at −80 ◦C until analysis.

2.3. Volatile Analysis

Volatiles were analyzed from the vial headspace using solid-phase micro-extraction,
and gas chromatography–mass spectrometry (HS-SPME-GC-MS), as described by Wang
et al. [25] with modifications. The volatile substances were extracted using a 2 cm SPME
fiber (50/30 μm DVB/Carboxen/PDMS; Supelco, Bellefonte, PA, USA). The homogenate
mixture was incubated for 30 min at 40 ◦C and another 30 min was needed for exposure to
the fiber.

The volatile compounds were desorbed in a GC-MS (Model 7890 GC coupled with
a 5975 MS detector; Agilent, Santa Clara, CA, USA) by using the HP-5 column (50 m
× 0.32 mm × 1.05 μm, J&W Scientific, Agilent, Santa Clara, CA, USA). The GC oven
temperature was programmed to increase from 40 to 230 ◦C at a rate of 4 ◦C min−1 and
the holding time was 11.70 min. Helium (37 kPa) was used as the carrier gas at a constant
flow of 1.5 mL min−1. For the MS system, the temperatures of the inlet, ionizing source,
and transfer line were 250, 230, and 280 ◦C, respectively; electron impact mass units were
recorded at 70 eV ionization voltages.

Volatile compounds were tentatively identified by matching their mass spectra to
entries in the NIST 14 library (National Institute of Standards and Technology, Gaithersburg,
MA, USA) and the retention indexes were compared with the standard volatile compounds.
A calibration curve (peak area vs. concentration of reference standards) was prepared from
the serial dilutions of the standard and used for sample quantification. Standard aroma
compounds (all volatiles identified in this study) were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and Fluka Chemical Corporation (Buchs, Switzerland).
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2.4. Weather Data Collection

Daily maximum and minimum temperatures and precipitation data for 1–14 days
before harvest in 2015 were collected from the U.S. Climate Data (Station of Ft. Pierce
Florida, 10 km from the farm) (https://www.usclimatedata.com/climate/fort-pierce/
florida/united-states/usfl0156, accessed on 10 May 2021).

2.5. Statistical Analysis

Data were evaluated by analysis of variance (ANOVA) with the statistical analysis
system of SPSS Statistics 17.0 (SPSS Inc., Chicago, IL, USA). Two-way ANOVA was carried
out to determine the harvest maturity and treatment interaction (maturity × treatment)
on each of the assays. Significant differences across maturity × temperature treatment
combined were performed by Duncan’s new multiple range tests, where differences at
p < 0.05 were considered significant. Principal component analysis (PCA) was performed
by Origin 2019b (Microcal Software Inc., Northampton, MA, USA) on the covariance for
analyzing the significant differences and relationship of the volatile organic compounds
among different treatments.

3. Results and Discussion

3.1. Characterization of the Volatile Compounds and Effect of Harvest Maturity on Volatile Profiles

A total of 42 volatile compounds were screened by GC-MS in the tomato samples, con-
sisting of 18 aldehydes (methacrolein, butanal, 3-methylbutanal, 2-methylbutanal, 2-methyl-
2-butenal, tiglic aldehyde, trans-2-penten-1-al, cis-3-hexenal, hexanal, trans-2-hexenal, hep-
tanal, trans, trans-2, 4-hexadienal, benzaldehyde, octanal, benzeneacetaldehyde, 2-octenal,
nonanal, and neral), 4 hydrocarbons (α-pinene, cymene, limonene, and terpinolene), 7
alcohols (2-methylpropanol, 1-penten-3-ol, 3-methylbutanol, 2-methylbutanol, 1-pentanol,
4-methylpentanol, and 3-methylpentanol), 5 ketones (acetone, 2-butanone, 1-penten-3-
one, 6-methyl-5-hepten-2-one, and geranyl acetone), 3 oxygen-containing heterocyclic
compounds (2-methylfuran, 2-ethyl furan, and 2-pentyl furan), 3 esters (butyl acetate,
2-methylbutyl acetate, and methyl salicylate), 1 sulfur compound (dimethyl disulfide),
and 1 sulfur and nitrogen-containing heterocyclic compound (2-isobutylthiazole) (Table 1).
The result was similar to the previous report in which 50 aroma volatile compounds were
detected by GC-olfactometry in “Tasti-Lee” tomatoes [26]. Aldehydes were the most abun-
dant volatile compounds in the tomatoes regardless of treatment, and the average ratio in
the total volatiles was 86.3%, followed by ketones, 9.1%, and alcohols, 3.7%, with the rest
each contributing less than 1% (Table 1). For control fruit, aldehydes alone occupied 93.8%,
90.9%, 92.7%, 88.9%, 85.7%, and 93.1% in fruit harvested at red, light red, pink, turning,
breaker, and mature green stages, respectively (Table 1 and Table S1). cis-3-Hexenal was
the predominant aldehyde among 18 aldehydes in the fruit, constituting 85.4%, 86.6%,
78.4%, 77.4%, 74.8%, and 79.1% of all aldehydes in the tomatoes picked at red, light red,
pink, turning, breaker, and mature green stages, respectively (Table 1). The data showed
that fruit harvested at the breaker and turning stages had the lowest aldehyde content
compared to the earlier (mature green) and later harvest maturities (pink to red); the
concentration being higher in mature green fruit (Table 1 and Table S1). However, opposite
trends were found for alcohols, ketones, and oxygen-containing heterocyclic compounds.
Pink or later harvested fruit had low hydrocarbon concentrations, but earlier harvested
fruit had relatively higher concentrations (Table 1 and Table S1). On the other hand, the
only sulfur compound, dimethyl disulfide, was not found in the early harvested fruit, but
was detected in the pink or later harvested fruit (Table 1 and Table S1).
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Overall flavor quality is generally believed to be better when tomatoes are harvested
during later maturity stages, and the best quality fruit are those that are vine-ripened [8,12].
However, different results were observed in this study: the earlier harvested fruit devel-
oped more abundant volatiles at the red ripe stage than later-harvested fruit (Table 1 and
Table S1). One explanation could be because fruit at turning stage reached the full flavor
quality potential, however, the later-harvested fruit had longer exposure to open-field
weather stress (Figure 2). Seven and eight days before harvest, fruit experienced two
days with low temperatures, 11 ◦C, which is below chilling injury temperatures in stored
fruit [30] (Figure 2). During most of the fruiting season, the minimal air temperature was
higher than 18 ◦C, except on December 19 and 20 when it dropped to 11 ◦C. This in addition
to solar radiation resulted in high temperatures on the fruit surface (Figure 2) [31]. Thus,
the pre-harvest low and high temperature stress may negatively affect flavor metabolism,
especially for fruit close to being physiologically ripe.

 
Figure 2. Daily maximum and minimum temperature and precipitation for two weeks before harvest
in 2015. Recordings from the U.S. Climate Data (Station of Ft. Pierce Florida, 10 km from the farm)
(https://www.usclimatedata.com/climate/fort-pierce/florida/united-states/usfl0156, accessed on
10 May 2021).

3.2. Refrigeration and Blanching Treatment Reduce Volatile Compounds
3.2.1. Refrigeration Treatment

Ripe tomatoes are often stored in a 5–10 ◦C refrigerator by consumers to extend their
shelf life regardless of negative reports that refrigeration suppresses volatile production [18],
a form of chilling injury (CI). Although tomatoes are chilling sensitive, full ripe fruit show
a lower response to CI [18]. In this experiment, the tomatoes did not express any visual
CI symptoms after storage at 5 ◦C for four days. However, an overall decrease in flavor
volatiles was observed in the chilled fruit regardless of harvest maturities (Table 1 and
Figure 3). The average volatile loss caused by chilling treatment over all harvest maturities
was 42.46% (Table 1, Figure 3, and Table S1). Among those, the highest reduction occurred
in the fruit harvested at the mature green stage with 63.82% loss, followed by red (61.20%),
pink (43.95%), light red (42.25%), breaker (33.78%), and turning (9.78%) stages (Table 1
and Figure 3), suggesting that the turning and breaker fruits are less sensitive to chilling
treatment, and that CI increased along with earlier or later harvests (Figure 3). Among the
volatiles, aldehydes, especially cis-3-hexenal, hexanal, and trans-2-hexenal, decreased the
most due to chilling treatment (Table 1 and Table S1, and Figure S1). Similar to aldehydes,
chilling caused a decrease in esters in all fruit, and alcohols in early harvested fruit and
fruit harvested at the red stage (Table 1 and Table S1 and Figure S1). These results are
consistent with previous reports that volatile compounds of “FL 47” tomatoes decreased
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after chilling treatment applied to tomato fruit at the mature green stage, unlike in our
study in which chilling treatment was performed when the fruit reached the red-ripe
stage [17]. However, it was observed that chilling treatment stimulated some volatile
compounds, such as hydrocarbons and oxygen-containing heterocyclic compounds in all
materials regardless harvest maturities, and ketones in late harvested fruit (Table 1 and
Table S1, and Figure S1). Nevertheless, the concentrations of these compounds were trace,
and contributed very little to tomato flavor quality (Figure S1).

Figure 3. Effect of postharvest temperature treatments on the concentration of flavor compounds
(mg L−1) in ripe tomatoes harvested at six maturities: (A) red, (B) light red, (C) pink, (D) turning, (E)
breaker, and (F) mature green. Each value is the mean of five replicates of three fruits each. Vertical
bars represent the standard deviation of the means. The effect of “maturity × treatment” interaction
was tested by two-way ANOVA (p < 0.05). Different letters on the top of columns represent significant
differences between maturity × treatments combined using the Duncan’s multiple range test based
on the interaction (p < 0.05).

3.2.2. Blanching Treatment

Similar to refrigeration, the blanching-treated samples also showed a relative decrease
in volatile compounds compared to the control group, although they reduced the volatile
concentration through different mechanisms. Refrigeration (chilling) reduced the volatile
concentration by slowing and disturbing plant physiological processes, but blanching (heat-
ing) reduced volatile concentration mainly by enhanced volatile evaporation/partitioning
to the air [18]. The concentration of volatile compounds in blanching-treated tomatoes de-
creased by 35.4% on average for all harvest maturities (Table 1 and Table S1, and Figure S1).
Loss of total volatile compounds was the lowest when the fruits were harvested at the
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turning stage (Figure 3D), and total volatiles decreased when fruits were harvested at
mature/ripe when compared to the turning stage; fruits harvested at mature green lost the
most volatiles, 48.00% (Table 1 and Figure 3F). Most of the aldehydes and ketones were
reduced by blanching treatment, and some of them, such as cis-3-hexenal, hexanal, trans-2-
hexenal, and geranyl acetone, were reduced by approximately 50% (Table 1 and Table S1).
This means that even 1 min of blanching, which raised the core temperature of the fruit by
about 1 ◦C on average in this experiment, caused substantial loss of these compounds from
surface tissues. However, hydrocarbons, alcohols, and other compounds did not decrease,
and some of them even increased (Figure S1B,C,F,G). The high loss ratios of aldehydes and
ketones, partially due to low Henry’s law coefficients for these compounds, means that
they tend to escape from tissue/solution [32]. This could explain a loss of “freshness” when
tomatoes are cooked. A longer cooking time and higher temperature showed significant
changes in volatiles, including aldehydes [33].

3.2.3. Comparison of Volatile Profiles between Chilling and Heating Treated Tomatoes

To compare the volatile profiles of chilling and heating treated tomatoes, a PCA
analysis was conducted for all samples harvested at various maturity stages based on all
volatile compounds. Generally, heat treatment overlapped with the non-treated control at
each harvest maturity, but showed differences to chilling treatment (Figure 4). There were
fewer differences in samples harvested at turning and breaker stages, but more for samples
harvested at earlier or later maturity (Figure 4). An additional PCA was performed
based on 13 selected volatiles (Table 1, marked with #) which are key tomato flavor
contributors [11,27–29] and represented volatiles from four major pathways: the amino acid
pathway, the fatty acid pathway, the phenylalanine pathway, and the carotenoid pathway
(Figure S2). Vector loadings showed that high levels of cis-3-hexenal, trans-2-hexenal,
hexanal, 1-penten-3-one, and geranyl acetone, abundant acetaldehydes and ketones, were
generally associated with the non-treated control. Only one or two compounds, such as
2-methylbutanol, were frequently associated with chilling treatment. All other compounds
were often associated with heating and/or the non-treated control (Figure S2).

Figure 4. Principal component analysis (PCA) results based on all volatile compounds in “Tasti-Lee”
tomatoes with different temperature treatments at six harvest maturities: (A) red, (B) light red,
(C) pink, (D) turning, (E) breaker, and (F) mature green. Abbreviations represent combinations of
harvest maturity (R—red; L—light red; P—pink; T—turning; B—breaker; and M—mature green) and
temperature treatment (h—heating; c—chilling; n—non-treated control).
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3.3. Response of the Flavor Synthesis Pathways to Refrigeration or Blanching Treatments
3.3.1. Fatty Acid Pathway

The formation of tomato volatile compounds can be categorized into four pathways,
including the amino acid pathway, the fatty acid pathway, the phenylalanine pathway, and
the carotenoid pathway [5]. Chemicals derived from the fatty acid pathway dominated
the volatile compounds regardless of harvest maturity and temperature treatment (Table 1
and Figure S3). The concentrations of fatty acid derivatives substantially decreased after
chilling treatment in fruit harvested at all maturities, except at the turning stage in which
chilling only caused a small change (Figure 5A). The concentration of three typical C6
aldehydes, cis-3-hexenal, hexanal, and trans-2-hexenal, decreased on average by 50.05%,
38.27%, and 53.65%, respectively, due to chilling treatment (Table 1). At the same time,
the concentrations of cis-3-hexenal, hexanal, and trans-2-hexenal in the blanching-treated
tomatoes were reduced as well, although by much less in comparison with the chilling
treatment (Table 1). Bai et al. [18] reported that in the oxylipin pathway, chilling treatment
reduced the above three C6 aldehydes largely due to the downregulation of the gene
expression of Tomlox C and HPL, and the activity of hydroperoxide lyase (HPL). HPL is a
key enzyme in the fatty acid synthesis pathway and it is easily affected by temperature [34].

Figure 5. Effects of treatment combinations of harvest maturity and temperature on volatile concen-
tration in tomatoes for aroma volatiles according to their synthesis pathway: (A) fatty acid pathway,
(B) amino acid pathway, (C) carotenoid pathway, and (D) phenylalanine pathway. Each value is the
mean of five replicates. Vertical bars represent standard deviation of the mean. Effect of “maturity
× treatment” interaction was tested by two-way ANOVA (p < 0.05). Different letters on the top of
columns represent significantly differences between treatments using the Duncan’s multiple range
test based on the interaction (p < 0.05).

3.3.2. Amino Acid Pathway

In tomato fruits, it has been speculated that amino acid derivatives are catalyzed
by branched chain aminotransferases (BCATs) to remove amino groups from amino
acids [5]. Subsequently, corresponding alcohols are formed after decarboxylation and

100



Foods 2021, 10, 1727

reduction [35,36]. Isoleucine was a precursor of 2-methylbutanal, while 3-methylbutanol
was derived from leucine [5].

Chilling treatment significantly reduced the concentrations of volatile compounds
from the amino acid synthesis pathway in most harvest maturities: 11.00%, 43.38%,
48.75%, and 49.58% at mature green, breaker, turning, and red stages, respectively (Table 1,
Figure 5B). However, fruit amino acid pathway volatiles, when harvested at the pink stage,
were not affected by chilling treatment, and fruit harvested at the light red stage, in contrast,
showed amino acid pathway volatiles that increased due to chilling treatment (Table 1,
Figure 5B). The result was consistent with the work of Renard et al. [37], which proved that
the production of amino acid derivatives decreased after chilling treatment. The reason for
chilling-induced increase of amino acid derivatives at the light red stage was not clear.

With high expression of BCATs, there were also high yields of branched volatiles in
banana fruits [38], indicating that the reduction of volatile compounds by chilling treatment
in this study might be attributed to the decrease of BCATs enzyme activity.

In contrast to chilling treatment, blanching enhanced volatiles from the amino acid path-
way (Table 1, Figure 5B). Blanching greatly increased the concentrations of 2-methylbutanal,
3-methylbutanal, 3-methylbutanol, 2-methylbutanol, and 2-isobutylthiazole (Table 1). The
concentrations of amino acid pathway volatiles with blanching treatment were increased by
31.55%, 13.03%, 17.50%, 26.91%, 37.86%, and 69.49% at the mature green, breaker, turning,
pink, light red, and red stages, respectively (Table 1).

3.3.3. Carotenoid Pathway

In this study, three carotenoid derivatives were detected: neral, 6-methyl-5-hepten-
2-one, and geranyl acetone. Among these, the concentration of neral was very low. The
amount of two important carotenoid derivatives, 6-methyl-5-hepten-2-one and geranyl
acetone, decreased after blanching (Table 1). However, the concentration of 6-methyl-5-
hepten-2-one increased after chilling treatment except for fruit harvested at the mature
green stage (Table 1), contrary to Klee’s result [36]. On the other hand, the reason for
this result may be due to genetic differences between different varieties of tomatoes—
both chilling and blanching reduced geranyl acetone concentration (Table 1). Simkin
et al. [39] reported that the carotenoid derivatives in tomatoes were associated with genes
potentially encoding carotenoid cleavage dioxygenases, LeCCD1A and LeCCD1B. Our
results also showed that the carotenoid derivatives were reduced more by chilling or
blanching treatment when harvested at early stages (Table 1, Figure 5C).

3.3.4. Phenylalanine Pathway

Two phenylalanine-derived volatiles (methyl salicylate and 2-phenylacetaldehyde)
have been detected in this study (Table 1). In this study, no significant changes of methyl
salicylate were found, and this might be due to the minimal concentration detected (Table 1).
2-phenylacetaldehyde is reported to be regulated by aromatic amino acid decarboxylases
(AADCs), encoded by LeAADC1A, LeAADC1B, and LeAADC2 [40]. Previously, Zou
et al. [41] found that the expression of LeAADC1A and LeAADC1B was downregulated
during storage at 4 ◦C. In agreement with Wang et al. [25], the present study also found
decreased concentrations of 2-phenylacetaldehyde in chilling injured tomatoes picked at
the mature green stage (Table 1, Figure 5D). Intriguingly, here tomato picked at the red and
light red stages contained more 2-phenylacetaldehyde when chilling was administered
compared to controls, while no significant changes were found in the tomato picked at the
breaker or turning stages (Table 1, Figure 5D).

3.4. Active Odorants

Based on quantitation, the calculation of odor activity values (OAVs) enables a more
reliable evaluation of important odorants in foods [42]. Volatile compounds are considered
to contribute to the overall flavor of the tomato when their concentration is greater than
detection thresholds [43]. As shown in Table 2, a total of 19 aroma compounds, with
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their OAVs > 1, were selected. cis-3-Hexenal was the most active compound, which
presented “green”, “leafy” notes (Table 2). As shown in the Figure 6, tomatoes mainly
emitted the aroma of “green” and “leafy”, confirming that the fatty acid pathway was the
important biosynthesis pathway of aroma for “Tasti-Lee” tomatoes. Tomatoes harvested at
the mature green stage displayed the strongest “green” and “leafy” notes, as is consistent
with many tomato flavor research reports [5,8]. 2-Methylbutanal and 3-methylbutanal
were also major contributors to the aroma, which are the derivatives of amino acids and
were described as “malt” notes (Table 2) [36]. The aroma of “malt” plays an important
part in tomato flavor (Figure 6) [36]. After chilling or blanching treatment, the flavor of
tomatoes generally decreased depending on harvest maturity and temperature treatment
combinations (Figure 6). Fruit harvested at the turning stage had the second most abundant
volatiles after ripening, only less than that in the mature green harvested fruit, and had very
limited odor-active volatile loss after chilling and blanching treatments (Table 2, Figure 6).

Figure 6. Effects of different treatment combinations of harvest maturity and temperature on aromatic
volatiles by reported flavor sensory property (see Table 2). Abbreviations represent combinations of
harvest maturity (R—red; L—light red; P—pink; T—turning; B—breaker; and M—mature green) and
temperature treatment (h—heating; c—chilling; n—non-treated control).
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4. Conclusions

The concentration of volatile compounds and OAVs decreased along with advanced
maturity in ripened “Tasti-Lee” tomatoes harvested after the turning or later harvest
stages. The phenomenon contradicts the traditional understanding that the closer to full
ripe at harvest, the better the fruit flavor quality and generally the more abundant the
volatile concentrations. Both refrigeration and blanching applied when fruit reached
full ripeness (red stage), an approach often used by consumers, substantially reduced
the fatty acid derivatives, the dominant volatiles, and the total volatiles, and chilling
resulted in greater suppression than blanching. However, the volatiles derived from the
amino acid, carotenoid, and phenylalanine pathways showed variable changes related to
harvest maturities and chilling/heating treatments. The responses of fruit to refrigeration
were based on relatively long-term (4 days) physiological mechanisms and CI, however,
responses to blanching were immediate and primarily from the evaporation/partition of
the compounds with low Henry’s law coefficient to the atmosphere, such as aldehydes
and ketones. Fruit harvested at the turning stage had the highest tolerance to chilling
and blanching treatments. This evidence provided in this study offers valuable insight
into optimum harvest maturity. Mature green fruit were not able to develop maximum
flavor quality based on aroma volatiles. Despite mature green fruit have the most volatile
concentration, most of it was “leafy” and “green” cis-3-hexenal. On the other hand, the
turning stage, the more advanced maturity, not only developed the best flavor quality
(based on volatile profiles), but was also firm enough to resist compression and tough
enough to tolerate environmental stress. The assumption that “vine-ripe fruit has the best
quality” may mislead growers and consumers, because it is not only fragile to postharvest
handling, but also does not have the best flavor quality. Post-ripening refrigeration and
blanching both substantially suppress tomato flavor quality at the expense of extending
holding time, removing skin and providing sanitation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10081727/s1, Figure S1: Effects of treatment combinations of harvest maturity and
temperature on volatile concentration in tomatoes by chemical class: (A) aldehydes, (B) hydrocarbons,
(C) alcohols, (D) ketones, (E) oxygen-containing heterocyclic compounds, (F) esters, (G) sulfur- and
nitrogen-containing heterocyclic compounds, and (H) sulfur compounds. Each value is the mean of
five replicates. Vertical bars represent standard deviation of the mean. The effect of the “maturity
× treatment” interaction was tested by two-way ANOVA (p < 0.05). Different letters on the top of
columns represent significantly differences between treatments using the Duncan’s multiple range
test (p < 0.05). Figure S2: Principal component analysis (PCA) results based on the 13 key volatile
substances in “Tasti-Lee” tomatoes with different temperature treatments by six harvest maturities:
(A) red, (B) light red, (C) pink, (D) turning, (E) breaker, and (F) mature green. Abbreviations represent
combinations of harvest maturity (R—red; L—light red; P—pink; T—turning; B—breaker; and
M—mature green) and temperature treatment (h—heating; c—chilling; n—non-treated control).
Figure S3: Total volatile concentrations of all treatment combinations of harvest maturity and
temperature treatment of tomatoes by synthesis pathways. Abbreviations represent combinations
of harvest maturity (R—red; L—light red; P—pink; T—turning; B—breaker; and M—mature green)
and temperature treatment (h—heating; c—chilling; n—non-treated control). Table S1: Relative
concentration (%) of each chemical class determined in tomatoes harvested at six maturity stages and
treated by refrigeration (chilling, c), blanching (heating, h), or non-treated control.

Author Contributions: Conceptualization, J.L. and J.B.; methodology, J.B.; software, Y.X.; validation,
Q.L. and J.Y.; formal analysis, J.B.; investigation, J.L. and J.Y.; resources, E.R., J.C.H., and J.B.; data
curation: J.L. and Y.X.; writing—original draft preparation, J.L. and Y.X.; writing—review and editing,
E.B., A.P., E.R., J.Z., and J.B.; visualization, Y.X.; supervision, J.L. and J.B.; project administration, J.L.
and J.B.; funding acquisition, J.L. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(31772038).

104



Foods 2021, 10, 1727

Data Availability Statement: The data presented in this study are available in article and Supple-
mentary Materials.

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

References

1. Davis, W.; Lucier, G. Vegetable and Pulses Outlook: April 2021; VGS-366; United States Dpartment of Agriculture, Economic
Research Service: Washington, DC, USA, 2021. Available online: https://www.ers.usda.gov/webdocs/outlooks/100969/vgs-36
6.pdf?v=6983.5 (accessed on 2 June 2021).

2. Salehi, B.; Sharifi-Rad, R.; Sharopov, F.; Namiesnik, J.; Roointan, A.; Kamle, M.; Kumar, P.; Martins, N.; Sharifi-Rad, J. Beneficial
effects and potential risks of tomato consumption for human health: An overview. Nutrition 2019, 62, 201–208. [CrossRef]
[PubMed]

3. Buttery, R. Quantitative and sensory aspects of flavor of tomato and other vegertables and fruits. In Flavor Science: Sensible
Principles and Techniques; American Chemical Society: Washington, DC, USA, 1993; pp. 259–286.

4. Rambla, J.L.; Tikunov, Y.M.; Monforte, A.J.; Bovy, A.G.; Granell, A. The expanded tomato fruit volatile landscape. J. Exp. Bot.
2014, 65, 4613–4623. [CrossRef]

5. Wang, L.; Baldwin, E.A.; Bai, J. Recent Advance in Aromatic Volatile Research in Tomato Fruit: The Metabolisms and Regulations.
Food Bioprocess Technol. 2015, 9, 203–216. [CrossRef]

6. Sanz, C.; Olias, J.M.; Perez, A. Aroma biochemistry of fruits and vegetables. In Proceedings-Phytochemical Society of Europe;
oxford University Press Inc.: New York, NY, USA, 1996; pp. 125–156.

7. Tieman, D.; Zhu, G.; Resende, M.F.; Lin, T.; Nguyen, C.; Bies, D.; Rambla, J.L.; Beltran, K.S.O.; Taylor, M.; Zhang, B. A chemical
genetic roadmap to improved tomato flavor. Science 2017, 355, 391–394. [CrossRef]

8. Baldwin, E.; Plotto, A.; Narciso, J.; Bai, J. Effect of 1-methylcyclopropene on tomato flavour components, shelf life and decay as
influenced by harvest maturity and storage temperature. J. Sci. Food Agric. 2011, 91, 969–980. [CrossRef] [PubMed]

9. Spricigo, P.C.; Freitas, T.P.; Purgatto, E.; Ferreira, M.D.; Correa, D.S.; Bai, J.; Brecht, J.K. Visually imperceptible mechanical damage
of harvested tomatoes changes ethylene production, color, enzyme activity, and volatile compounds profile. Postharvest Biol.
Technol. 2021, 176, 111503. [CrossRef]

10. Baldwin, E.; Nisperos-Carriedo, M.; Moshonas, M. Quantitative analysis of flavor and other volatiles and for certain constituents
of two tomato cultivars during ripening. J. Am. Soc. Hortic. Sci. 1991, 116, 265–269. [CrossRef]

11. Klee, H.J.; Giovannoni, J.J. Genetics and Control of Tomato Fruit Ripening and Quality Attributes. Annu. Rev. Genet. 2011, 45,
41–59. [CrossRef] [PubMed]

12. Algazi, M. Effect of fruit ripeness when picked on flavor and composition in fresh market tomatoes. J. Am. Soc. Hort. Sci. 1977,
102, 724–731.

13. Xu, S.; Li, J.; Baldwin, E.A.; Plotto, A.; Rosskopf, E.; Hong, J.C.; Bai, J. Electronic tongue discrimination of four tomato cultivars
harvested at six maturities and exposed to blanching and refrigeration treatments. Postharvest Biol. Technol. 2018, 136, 42–49.
[CrossRef]

14. ScoTT, J. Interrelationship of sensory descriptors and chemical composition as affected by harvest maturity and season on fresh
tomato flavor. Proc. Fla. Stat,g Hort, . Soc. I 2000, 13, 289–294.

15. Baldwin, E.A.; Scott, J.W.; Bai, J. Sensory and chemical flavor analyses of tomato genotypes grown in Florida during three
different growing seasons in multiple years. J. Am. Soc. Hortic. Sci. 2015, 140, 490–503. [CrossRef]

16. Loayza, F.E.; Brecht, J.K.; Simonne, A.H.; Plotto, A.; Baldwin, E.A.; Bai, J.; Lon-Kan, E. A brief hot-water treatment alleviates
chilling injury symptoms in fresh tomatoes. J. Sci. Food Agric. 2021, 101, 54–64. [CrossRef]

17. Wang, L.; Baldwin, E.A.; Zhao, W.; Plotto, A.; Sun, X.; Wang, Z.; Brecht, J.K.; Bai, J.; Yu, Z. Suppression of volatile production in
tomato fruit exposed to chilling temperature and alleviation of chilling injury by a pre-chilling heat treatment. LWT Food Sci.
Technol. 2015, 62, 115–121. [CrossRef]

18. Bai, J.; Baldwin, E.A.; Imahori, Y.; Kostenyuk, I.; Burns, J.; Brecht, J.K. Chilling and heating may regulate C6 volatile aroma
production by different mechanisms in tomato (Solanum lycopersicum) fruit. Postharvest Biol. Technol. 2011, 60, 111–120. [CrossRef]

19. Castro, S.M.; Saraiva, J.A.; Lopes-da-Silva, J.A.; Delgadillo, I.; Van Loey, A.; Smout, C.; Hendrickx, M. Effect of thermal blanching
and of high pressure treatments on sweet green and red bell pepper fruits (Capsicum annuum L.). Food Chem. 2008, 107, 1436–1449.
[CrossRef]

20. Maxin, P.; Weber, R.; Lindhard Pedersen, H.; Williams, M. Hot-water dipping of apples to control Penicillium expansum,
Neonectria galligena and Botrytis cinerea: Effects of temperature on spore germination and fruit rots. Eur. J. Hortic. Sci. 2012, 77,
1.

21. Spadoni, A.; Guidarelli, M.; Phillips, J.; Mari, M.; Wisniewski, M. Transcriptional profiling of apple fruit in response to heat
treatment: Involvement of a defense response during Penicillium expansum infection. Postharvest Biol. Technol. 2015, 101, 37–48.
[CrossRef]

22. Bai, J.; Baldwin, E.A.; Fortuny, R.C.S.; Mattheis, J.P.; Stanley, R.; Perera, C.; Brecht, J.K. Effect of Pretreatment of IntactGala’Apple
with Ethanol Vapor, Heat, or 1-Methylcyclopropene on Quality and Shelf Life of Fresh-cut Slices. J. Am. Soc. Hortic. Sci. 2004, 129,
583–593. [CrossRef]

23. Lurie, S. Postharvest heat treatments. Postharvest Biol. Technol. 1998, 14, 257–269. [CrossRef]

105



Foods 2021, 10, 1727

24. Buttery, R.G.; Teranishi, R.; Ling, L.C.; Flath, R.A.; Stern, D.J. Quantitative studies on origins of fresh tomato aroma volatiles. J.
Agric. Food Chem. 1988, 36, 1247–1250. [CrossRef]

25. Wang, L.; Baldwin, E.A.; Plotto, A.; Luo, W.; Raithore, S.; Yu, Z.; Bai, J. Effect of methyl salicylate and methyl jasmonate
pre-treatment on the volatile profile in tomato fruit subjected to chilling temperature. Postharvest Biol. Technol. 2015, 108, 28–38.
[CrossRef]

26. Du, X.; Song, M.; Baldwin, E.; Rouseff, R. Identification of sulphur volatiles and GC-olfactometry aroma profiling in two fresh
tomato cultivars. Food Chem. 2015, 171, 306–314. [CrossRef] [PubMed]

27. Petro-Turza, M. Flavor of tomato and tomato products. Food Rev. Int. 1986, 2, 309–351. [CrossRef]
28. Baldwin, E.A.; Scott, J.W.; Shewmaker, C.K.; Schuch, W. Flavor trivia and tomato aroma: Biochemistry and possible mechanisms

for control of important aroma components. HortScience 2000, 35, 1013–1022. [CrossRef]
29. Beaulieu, J.C.; Grimm, C.C. Identification of volatile compounds in cantaloupe at various developmental stages using solid phase

microextraction. J. Agric. Food Chem. 2001, 49, 1345–1352. [CrossRef] [PubMed]
30. Thorne, S.; Alvarez, J.S.S. The effect of irregular storage temperatures on firmness and surface colour in tomatoes. J. Sci. Food

Agric. 1982, 33, 671–676. [CrossRef]
31. Schrader, L.E. Scientific basis of a unique formulation for reducing sunburn of fruits. HortScience 2011, 46, 6–11. [CrossRef]
32. Bai, J.; Hagenmaier, R.D.; Baldwin, E.A. Volatile response of four apple varieties with different coatings during marketing at

room temperature. J. Agric. Food Chem. 2002, 50, 7660–7668. [CrossRef] [PubMed]
33. Buttery, R.G.; Teranishi, R.; Ling, L.C.; Turnbaugh, J.G. Quantitative and sensory studies on tomato paste volatiles. J. Agric. Food

Chem. 1990, 38, 336–340. [CrossRef]
34. Canoles, M.; Soto, M.; Beaudry, R. Hydroperoxide lyase activity necessary for normal aroma volatile biosynthesis of tomato fruit,

impacting sensory perception and preference. HortScience 2005, 40, 1130E–1131E. [CrossRef]
35. Mathieu, S.; Cin, V.D.; Fei, Z.; Li, H.; Bliss, P.; Taylor, M.G.; Klee, H.J.; Tieman, D.M. Flavour compounds in tomato fruits:

Identification of loci and potential pathways affecting volatile composition. J. Exp. Bot. 2009, 60, 325–337. [CrossRef] [PubMed]
36. Klee, H.J. Improving the flavor of fresh fruits: Genomics, biochemistry, and biotechnology. New Phytol. 2010, 187, 44–56.

[CrossRef]
37. Renard, C.M.; Ginies, C.; Gouble, B.; Bureau, S.; Causse, M. Home conservation strategies for tomato (Solanum lycopersicum):

Storage temperature vs. duration–Is there a compromise for better aroma preservation? Food Chem. 2013, 139, 825–836. [CrossRef]
38. Yang, X.; Song, J.; Fillmore, S.; Pang, X.; Zhang, Z. Effect of high temperature on color, chlorophyll fluorescence and volatile

biosynthesis in green-ripe banana fruit. Postharvest Biol. Technol. 2011, 62, 246–257. [CrossRef]
39. Simkin, A.J.; Schwartz, S.H.; Auldridge, M.; Taylor, M.G.; Klee, H.J. The tomato carotenoid cleavage dioxygenase 1 genes

contribute to the formation of the flavor volatiles β-ionone, pseudoionone, and geranylacetone. Plant J. 2004, 40, 882–892.
[CrossRef] [PubMed]

40. Tieman, D.; Taylor, M.; Schauer, N.; Fernie, A.R.; Hanson, A.D.; Klee, H.J. Tomato aromatic amino acid decarboxylases participate
in synthesis of the flavor volatiles 2-phenylethanol and 2-phenylacetaldehyde. Proc. Natl. Acad. Sci. USA 2006, 103, 8287–8292.
[CrossRef]

41. Zou, J.; Chen, J.; Tang, N.; Gao, Y.; Hong, M.; Wei, W.; Cao, H.; Jian, W.; Li, N.; Deng, W. Transcriptome analysis of aroma volatile
metabolism change in tomato (Solanum lycopersicum) fruit under different storage temperatures and 1-MCP treatment. Postharvest
Biol. Technol. 2018, 135, 57–67. [CrossRef]

42. Grosch, W. Evaluation of the key odorants of foods by dilution experiments, aroma models and omission. Chem. Senses 2001, 26,
533–545. [CrossRef]

43. Genovese, A.; Lamorte, S.A.; Gambuti, A.; Moio, L. Aroma of Aglianico and Uva di Troia grapes by aromatic series. Food Res. Int.
2013, 53, 15–23. [CrossRef]

44. Acree, T.; Heinrich, A. Flavornet and Human Odor Space, Gas Chromatography-Olfactometry (GCO) of Natural Prod-
ucts. Accessed at the website. Cornell University. 2004. Available online: http://www.flavornet.org/flavornet.html
(accessed on 14 April 2021).

45. Van Gemert, L. Odour Thresholds-Compilations of Odour Thresholds in Air, Water and Other Media; Oliemans Punter & Partners BV:
Utrecht, The Netherlands, 2003.

106



foods

Article

Low Oxygen Storage Improves Tomato Postharvest Cold
Tolerance, Especially for Tomatoes Cultivated with Far-Red
LED Light

Fahrizal Yusuf Affandi 1,2,*, Jan A. Verschoor 3, Maxence J. M. Paillart 3, Julian C. Verdonk 1,

Ernst J. Woltering 1,3 and Rob E. Schouten 1

Citation: Affandi, F.Y.;

Verschoor, J.A.; Paillart, M.J.M.;

Verdonk, J.C.; Woltering, E.J.;

Schouten, R.E. Low Oxygen Storage

Improves Tomato Postharvest Cold

Tolerance, Especially for Tomatoes

Cultivated with Far-Red LED Light.

Foods 2021, 10, 1699. https://doi.org/

10.3390/foods10081699

Academic Editors: Eleni Tsantili and

Jinhe Bai

Received: 14 June 2021

Accepted: 13 July 2021

Published: 22 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Horticulture and Product Physiology, Wageningen University and Research, P.O. Box 16,
6700 AA Wageningen, The Netherlands; julian.verdonk@wur.nl (J.C.V.); ernst.woltering@wur.nl (E.J.W.);
Rob.schouten@wur.nl (R.E.S.)

2 Bioresource Technology and Veterinary Department, Vocational College, Universitas Gadjah Mada,
Yogyakarta 55281, Indonesia

3 Food & Biobased Research, Wageningen University and Research, P.O. Box 17, 6700 AA Wageningen,
The Netherlands; jan.verschoor@wur.nl (J.A.V.); maxence.paillart@wur.nl (M.J.M.P.)

* Correspondence: fahrizal.affandi@wur.nl

Abstract: We investigated the effects of low oxygen storage on chilling injury development, colour
development, respiration and H2O2 levels of ‘Merlice’ tomatoes cultivated with and without far red
(FR) LED lighting during 20 days of shelf-life. Mature green (MG) and red (R) tomatoes were stored at
2 ◦C in combination with 0.5, 2.5, 5 and 21 kPa O2 for 15 days (experiment 1). MG tomatoes cultivated
under either white LED or white LED light with FR LED light were stored at 2 ◦C in combination
with 1, 5 and 21 O2 kPa for 14 days (experiment 2). Chilled MG and R tomatoes from experiment 1
showed decay, firmness loss and higher weight loss during shelf-life which were reduced under low
oxygen conditions. FR during cultivation improved chilling tolerance of MG tomatoes. Fastest colour
development and lowest respiration rate during shelf-life were observed for MG fruit cultivated
with FR lighting prior to storage at 1 kPa O2/0 kPa CO2. H2O2 levels during the shelf-life were
not affected during cold storage. The improved cold tolerance of MG tomatoes cultivated with FR
lighting is likely due to lower oxygen uptake that led to both higher lycopene synthesis and less
softening.

Keywords: chilling injury; controlled atmosphere; far-red

1. Introduction

Tomato (Solanum lycopersicum) is a chilling sensitive fruit that will develop a disorder
called chilling injury (CI) when exposed to low, but above freezing temperatures [1].
Chilling stress disrupts metabolic processes and causes alterations in membrane fluidity,
followed by an increase in reactive oxygen species (ROS) production. In addition, low
enzymatic activity causes reduced ROS scavenging, which promotes development of CI
symptoms [2–4]. CI symptoms in tomatoes include surface pitting, interrupted pigment
(lycopene) synthesis, rapid softening, loss of aroma and production of off-flavours, as well
as increased susceptibility to fungal infection [5,6]. CI symptoms usually become visible
during a shelf-life period after fruits have been exposure to chilling temperatures [5–7].

Controlled atmosphere (CA) storage and Modified Atmosphere Packaging (MAP) have
been shown to reduce CI in mango, Japanese plum, guava, avocado and persimmon [8–13].
Low oxygen reduces respiration rate, and in addition, it may decrease ethylene production
and ethylene sensitivity. CA storage downregulated the expression of ACC-synthase
and ACC-oxidase genes, responsible for ethylene synthesis [14]. It may also limit ROS
production, which could alleviate chilling injury symptoms [10,15,16]. CA storage induced
activation of antioxidant scavenger enzymes such as catalase (CAT), superoxide dismutase
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(SOD), ascorbate peroxidase (APX) and glutathione reductase (GR) in Japanese plum, apple
and litchi [10,17,18], reducing ROS, often represented by lower hydrogen peroxide (H2O2)
levels. H2O2 is both a toxic metabolite and signaling molecule [19,20]. Storage under
CA slowed down the activities of cell wall degrading enzymes involved in lignification
and softening [21,22]. In addition, low oxygen storage stabilised group VII of ethylene
response factors (ERFVIIs) and transported these to the nucleus which induced expression
of hypoxia-responsive genes. Hypoxia-responsive genes encode enzymes involved in
sucrose catabolism (β-amylase, sucrose synthase and phosphofructokinase), fermentative
metabolism (pyruvate decarboxylase, lactate dehydrogenase and alcohol dehydrogenase)
and ROS scavenging (SOD, APX and CAT) [23–25].

The severity of CI symptoms depends on the ripening stage of the fruits; mature green
(MG) tomatoes are more sensitive to CI than red (R) tomatoes [2]. Comparing the responses
of R and MG fruit to chilling stress is expected to provide insights into the mechanism of
how low oxygen alleviates CI in sensitive tomatoes [26–28]. We showed that addition of
far-red (FR) lighting during cultivation alleviated CI in tomato. In MG fruit, additional
FR lighting reduced weight loss, pitting and enhanced red colour development during
shelf-life after prior cold storage. R fruit cultivated with additional far-red light were firmer
at harvest and demonstrated reduced weight loss and less decay during shelf-life after prior
cold storage [29]. In the current study we investigated the effect of varying low oxygen
levels on CI occurrence in mature green (MG) and red (R) tomatoes during postharvest
storage. In addition, we investigated the effect of FR lighting during cultivation on CI
tolerance after prior low oxygen storage.

2. Materials and Methods

We carried out two experiments. In experiment 1, mature green (MG) and red (R)
tomatoes were stored for 15 days at 2 ◦C either under regular atmosphere (21 kPa O2,
RA) or under 0.5, 2.5 and 5 kPa O2, followed by a shelf-life period of 15 days at 20 ◦C.
In experiment 2, MG tomatoes cultivated with or without FR were harvested and stored
either under RA or under 1 and 5 kPa O2 followed by a shelf-life period of 15–20 days
at 20 ◦C. In both experiments, decay index, colour and firmness, respiration rate and
hydrogen peroxide (H2O2) level were determined at harvest, during cold storage and
during subsequent shelf-life.

2.1. Plant Material and Growth Conditions

For the first experiment, mature green (MG) and red (R) ‘Merlice’ tomatoes were
harvested from a commercial greenhouse in Bleiswijk, the Netherlands in November
2016. The colour stage of the fruit was assessed using the NAI index (see Section 2.5).
MG tomatoes were defined as tomatoes with a NAI value between −0.77 and −0.6 at
harvest. R tomatoes were defined as having NAI values between 0.25 and 0.55 at harvest.
For the second experiment, MG ‘Merlice’ tomatoes were harvested from a greenhouse at
Wageningen University in May 2019 of plants grown under white LED lighting (WL) or
WL with 8.3 μmol m−2 s−1 FR lighting, with a peak at 730 nm. For the FR treatment, 6% of
the photons in the red region were replaced with FR. This resulted in 13 μmol m−2 s−1 FR
in the FR treatment and hence this treatment was called WL + 13FR and the photon flux
density was kept constant at 215 μmol m−2 s−1. The greenhouse compartment was divided
into four plots. The light intensity was 215 μmol m−2 s−1 at the top of the canopy. In this
experiment, VYPRx PLUS modules (Fluence, TX, USA) were used as top lighting. For each
of the plots there were six modules installed. Overhead lamps were switched on 16 h before
sunset and switched off at sunset. Additionally, LED lighting was automatically switched
off when the incoming sunlight exceeded 300 μmol m−2 s−1. The spectral composition
of the light treatments is shown in Figure S1. Light treatments were separated by double
sided, non-transparent, white reflective plastic sheets. At harvest, uniform MG fruits were
selected with a NAI value between −0.77 and −0.6. Further greenhouse management
(fertigation, pollination) was conducted according to standard commercial practice.
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2.2. Experimental Setup

In experiment 1, MG and R tomatoes were randomly assigned into five tomatoes
per maturity per CA treatment at harvest, at the end of CA storage for 15 days at 2 ◦C
and during subsequent shelf-life at 5, 10 and 15 days. This amounts to 125 MG and 125 R
tomatoes. At harvest, colour and firmness was measured for all tomatoes. At each sampling
point, colour, firmness and CI indices measurements were carried out. In experiment 2, the
effect of far red illumination at harvest was characterised by randomly selecting 40 MG
tomatoes per light treatment. Eight tomatoes per light treatment per CA treatment were
assigned as a replicate of four tomatoes for repeated non-destructive measurement at
harvest, after 7 and 14 days of CA storage, and after 4, 7, 10, 14 and 21 days of subsequent
shelf-life. Prior to sampling during at 7 days CA storage, the CA was stop and tomatoes
were taken out to be analysed. Eight randomly assigned tomatoes per light treatment and
per CA treatment were taken for destructive analysis at 7 and 14 days of CA storage and
after 7, 14 and 21 days of shelf-life. In total 240 FR and 240 non-FR cultivated MG tomatoes
were selected for this experiment.

Tomatoes were individually marked on three positions on the equator for repeated
colour and firmness measurements during shelf-life. In addition, fresh weight and three
chilling indices were assessed approximately every 3 days during shelf-life. Individual
fruits, assigned for destructive measurements, were cut into small pieces and quickly
frozen in liquid nitrogen and later ground into a fine powder for H2O2 measurements.

2.3. CA Storage Conditions

Tomatoes were stored at 2 ◦C and 95% relative humidity (RH) under low oxygen con-
ditions followed by subsequent shelf-life at 20 ◦C in darkness. Desired oxygen conditions
were achieved by flushing humidified gas mixtures at a flow rate of 500 mL min−1 through
70 L stainless steel containers filled with tomatoes with an average weight of 5.15 ± 0.25 kg
per container. In both experiments, tomatoes stored at RA and 2 ◦C served as low oxygen
control whereas tomatoes stored at 12 ◦C and 95% RH under RA served as temperature
control. All control treatment were carried out in identical containers and flow rate with
the low oxygen treatments.

In experiment 1, MG and R tomatoes were subjected to low oxygen conditions of
0.5 kPa, 2.5 and 5 kPa O2 combined with 0 kPa CO2 (completed with balanced N2) for
15 days. Following cold storage, fruit were transferred to shelf-life conditions at 20 ◦C and
85% RH for 15 days. In experiment 2, MG tomatoes were subjected to low oxygen storage
at 1 and 5 kPa O2 with 0 kPa CO2 (completed with balanced N2). During CA storage,
respiration measurements were conducted. After 14 days of cold storage, tomatoes were
exposed to shelf-life condition at 20 ◦C and 95% RH for 21 days.

2.4. Respiration Measurements

In experiment 2, respiration measurements were carried out according to method previ-
ously described by our group [30]. Analysis was carried out using an Interscience Compact
GC system (Interscience, Breda, NL, USA) equipped with an RT-QBond column for detecting
CO2 at the back channel and a MolSieve 5A coupled with a back pressure column type
RT-QBond for the detection of O2 at the front channel. Helium with a constant pressure of 60
and 80 kPa was used as carrier gas for the back and front channel, respectively. Each column
was connected to a Thermal Conductivity Detector (TCD) set at 110 ◦C. CGCeditor software
(v1.5.5, 2008) was used to control the setting of the CompactGC. GC was continuously
connected to the samples via tubing connected to a VICI valve (model EMTMA-CE). Valve
and CompactGC were coordinated by EZChrom Elite software (v3.32 SP2).

Gas measurement were conducted directly from the container. Before measurement
took place, the flow through the container was stopped to allow accumulation of CO2 and
depletion of O2 and the first GC measurement was carried out. The second measurement was
carried out at the end of the incubation period. The accumulation period was approximately
5 h. The difference in gas partial pressure between the first and second GC measurements was
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converted into consumption and production rates according to ideal gas law methods [31].
The measurement was carried out at day 4, 6, 10 and 12 during CA storage.

2.5. Colour and Firmness Measurement

Colour was assessed non-destructively by a hand-held photodiode array spectropho-
tometer (Pigment Analyzer PA1101, CP, Ibbenbüren, Germany). Remittance was assessed
at 570 (R570) and 780 (R780) nm by calculating the normalised different vegetative index
(NDVI, Equation (1)) and normalised anthocyanin index (NAI, Equation (2)) which are
normalised value between −1 and 1 [32].

NDVI =
R780 − R660

R780 + R660
(1)

NAI =
R780 − R570

R780 + R570
(2)

Firmness was measured non-destructively using a commercial acoustic firmness tester
(AFS, AWETA, Nootdorp, the Netherlands) with the tick power of the plunger set to 15.
The AFS combines the single tomato resonant frequency (f in Hz) and mass (m, in kg),
measured by an inbuild balance, into a FI (firmness index) [33] (Equation (3)).

FI =
f 2m2/3

104 (3)

2.6. Disorder Index and Weight Loss

CI was assessed by three indices, a pitting index and uneven ripening for MG fruit,
and a decay index for R tomatoes according to the previously described method [29]. All
indices were visually assessed with the percentage of the tomato surface assigned to five
classes (0 = no injury, 1 = <10%, 2 = 11–25%, 3 = 26–40%, 4 = >40% affected area). The
average score of pitting and uneven ripening index for MG, and decay index tomatoes
were termed general disorder index. Tomato weight loss over time was expressed as the
percentage weight loss (WL, in %) with W0 the initial weight (in g) and Wt the weight (in g)
according to Equation (4).

WL =
W0 − Wt

W0
×100 (4)

2.7. Hydrogen Peroxide (H2O2) Measurement

H2O2 was quantified via a colorimetric method [34]. Briefly, a 300 mg sample of frozen
and ground tissue per tomato was extracted in a solution containing of 0.75 mL 0.1% (w/v)
trichloroacetic acid (TCA), 0.75 mL 10 mM phosphate buffer (pH 7) and 1.5 mL 1 M KI. The
homogenate was centrifuged (15,000× g, 4 ◦C, 15 min) and the supernatant transferred
to a new tube and allowed to sit at RT for 20 min before obtaining the absorbance at
390 nm using a Varian CARY 4000 spectrophotometer (Agilent, Santa Clara, CA, USA).
Measured absorbances were converted into H2O2 concentrations using a calibration curve
constructed with a commercial H2O2 solution (Sigma Aldrich, St. Louis, MO, USA).

2.8. Statistical Analysis

Data obtained during shelf-life were subjected to mixed ANOVA, applying SPSS ver.21
(SPSS, Chicago, IL, USA) at p < 0.05. Data from the first experiment were analysed by
mixed ANOVA with oxygen level and maturity as between subject factors and days in
storage as within subject factor. For the second experiment, mixed ANOVA was carried out
with oxygen level and FR as between subject factor and days in storage as within subject
factor. Normality of the variables was tested applying the Shapiro-Wilk test. Mauchly’s
test of sphericity was carried out to test whether variances of the differences between all
possible pairs of within-subject conditions were equal. If the sphericity assumption was not
fulfilled, Greenhouse-Geisser’s correction was applied to calculate the degrees of freedom.
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In case of a significant interaction, a pairwise comparison was carried out for each shelf-life
day with LSD (Least Significant Difference) values estimated.

3. Results

3.1. Experiment 1: Effects of Low Oxygen Conditions on CI Indices, Weight- and Firmness Loss

In the first experiment, typical CI symptoms such as pitting, uneven colouring and
decay were observed for both MG and R tomatoes during low oxygen storage and shelf-
life. Storage at 0.5 kPa oxygen resulted in necrosis, fungal infection and rotting and were
therefore omitted from this study. In MG tomatoes there were generally no visible CI
symptoms observed during cold storage, except for tomatoes stored at 5 kPa O2 (Figure 1A).
During the shelf-life, fruit (MG and R), prior stored at 2.5 kPa O2, showed the lowest, and
RA the highest disorder (Figure 1). MG tomatoes from the temperature control (12 ◦C)
also developed some pitting, comparable to the tomatoes stored at 2.5 kPa O2. R tomatoes
stored at 12 ◦C (temperature control) developed the least decay. At 2 ◦C, the R tomatoes
stored at 2.5 kPa showed the least decay while the fruit stored at RA developed the highest
disorder after 20 days of shelf-life which prevented further measurements. On the other
hand, R tomatoes from the temperature control (21 kPa at 12 ◦C) developed the lowest decay
(p < 0.0001). This indicated that the storage at 12 ◦C also resulted in a small amount of CI
symptoms. In general, MG tomatoes developed slower pitting than R tomatoes, indicating
that R tomatoes were surprisingly more sensitive to cold storage than MG tomatoes.
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Figure 1. Chilling injury symptoms as indicated by the disorder index of MG (A) and R (B) tomatoes
during cold storage at 2 or 12 ◦C (blue area) and subsequent shelf-life at 20 ◦C (white area). Blue,
green, red and purple lines and symbols indicate 2.5, 5, 21 kPa O2 (low oxygen control) applied
during storage at 2 ◦C and 21 kPa O2 at 12 ◦C (temperature control), respectively. The average decay
index with indicated standard error is shown for five tomatoes. LSD values (p < 0.05) are indicated
per panel. Disorder in MG fruit was determined by averaging the values of the pitting and uneven
ripening index; disorder in R fruit was determined by the average decay incidence.

Weight loss was higher for MG compared to R tomatoes (Figure 2). Fruit stored at
12 ◦C showed highest weight loss. The lowest weight loss for both MG and R tomatoes
was observed in fruit that had been stored at 2 ◦C and 2.5 kPa O2 (p < 0.005). Fruit stored at
12 ◦C and stored at 2.5 or 5 kPa O2 at 2 ◦C showed less softening compared to fruit stored
at 2 ◦C and 21 kPa O2 (Figure 3).
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Figure 2. Weight loss of MG (A) and R (B) tomatoes during cold storage at 2 or 12 ◦C (blue area)
and subsequent shelf-life at 20 ◦C (white area). Blue, green, red and purple lines and symbols
indicate 2.5, 5, 21 kPa O2 (low oxygen control) applied during storage at 2 ◦C and 21 kPa O2 at 12 ◦C
(temperature control), respectively. The average weight loss with indicated standard error is shown
for five tomatoes. LSD values (p < 0.05) are indicated per panel.
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Figure 3. Firmness index of MG (A) and R (B) tomatoes during cold storage at 2 or 12 ◦C (blue
area) and subsequent shelf-life at 20 ◦C (white area). Blue, green, red and purple lines and symbols
indicate 2.5, 5, 21 kPa O2 (low oxygen control) applied during storage at 2 ◦C and 21 kPa O2 at 12 ◦C
(temperature control), respectively. The average firmness index with indicated standard error is
shown for five tomatoes. LSD values (p < 0.05) are indicated per panel.

3.2. Experiment 1: Effects of Low Oxygen Conditions on Tomato Colour Development

Red colour formation for MG fruit, as indicated by NAI values, was limited for all
fruit that had been stored at 2 ◦C, independent of the oxygen level. Fruit stored at 12 ◦C
showed colouration during subsequent shelf life at 20 ◦C. (Figure 4A). During low oxygen
storage, more chlorophyll breakdown was observed with increasing oxygen levels. In R
tomatoes, all treatments, except for the tomatoes in the temperature control, showed a
reduction in the NAI values during cold storage. During shelf-life, fruit from all treatments
showed increasing NAI values, except for the RA control (Figure 4B).
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Figure 4. Colour as indicated by NDVI (dotted lines) and NAI (full lines) index of MG (A) and R (B)
tomatoes during cold storage at 2 or 12 ◦C (blue area) and subsequent shelf-life at 20 ◦C (white area).
Blue, green, red and purple lines and symbols indicate 2.5, 5, 21 kPa O2 (low oxygen control) applied
during storage at 2 ◦C and 21 kPa O2 at 12 ◦C (temperature control), respectively. The NDVI or NAI
with indicated standard error is shown for five individual tomatoes (repeated measure over times).
LSD values (p < 0.05) are indicated per panel.

3.3. Experiment 2: Effects of Low Oxygen Storage of Mature Green Tomatoes Cultivated with and
without Far Red Lighting on CI Symptoms, Weight- and Firmness Loss

Tomatoes cultivated without far red lighting during cultivation showed CI symptoms
during shelf-life. The lowest pitting index was observed for MG tomatoes stored at 1 kPa
O2, the highest for the low oxygen control (Figure 5A). MG tomatoes cultivated with far-red
lighting demonstrated reduced CI compared with tomatoes grown without FR lighting.
In fact, no CI symptoms were observed for all low oxygen treatments, even after 3 weeks
of shelf-life (Figure 5B). There were no chilling symptoms in fruit stored at 12 ◦C, and no
differences were observed in terms of weight loss (Figure S2).
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Figure 5. Chilling injury symptoms as indicated by the disorder index of MG tomatoes cultivated
under white LED light (WL) without far red lighting (A) or with far red lighting during cultivation
(B) during storage (blue area) at 2 or 12 ◦C and shelf-life at 20 ◦C (white area). Orange, green, red and
purple lines and symbols indicate 1, 5 and 21 kPa O2 (low oxygen control) applied during storage at
2 ◦C, and 21 kPa O2 at 12 ◦C (temperature control), respectively. The average disorder index with
indicated standard error is shown for two replicates of four tomatoes (n = 2); (repeated measure over
times). LSD values (p < 0.05) are indicated per panel.

Firmness at harvest was similar for MG tomatoes cultivated with or without FR
lighting (p > 0.05). Softening during storage at 2 ◦C for was faster for MG tomatoes that
were cultivated without- compared to those with FR lighting (p< 0.05) (Figure 6). Softening
of tomatoes cultivated without FR was similar during storage and shelf-life independent of
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the storage oxygen concentration. Tomatoes cultivated without FR from the temperature
control treatment showed no softening during storage (Figure 6A), but tomatoes cultivated
with FR showed similar softening for all treatments (Figure 6B).

Figure 6. Firmness as indicated by firmness index (FI) of MG tomatoes cultivated under white LED
light (WL) without far red lighting (A) or with far red lighting during cultivation (B) during cold
storage (blue area) at 2 or 12 ◦C and subsequent shelf-life at 20 ◦C (white area). Orange, green, red
and purple lines and symbols indicate 1, 5 and 21 kPa O2 (low oxygen control) applied during storage
at 2 ◦C, and 21 kPa O2 at 12 ◦C (temperature control), respectively. The average firmness index with
indicated standard error is shown for two replicates of four tomatoes (n = 2); (repeated measure over
times). LSD values (p< 0.05) are indicated per panel.

3.4. Effects of Low Oxygen Conditions on Colour Development of Mature Green Tomatoes
Cultivated with and without Far Red Lighting

During cold storage red colour development was blocked, as indicated by the constant
NAI values, irrespective of low oxygen treatments for both MG fruit cultivated with and
without FR lighting. Colour development for the temperature control tomatoes started
immediately, although faster for the MG tomatoes cultivated with FR lighting (Figure 7).
During shelf-life, colour development was similar for the different low temperature oxy-
gen storage treatments in fruit without FR lighting. Fruit cultivated with FR lighting
reached higher NAI values in fruit prior stored at the low oxygen concentrations (p < 0.001)
(Figure 7B). NDVI values were not significantly affected by oxygen level nor FR treatment.
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Figure 7. Colour indicated by NDVI (dotted lines) or NAI (full lines) values of MG tomatoes
cultivated under white LED light (WL) without far red lighting (A) or with far red lighting during
cultivation (B) during cold storage (blue area) at 2 or 12 ◦C and subsequent shelf-life at 20 ◦C (white
area). Orange, green, red and purple lines and symbols indicate 1, 5 and 21 kPa O2 (low oxygen
control) applied during storage at 2 ◦C, and 21 kPa O2 at 12 ◦C (temperature control), respectively.
The average NDVI and NAI values with indicated standard error are shown for two replicates of
four tomatoes (n = 2). LSD values (p < 0.05) are indicated per panel.
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3.5. Effects of Low Oxygen Conditions on Respiration and H2O2 Production of Mature Green
Tomatoes Cultivated with and without Far Red Lighting

Respiration rate measurements were carried out from the fourth day onwards to allow
time to achieve the set low oxygen conditions. The O2 consumption rate at 2 ◦C was observed
to be lower for MG tomatoes stored at lower oxygen levels (Figure 8A,B). At 12 ◦C, both
CO2 production and O2 consumption was higher than at 2 ◦C. The CO2 production rate,
however, was similar at the low oxygen levels (Figure 8C,D). The oxygen consumption rate
over time was lower for MG fruits cultivated with FR lighting and stored at 1 kPa O2.

Figure 8. Respiration MG tomatoes cultivated under white LED light (WL) without- (A,C) or with
far red lighting during cultivation (B,D) indicated as oxygen consumption (A,B) or CO2 production
(C,D) measured during cold storage at 2 or 12 ◦C. Orange, green, red and purple lines and symbols
indicate 1, 5 and 21 kPa O2 (low oxygen control), and 21 kPa O2 at 12 ◦C (temperature control),
respectively. The average O2 or CO2 production rates with indicated standard error are shown for
two replicates from each respective container (n = 2) during cold storage at 2 ◦C or 12 ◦C. LSD values
(p < 0.05) are indicated per panel.

H2O2 levels were stable during cold storage and steadily increased in all treatments
during subsequent shelf-life (p < 0.0001, Figure S3). Varying oxygen levels during cold
storage showed similar patterns of H2O2 production during subsequent shelf-life.

4. Discussion

4.1. Low Oxygen Storage Alleviated CI in Tomato Which Might Be Related to Lower Oxygen
Uptake and Improved Lycopene Synthesis

When low temperature was combined with reduced oxygen concentrations, lower
decay and lower weight loss was observed during shelf-life for both MG and R tomatoes
(Figures 1 and 2). Our results showed that O2 consumption decreased with lower oxygen
levels while CO2 production rates were similar (Figure 8). Low oxygen storage is reported
to suppress respiration and ethylene production [15,35]. Low oxygen uptake might reduce
O2 availability for ROS production, such as singlet oxygen (1O2) and superoxide anions
(O2

.−) [36]. O2
− is dismutated into H2O2 by the action of SOD [4,36,37]. Lower levels of

O2
− are expected to yield lower levels of H2O2. However, we did not observe a lower

level of H2O2 in the low oxygen stored fruit (Figure S3), perhaps indicating that low
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oxygen did not suppress oxidative stress initiated by the presence of O2
−. As tomato

stored under low oxygen showed further red colouration close to or even higher than
the non-chilled control (Figure 4B) and faster red colouration (Figure 7) after transfer to
20 ◦C, we hypothesise that lycopene acted directly to quench 1O2. Carotenoids are able
to quench 1O2 due to its high number of conjugated double bonds, whereas lycopene
and its precursors, are the most effective 1O2 quencher [38–41]. Quenching of 1O2 by
lycopene or its precursors might have resulted in delayed lycopene synthesis or lycopene
degradation [31,42]. Therefore, uninterrupted colour synthesis might indicate that low
oxygen prevents lycopene degradation as well as preserving the lycopene biosynthetic
machinery during cold storage allowing new lycopene synthesis during shelf life [43–45].

The lowest oxygen concentration to delay or prevent CI symptoms was 1 kPa (Figure 7).
A lower oxygen level (0.5 kPa) resulted in necrosis and fungal infection (data not shown),
probably because of excessive fermentation. It was reported that MG ‘Bermuda’ tomatoes
stored at 22 ◦C under 0.5 kPa O2 developed identical symptoms after three days of storage [35].

4.2. Low oxygen Storage Alleviated CI in Tomato Which Might Be Related to Lower Oxygen
Uptake and Improved Lycopene Synthesis

Tomatoes cultivated with FR during cultivation and kept at 1 kPa O2 during cold
storage were shown to completely alleviate CI symptoms (Figure 5B) in MG fruit. This
confirmed our previous findings that FR addition during cultivation suppressed CI inci-
dence [29]. It was observed that MG tomatoes cultivated with FR initiated colour develop-
ment at higher firmness [29]. It means that tomato cultivated with FR, although they had
the same firmness as those cultivated without FR at harvest, maintained higher firmness
during cold storage (Figure 6). Excessive firmness loss during cold storage and during
shelf-life is often regarded as one of the main symptoms of CI in tomato with firmness
retention associated with lower decay and higher membrane integrity [46,47]. Improved
cold tolerance of FR cultivated tomatoes might also be attributed to thicker cuticle wax
layers [48] which in turn might lower the oxygen consumption rate (Figure 8). On contrary,
no significant difference was on weight loss (Figure S3). This might be attributed to compa-
rably high relative humidity during the shelf-life (>95% RH) which suppress weight loos
induced-transpiration from the fruit [49].

Our findings suggests that when low oxygen storage is applied to accompany long
cold storage or transport, higher CI tolerance will result in shelf-life extension when
tomatoes are grown with FR in greenhouses or grown in the field characterised by a low
red to far-red ratio.

5. Conclusions

This study assessed the application of low oxygen either alone or in combination with
far-red cultivated tomatoes on CI development. Results obtained showed the efficacy of
low oxygen in minimising CI in tomato. CI tolerance is improved when low oxygen storage
of MG tomatoes is combined with FR lighting during cultivation, especially when stored at
2 ◦C. This is likely due to lower oxygen uptake that allowed for to uninterrupted lycopene
production and less softening during shelf-life for prior cold stored MG tomatoes kept at
1 kPa O2 and 0 kPa CO2.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10081699/s1, Figure S1: Spectra of ‘PhysioSpec’ Greenhouse white LED light and far-red
light and the spectra of the ‘PhysioSpec’ Greenhouse lamp with only white LED light; Figure S2:
Weight loss percentage of MG tomatoes during cold storage at 2 ◦C accompanied by 1 kPa, 5 kPa
or 21 kPa O2 (low oxygen control) and 21 kPa O2 at 12 ◦C (temperature control), and subsequent
shelf-life at 20 ◦C; Figure S3: H2O2 levels (nmol g−1 FW−1) of MG tomatoes during cold storage
at 2 ◦C accompanied by 1 kPa, 5 kPa or 21 kPa O2 (low oxygen control) and 21 kPa O2 at 12 ◦C
(temperature control), and subsequent shelf-life at 20 ◦C.
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Abstract: Weight loss and decay are common physiological disorders during postharvest handling
and storage of pomegranates. The study focused on relating the ability of plastic liners as internal
packaging to modify both gaseous and moisture atmosphere around the fruit to moisture dynamics
and physical and physiological quality of pomegranate fruit (cv. Wonderful) during storage. Fruit
were packed with no-liner, non-perforated ‘Decco’, non-perforated ‘Zoe’, micro-perforated Xtend®,
2 mm macro-perforated high density polyethylene (HDPE), and 4 mm macro-perforated HDPE
plastic liners. After 84 days of storage at 5 ◦C and 90–95% relative humidity (RH), fruit packed with
no-liner lost 15.6 ± 0.3% of initial weight. Non-perforated (Decco and Zoe) liners minimised losses
to 0.79 and 0.82% compared to Xtend® micro-perforated (4.17%) and 2 mm HDPE (2.44%) and 4
mm macro-perforated HDPE (4.17%) liners, respectively. Clearly, micro- and macro-perforation of
liners minimised moisture condensation, fruit decay, and shrivel severity. Micro-perforated Xtend®

and macro-perforated 4 mm HDPE were the best treatments in minimising postharvest losses that
are often associated with inadequate environment control inside packaging compared to the use of
non-perforated liners.

Keywords: internal packaging; modified atmosphere packaging; storage quality; transpiration;
water loss

1. Introduction

Production and consumption of pomegranate (Punica granatum L.) fruit is on the
increase worldwide. The fruit has an edible portion of about 55–60% [1] and can be eaten
fresh or processed into juice, wine, and jam [2–4]. Freshly harvested fruit is kept under
cold storage awaiting export to distant markets. Fruit from South Africa takes about 42 d to
reach Europe as the major export market destination and therefore a need to maintain good
postharvest quality during prolonged storage and export conditions. Storing pomegranate
(cv. Wonderful) for 3 months at 5 ◦C and above 92% relative humidity (RH) minimises
physiological disorders and maintains internal and external quality attributes [5]. Chilling
injury increases with storage duration and temperatures lower than 5 ◦C [6].

In postharvest fruit handling, weight loss and fruit decay are common physiological
disorders, among others such as chilling injury and scalding, contributing to quantitative
and qualitative loss [6,7]. Pomegranates are highly prone to moisture loss owing to the
relatively high water permeability across the skin through minute openings, despite having
a thick rind [6,8,9]. Fruit moisture loss if not well controlled results into shrinkage; shrivel;
and quantitative loss in weight, taste, and overall acceptability of the fruit, and hence
market loss [10].

Internal packaging techniques have been used in the fresh fruit industry to min-
imise moisture loss. Internal packaging refers to additional packaging materials applied
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around the fruit within the external package. Surface coating and waxing has been ap-
plied on apples, oranges, plums, and pomegranate to minimise moisture loss [8,11–15].
For pomegranates, heat shrinkable wraps on individual fruit in cartons have also been
applied [8,16,17]. On the other hand, shrink wrapping, surface coating, or waxing can
lead to anaerobic respiration by creating an oxygen deficit and yet promoting a high CO2
atmosphere around the fruit. This results in the production of off flavors and a change in
taste [18,19]. Plastic liners are a commonly applied internal packaging to minimise moisture
loss for pomegranate fruit packaged in ventilated cartons [20–22]. Previous research has
reported their ability to modify gaseous atmosphere around the fruit, preserving physical
and physio-chemical quality [16,22]. However, non-perforated liners negatively affect the
fruit cooling rate and increase energy usage during forced air-cooling operations [23,24].
The authors investigated the effect of individual carton design, stack orientation, and pres-
ence of internal packaging liners. The internal liner was identified as the most significant
factor influencing the produce cooling rate, increasing the seven-eighth cooling time by
more than twofold and the corresponding energy usages by up to threefold compared to
stacks with no liners. In addition, non-perforated liners promote moisture condensation
and consequential fruit decay. Mphahlele et al. [20] reported a higher decay incidence of
33.9% in fruit packed inside plastic liners compared to 29.2 and 16.7% for fruit packed in
shrink-wraps and open cartons, respectively, by the end of three months of storage at 7 ◦C
and 90% RH.

The use of perforations is identified as a solution to minimise moisture condensation
on fruit surfaces and liner walls, thus minimising the consequential fruit decay as a
result of the improved vapor transmission capabilities of the perforated liners [25,26].
However, there is still very limited literature on the effect of liner on the keeping quality
of pomegranates. Specifically, perforated liners have not been properly studied and yet
have the potential to reduce quality losses during prolonged fruit storage. Therefore, the
role of liner perforation in counterbalancing between minimising excessive moisture loss
and fruit decay will be demonstrated during prolonged storage. The present study focused
on relating the ability of plastic liners (non-perforated, micro-perforated, and macro-
perforated) as internal packaging to modify both gaseous and moisture atmosphere around
the fruit, to moisture dynamics and physical and physiological quality of pomegranate
fruit (cv. Wonderful) during storage.

2. Materials and Methods

2.1. Fruit Supply

Commercially mature, harvested pomegranate fruit (cv. Wonderful) of uniform di-
ameter 81.8 ± 2.5 mm and mass 286 ± 15 g were procured from a farm in Bonnievale
(33◦58′12.02′′ S, 20◦09′21.03′′ E), Western Cape, South Africa. Fruit were transported in re-
frigerated truck to Postharvest Technology Research Laboratory at Stellenbosch University.

2.2. Packaging and Storage

Fruit were portioned into six treatments: no-liner (control); non-perforated ‘Decco’
liner; non-perforated ‘Zoe’ liner (ZOEpac, South Africa); micro-perforated Xtend® liner;
macro-perforated high density polyethylene (HDPE) liner with 54 holes of 2 mm diameter
each (2 mm HDPE); macro-perforated HDPE liner with 36 holes of 4 mm diameter each
(4 mm HDPE). For each treatment, 11 ventilated cartons each, loaded with 12 fruit were
stored in cold rooms at 5 ◦C and 90–95% RH for 84 d. For each treatment, 12 fruit were
randomly selected from the stack and assessed for quality after 28, 42, 56, and 84 d of
cold storage.

2.3. Gas Analysis

A gas analyser (Checkmate 3, PBI Dansensor, Ringstead, Denmark) with a precision
of ±0.5% was used to assess the gas atmosphere inside liners, across a rubber septum on
the packaging film. The experiment was carried out in triplicate.
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2.4. Water Vapor Transmission Rate (WVTR)

During storage of packaged fruit, moisture moves across films by diffusion force
because of a concentration gradient created on opposite sides of the film. A modification
of the dry cup technique (ASTM, 2005 method E96-95) was used to determine WVTR
gravimetrically, as described by Opara et al. [27]. Film samples were cut out from areas of
no-perforation on the liners in order to test for vapor transmission across the liner surface.
Transmission across perforations was also assessed, and in this case film samples having
one perforation at the centre were cut out from the macro-perforated liners (2 mm HDPE
and 4 mm HDPE). The experiment was carried out in triplicate. Aluminium test cups were
filled with 8.0 ± 0.5 g of anhydrous CaCl2 salt. The cups were fitted with an O-ring and
grease to provide proofing against moisture and air. A film sample was then laid on top
and the cup tightly closed giving an active surface area of 25 cm2. Cups were weighed and
stored in sets under different conditions: 20 ◦C, 65% RH and 5 ◦C, 90% RH. The WVTR
(g m−2 d−1) of films were calculated on the basis of mass of water gained by CaCl2 salt in
the cup over time.

2.5. Condensation Assessment

Studies on moisture condensation with the five different liners were carried out in
two set ups. The first set up was to determine how much visible condensate could be
quantified inside the liner bags. Fruit were conditioned at ambient conditions of 17 ± 2 ◦C
and 65 ± 5% RH for 12 h, weighed individually, packed and sealed in dozens in plastic
liners, and placed inside ventilated cartons. Fruit were then stored on pallets in a cold
room at 5 ◦C and 90 ± 5% RH for 24 h. Relative humidity and temperature of the room and
inside individual carton liners was monitored using Tinytang sensors (Tinytag TV-4500,
Hastings Data Loggers, Port Macquarie, Australia) at intervals of 600 s. Dry clean paper
pads of known mass were used to sponge off the condensate water from the inside of the
bag and on the fruit. The weight of wet pads was then immediately recorded. The amount
of condensate was expressed in grams per day and as a percentage of the fruit mass. The
experiment was repeated three times. The amount of condensate was also scored on a
scale of 0–10 (where 0 = none; 1–2 = trace; 3–4 = slight; 5–6 = moderate; 7–8 = severe;
9–10 = extremely severe).

The second set up of the experiment was to determine the rate of change in the
condensate within the bags over a period. In this case, fruit were conditioned at ambient
temperatures while as the packaging material was conditioned at 5 ◦C in cold room for
12 h. The packed fruit were then weighed before storage at 5 ◦C and 90 ± 5% RH for 7 d.
The condensate within the bags was scored on a 0 to 5 scale and the change in weight
of the packed fruit were monitored per day. At the end of 7 d, the amount of remaining
condensate in the liners was quantified as described in phase one above and the weight of
fruit were also recorded. The rate of change in condensate was calculated in grams per day.

2.6. Weight and Size Loss Assessment

Twelve fruit were randomly selected, numbered, and monitored. The same individual
fruit were monitored for weight, length, diameter, and circumference after 28, 42, 56,
and 84 d of storage. Fruit weight was monitored using a digital scientific scale (Mettler
Toledo, model ML3002E, Switzerland, 0.0001 g accuracy). Fruit circumference (C) was
measured twice per sample fruit in the horizontal plane, using a fruit size (circumference)
measurer strap band (GÜSS-FTA, Strand, South Africa). Fruit length (L) and diameter
(D) were measured at two opposite longitudinal (excluding the fruit calyx) and equatorial
fruit perimeters, respectively, using a digital Vernier calliper (Mitutoyo, Kawasaki, Japan,
±0.01 mm).

2.7. Shriveling and Decay

Incidence and severity of fruit physiological disorders of decay and shrivelling were
assessed per treatment after 28, 42, 56, and 84 d of storage. The severity of each disorder
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was assessed subjectively using a hedonic scale of 0–5, where 0 = none; 1 = trace; 2 = slight;
3 = moderate; 4 = severe; 5 = extremely severe. Only severe injuries could be considered as
commercially unacceptable [28]. Shrivel and decay indices were calculated by multiplying
the scores of severity by the number of fruit affected, divided by the total number of
fruit [28,29].

2.8. Respiration Rate

A closed system method [7] was applied to measure fruit respiration using five
replicates per treatment. For each replicate, two fruit of known mass were placed inside
a 3 L glass jar that was air-tight sealed with a lid with a rubber septum. The jars were
incubated for 4 h at 5 ◦C and 90% RH. The accumulation of CO2 inside each glass jar was
monitored using an O2/CO2 gas analyser (Checkmate 3, PBI Dansensor, Denmark) and
respiration rate presented as mean ± S.E. (mL CO2 kg−1 h−1).

2.9. Fruit Puncture Resistance

The ability of the fruit to resist a penetrating force was determined by a fruit puncture
analyser (GÜSS-FTA, Strand, South Africa) with a 5 mm diameter probe, as described
by Arendse et al. [5]. The probe was set to penetrate 8.9 mm into the fruit at 10 mm s−1.
The test was carried out on opposite sides of each of the 12 fruit per treatment, and
the peak force (N) required to puncture the fruit was reported as puncture resistance
mean ± standard error.

2.10. Aril Texture Analysis

Aril compression test was performed as described by Fawole and Opara [29]. Four
arils were randomly chosen from each fruit segment to make a pool and then two arils
selected from the pool, giving a total of 24 arils per treatment. A 35 mm diameter probe
of the texture profile analyser TA. XT (Stable Micro System, Godalming, UK) was used to
compress the aril at a test speed of 0.5 ms−1 and 0.20 N trigger force. Aril firmness was
calculated as maximum force (N) required to completely break the aril. The means (±S.E.)
of 24 determinations were reported per treatment.

2.11. Color Properties

A digital colorimeter (Minolta, model CR-400, Tokyo, Japan) was used. Fruit peel
colour was monitored at two selected and ring-marked positions per fruit. Aril colour
was monitored in a Petri dish at two random spots per sample. Values of L*(lightness),
a* (redness), b*(yellowness), and C* (chroma) were measured. Where, a* describes surface
color in the range from green (−a*) to red (+a*), while b* ranges from yellow (+b*) to blue
(−b*). Monochromaticity L* ranges from 0 (black) to 100 (white). C* was calculated by
equation 1 [30].Twelve replicates were considered per packaging treatment.

C∗ =
(

a∗2 + b∗2
) 1

2 (1)

2.12. Statistical Analysis

Analysis of variance (ANOVA) was carried out using Statistica software (Statistica
13.0, StatSoft Inc., Tulsa, OK, USA). A two-way ANOVA was applied where applicable
with packaging treatments and storage time being the major categories. Means were
separated using Duncan’s multiple range test, and significant difference between means
was considered at p < 0.05. Results were presented as mean (±S.E.) of the studied vari-
ables. Relationship among selected parameters was determined by subjecting data to
principal component analysis (PCA) using XLSTAT software version 2012.04.1 (Addinsoft,
Paris, France).
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3. Results and Discussion

3.1. Liner Properties
3.1.1. Gas Composition Inside Liners

There was a decrease in O2 and an increase in CO2 composition within non-perforated
‘Decco’ and ‘Zoe’ liners and to a slight extent inside micro-perforated Xtend® liners
(Figure 1). Non-perorated liners provide the barrier that restricts movement of gases
across packaging walls. However, there was no change in gas composition of the atmo-
sphere inside the 2 mm macro-perforated and 4 mm macro-perforated HDPE liners. For
fruit packed in non-perforated ‘Decco’ and ‘Zoe’ liners, O2 composition inside the liners
decreased from 21.4 to 15.9 and 15.6%, respectively, while CO2 composition increased from
0.0 to 2.2 and 2.4%, respectively, after 5 d of cold storage. At 28 d of cold storage, CO2
composition further increased to 3.1% and 4.0%, inside non-perforated ‘Decco’ and ‘Zoe’
liners, respectively. After 28 d, gas composition inside non-perforated liners remained more
stable. Mphahlele et al. [20] observed a more stable O2 concentration inside polyliners after
a month of storing pomegranate (cv. Wonderful) at 7 ◦C. However, a steadier decrease in
O2 and increase in CO2 concentrations inside different modified atmosphere packaging
(MAP) liners was observed for other pomegranate cultivars (‘Hicaznar’ and ‘Hicrannar’)
stored at 6 ◦C [21,22]. Quite similar to the current findings, Selcuk and Erkan [22] reported
an increase in CO2 from 0.0 to 3.9 and 2.5% for pomegranate packed in MAP1 and MAP2
liners, respectively, after 20 d of storage at 6 ◦C.

 
Figure 1. Gas composition inside plastic liners packed with pomegranate fruit (cv. Wonderful) stored
at 5 ◦C and 90% relative humidity (RH). HDPE: high density polyethylene.

3.1.2. Water Vapor Transmission Rate (WVTR)

The rate at which a plastic liner is able to allow moisture across its walls is important
in controlling humidity within the bag and around the fruit, and hence reducing conden-
sation and associated risks of fruit decay during prolonged storage [31,32]. Water vapor
transmission rate is dependent on liner permeability and prevailing storage temperatures
and humidity differences inside and outside the plastic bags [27,33–35]. Generally, for
all treatments WVTR decreased with time and then became more stable after about 15 d.
Water vapor transmission rate was higher at 20 ◦C and 65 ± 5% RH than at 5 ◦C and 95%
RH (Figures 2 and 3). The micro-perforated Xtend® liner exceptionally had a higher WVTR
of 72.2 7 and 78.7 g m−2 d−1 at 5 ◦C and 20 ◦C, respectively. There was no difference
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in WVTR across all non-perforated films, irrespective of the type of plastic material and
temperature of storage.

Figure 2. Water vapor transmission rate (WVTR) across plastic liner films under a controlled environment of 5 ◦C and
90% relative humidity (RH). The non-perforated film section of the 2 mm HDPE (*) and 4 mm HDPE (**) liners were used.
HDPE: high density polyethylene.

 

Figure 3. Water vapor transmission rate across plastic liner walls under a controlled environment of 20 ◦C and 65% relative
humidity (RH). The non-perforated film section of the 2 mm HDPE (*) and 4 mm HDPE (**) liners were used. HDPE: high
density polyethylene.
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Perforations improved the WVTR of the HDPE films. The presence of one 4 mm
diameter perforation improved ventilation area of the HDPE film by 2.56% compared to
0.64% by one 2 mm diameter perforation. At 20 ◦C, the HDPE film with one 4 mm diameter
perforation had 66.6% and 44.6% faster WVTR compared to micro-perforated Xtend® film
and HDPE film with one 2 mm diameter perforation, respectively (Figure 4). Therefore,
the size of perforation plays a significant role in moisture transmission and controlling
condensation within bags. Dirim et al. [33] reported a good relationship between film
perforation area and WVTR at different temperature and RH conditions. Similar to our
results, Opara et al. [27] observed increased WVTR with increased temperature, across
biodegradable and synthetic polyfilms. The authors reported that increasing the number
of perforations increased WVTR more than increasing storage temperature. Studies on
water permeability across polypropyrene films showed increasing WVTR with increasing
perforation diameter [34].

Figure 4. Effect of perforation on water vapor transmission rate (WVTR) under a controlled environment of 20 ◦C and 90%
relative humidity (RH). HDPE: high density polyethylene.

3.1.3. Moisture Condensation Dynamics
One-Day Condensation Characteristics

The barrier effect of the liners permits them to retain a high RH around the fruit [36],
resulting in moisture condensation. Generally, the rate of one-day condensate build-
up was higher in non-perforated liner treatments than in perforated liner treatments
(Table 1). Perforations improve vapor transmission capability of the liners, minimising
vapor condensation inside MAP liners [25]. One-day condensate build-up was high in
2 mm macro-perforated HDPE liners, probably because of low perforation area (0.022%).
However, one-day condensate build-up was lowest in micro-perforated Xtend® liners and
in 4 mm macro-perforated HDPE liners because of their high moisture permeability. Simi-
larly, a higher one-day condensation severity score was observed in non-perforated liners
than in perforated liners. One-day condensation severity was such that non-perforated
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‘Decco’ > non-perforated ‘Zoe’ > 2 mm macro-perforated HDPE > 4 mm macro-perforated
HDPE > micro-perforated Xtend® liners (Table 2). A difference in the general characteristics
(size and distribution) of condensate droplets formed within the different liner bags was
observed (Table 2).

Table 1. Rate of moisture condensation and corresponding weight loss for 12 pomegranate fruit
inside plastic liner bags, at 5 ◦C and 90% relative humidity (RH). HDPE: high density polyethylene.

Treatment Weight Loss (g d−1) Condensation Rate (g d−1)

Xtend 5.55 2.32
Decco 4.27 3.37
Zoe 3.46 2.85

2 mm HDPE 5.50 3.49
4 mm HDPE 6.81 2.48

Table 2. Condensate characterisation inside plastic liner bags for pomegranate fruit stored at 5 ◦C
and 90% relative humidity (RH). HDPE: high density polyethylene.

Treatment Condensation Score (0–10) 1 Condensate Characteristics

Xtend 3.47 Large droplets.
Condensate entirely on the inside-top wall of the liner.
Droplets uniformly distributed on top wall.
Very little condensate in the bottom corner.
No condensation on fruit.

Decco 5.67 Medium droplets.
Condensate on both the top and side walls within the liner.
Droplets uniformly distributed on the walls.
Visible condensate droplets on the fruit.

Zoe 5.33 Medium to large droplets.
Condensate on both the top and side walls within the liner.
Droplets non-uniformly distributed, creating a patch-like pattern
Visible condensate droplets on the fruit.

2 mm HDPE 4.03 Very tinny/misty droplets on top of the bag.
No condensation on the fruit and immediate area around perforations.
Uniformly distributed.

4 mm HDPE 3.50 Very tinny/misty droplets on top of the bag.
No condensation on the fruit and immediate area around perforations.
Uniformly distributed.

1 Condensation was scored using 0–10 score scale (where 0 = none; 1–2 = trace; 3–4 = slight; 5–6 = moderate;
7–8 = severe; 9–10 = extremely severe).

Condensation Behaviour over Prolonged Period

Condensate behaviour over time provides insight about water vapor transmission
properties of the liners. A lower rate of condensation in the perforated liners suggests a
faster moisture transmission rate across the walls of the liners, hence delayed build-up
of humidity within the bags compared to non-perforated liner treatments. Severity of
condensate within the bags decreased with time (Figure 5). The decrease in observable
condensate was slowest in non-perforated liners compared to perforated liners. The rate at
which condensate was decreasing was lowest in non-perforated ‘Zoe’ liners, followed by
non-perforated ‘Decco’ liners. Condensate reduction rate was highest in micro-perforated
Xtend® liners, followed by 4 mm macro-perforated HDPE and 2 mm macro-perforated
HDPE liners. This can be attributed to a higher water vapor transmission rate across the
micro-perforated liner compared to the rest of the liners. After 3 d of monitoring, con-
densation severity was in traces for micro-perforated Xtend® and 4 mm macro-perforated
HDPE liners. By the end of 7 d of condensate monitoring, the micro-perforated Xtend®

and macro-perforated 4 mm HDPE liners retained none of the condensate, while macro-
perforated 2 mm HDPE and non-perforated ‘Zoe’ and ‘Decco’ liners retained 10.2, 33.7,
and 29.8%, respectively (Figure 6). In another study, a particular MAP liner (Xtend®) was
reported to eradicate vapor condensation in pomegranate fruit because of its high water
vapor transmission compared to polypropylene bags, which showed progressive moisture
accumulation [37].
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Figure 5. Variation of condensate inside liner bags, as depicted by 0–10 score scale (where 0 = none; 1–2 = trace; 3–4 = slight;
5–6 = moderate; 7–8 = severe; 9–10 = extremely severe). Pomegranate (cv. Wonderful) stored at 5 ◦C and 90% relative
humidity (RH). HDPE: high density polyethylene.

 
Figure 6. Condensate within liner bags with respect to weight lost for pomegranate (cv. Wonderful) stored at 5 ◦C and
90% RH for 1 d and condensate retained within plastic bags after a period of 7 d at 5 ◦C and 90% relative humidity (RH).
Histograms columns with different letters are significantly different at p < 0.05 according to Duncan’s multiple range test.
Vertical bars represent S.E. HDPE: high density polyethylene.
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Condensation and Fruit Mass Loss

The liner treatments with a lower rate of condensate reduction (high condensate
retention) had a lower rate of fruit weight loss while treatments with a higher condensate
reduction had a higher rate of fruit weight loss. Fruit in non-perforated liner treatments
had a lower rate of weight loss than fruit in perforated liners during the 7 d of condensate
monitoring (Figure 7). Fruit weight loss is commonly a result of moisture loss, while
condensation results from the moisture lost by the fruit. In non-perforated ‘Decco’ and
‘Zoe’ liners, 79.6 and 84.4% of fruit moisture loss per day was retained as condensate
compared to 42.1, 63.9, and 36.4% for micro-perforated Xtend®, 2 mm macro-perforated
HDPE liners, and 4 mm macro-perforated HDPE liners, respectively (Figure 6).

 

Figure 7. Cumulative percentage loss in weight during condensation variation within liner bags. Pomegranate (cv. Wonderful)
stored at 5 ◦C and 90% relative humidity (RH). HDPE: high density polyethylene.

3.2. Weight Loss, Lineal Size Loss, and Shrivel
3.2.1. Fruit Weight Loss

Moisture loss is the major contributor to weight loss of harvested fruit during posthar-
vest handling. Other physiological activities such as respiration can contribute to mass loss
through the utilisation of fruit contents such as the carbohydrates in generating energy to
support life processes of the fruit [38–40]. During storage, fruit packed with no-liner lost
more weight than fruit packed in liners. At the end of 84 d of cold storage, the no-liner
packed fruit lost 15.6 ± 0.3% of initial weight (Figure 8). However, fruit packed in non-
perforated ‘Decco’ and ‘Zoe’ liners lost only 0.79 and 0.82%, respectively. Fruit packed in
micro-perforated Xtend® liners lost 4.17%, compared to 2.44 and 4.17% by fruit packed
in 2 mm macro-perforated HDPE and 4 mm macro-perforated HDPE liners, respectively.
Non-perforated (‘Decco’ and ‘Zoe’) liners minimised fruit weight loss by 94.0% compared
to micro-perforated Xtend® (73.2%), 2 mm macro-perforated HDPE (84.3%), and 4 mm
macro-perforated HDPE (62.5%) liners. Weight loss increased with increasing ventilation
area of the liners, as observed in kiwifruit [41]. The impact of liners on weight loss can
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be attributed to the fact that liners act as barriers to the moisture exchange between the
immediate environment of the fruit inside liners and the outside environment. A high
RH around the fruit minimises moisture loss from the fruit [42]. Liners maintain a high
RH around the fruit, reducing the difference in vapor pressure inside the skin surface and
immediate surrounding, hence reducing moisture diffusion [36]. Similar to our results,
packing pomegranate (cv. Hicrannar) in MAP liners minimised fruit weight loss to 1.5 and
4.4% compared to 17.2% for fruit packed with no-liner, after 120 d of storage at 6 ◦C [22].
Al-Mughrabi et al. [43] observed 18.3% average weight loss for pomegranate fruit (‘Taeifi’,
‘Banati’, and ‘Manfaloti’ cultivars) packed in plastic crates only (without liners) for 42 d
at 5 ◦C. Storing pomegranate (cv. Wonderful) fruit in MAP liners and shrink wraps main-
tained a weight loss less than 2% throughout storage period of 4 months, compared to
16.5% for fruit packed with no-liner after 90 days of storage at 7 ◦C [20]. Mukama et al. [44]
reported that pomegranates packed in ventilated cartons without liners had a 17.5% more
moisture loss than fruit packed in liners. Critical limits of weight loss in fresh fruit are
scarce [45]. A weight loss of 5% can initiate shrivelling in pomegranates [38], which nega-
tively affects fruit marketability. However, weight loss in pomegranates is majorly from
the peel portion of the fruit [46] and therefore the arils (edible portion) remains largely
preserved for consumption and use in juice processing.

Figure 8. Cumulative change in weight during prolonged cold storage of pomegranate fruit (cv. Wonderful) at 5 ◦C and
90% relative humidity (RH). HDPE: high density polyethylene.

3.2.2. Fruit Lineal Size

The loss in moisture and weight leads to loss in fruit length, diameter, fruit circumfer-
ence, and sphericity, which may lead to shrivelling, shrinkage, and loss in visual appeal.
Generally, all liner treatments minimised loss in fruit length, diameter, and circumference
compared to the no-liner treatment throughout the storage period. The non-perforated
‘Decco’ and ‘Zoe’ liners were significantly better in minimising loss in fruit length, diameter,
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and circumference compared to micro-perforated Xtend® and 2 and 4 mm macro-perforated
HDPE liners (Table 3).

Table 3. Effect of plastic liner treatment on cumulative loss in fruit length, diameter, and circumfer-
ence of pomegranate (cv. Wonderful) fruit stored at 5 ◦C and 90% relative humidity (RH).

Cumulative Loss (%)

Time (d) Treatment Length Diameter Circumference

28 No-liner 2.13 ± 0.07 def 1.67 ± 0.17 def 1.07 ± 0.18 jg

Decco 0.64 ± 0.13 ih 0.34 ± 0.06 jk 0.38 ± 0.09 l

Zoe 0.45 ± 0.07 i 0.23 ± 0.06 k 0.36 ± 0.07 l

Xtend 1.40 ± 0.37 geh 0.76 ± 0.17 jkh 0.81 ± 0.07 jl

2 mm HDPE 0.69 ± 0.18 gi 0.84 ± 0.07 jh 0.55 ± 0.09 lk

4 mm HDPE 1.52 ± 0.21 ge 1.67 ± 0.16 def 0.86 ± 0.12 jli

42 No-liner 3.85 ± 0.13 c 3.01 ± 0.12 c 2.10 ± 0.08 cd

Decco 1.11 ± 0.30 gi4 0.65 ± 0.18 jki 0.71 ± 0.11 jl

Zoe 0.62 ± 0.07 ih 0.39 ± 0.09 jk 0.68 ± 0.14 jl

Xtend 2.20 ± 0.64 de 1.19 ± 0.22 gfhi 1.42 ± 0.16 fegh

2 mm HDPE 1.50 ± 0.08 ge 1.30 ± 0.10 gfh 0.95 ± 0.19 jhk

4 mm HDPE 2.79 ± 0.12 d 2.04 ± 0.11 de 1.50 ± 0.12 feg

56 No-liner 5.39 ± 0.12 b 3.74 ± 0.18 b 2.93 ± 0.16 b

Decco 1.34 ± 0.34 gfh 0.84 ± 0.15 jh 0.86 ± 0.11 jli

Zoe 0.78 ± 0.06 gi 0.50 ± 0.17 jk 0.84 ± 0.16 jli

Xtend 2.81 ± 0.15 d 1.58 ± 0.25 dg 1.88 ± 0.14 cde

2 mm HDPE 2.06 ± 0.06 def 1.50 ± 0.12 ge 1.34 ± 0.24 fghi

4 mm HDPE 3.56 ± 0.14 c 2.74 ± 0.10 c 2.07 ± 0.15 cd

84 No-liner 7.41 ± 0.14 a 5.27 ± 0.08 a 4.10 ± 0.17 a

Decco 1.34 ± 0.32 gfh 1.09 ± 0.17 ghi 1.01 ± 0.10 jhk

Zoe 0.98 ± 0.08 gi 0.82 ± 0.18 jh 0.89 ± 0.01 jik

Xtend 3.87 ± 0.49 c 2.64 ± 0.47 c 2.34 ± 0.04 c

2 mm HDPE 2.67 ± 0.10 d 2.09 ± 0.11 d 1.73 ± 0.13 fd

4 mm HDPE 4.93 ± 0.24 b 3.71 ± 0.10 b 2.83 ± 0.03 b

Results presented as mean ± S.E. Different letter(s) on column per liner treatment indicate statistically significant
differences (p < 0.05) according to Duncan’s multiple range test. HDPE: high density polyethylene.

At the end of the 84 d of cold storage, fruit in no-liner lost 8.6% of the initial fruit length,
while fruit packed in non-perforated ‘Decco’ and ‘Zoe’ liners lost 1.2% and 1.0% in fruit
length, respectively. Fruit in micro-perforated Xtend® liners lost 2.7% of initial fruit length
compared with 3.4 and 5.1% for fruit packed in 2 and 4 mm macro-perforated HDPE liners,
respectively. A similar pattern was observed for loss in fruit diameter, where fruit packed
with no-liner lost 5.4% compared to 1.1 and 0.8% for fruit packed with non-perforated
‘Decco’ and ‘Zoe’ liners, respectively. Micro-perforated Xtend®, 2 mm macro-perforated
HDPE, and 4 mm macro-perforated HDPE liners minimised loss in fruit diameter to 2.2,
2.1, and 3.7%, respectively. A reduction in fruit circumference is a direct indicator of fruit
shrinkage. After 84 d of cold storage, fruit packed with no-liner lost 4.1% of their initial
circumference, compared to 1.0% and 0.8% for fruit packed in non-perforated ‘Decco’ and
‘Zoe’ liners, respectively. Perforated liners minimised the loss in fruit circumference to
about half the loss in no-liner. Fruit packed with micro-perforated Xtend® liners lost 2.3%
of their initial circumference compared to 1.8 and 2.8% for fruit packed in 2 and 4 mm
macro-perforated HDPE liners, respectively.

Generally, the loss was more in fruit length than in fruit diameter. Shrivelling was
more concentrated on the base of the fruit than on the sides. Quite similar results observed
by Al-Mughrabi et al. [43] on different pomegranate cultivars conventionally stored in
plastic boxes at storage temperatures of 5 ◦C, 10 ◦C, and ambient temperature for 56 d.
The authors observed that the loss in fruit length and diameter is influenced by storage
time, temperature, and cultivar. In their study, the cv. ‘Manfaloti’ with relatively lower

132



Foods 2021, 10, 1388

fruit weight loss also registered lower loss in fruit diameter and length, as compared to
cv. ‘Banati’.

3.2.3. Peel Thickness

The dynamics of moisture loss of fruit may influence each of the fruit fractions differ-
ently. The porous nature and position of the pomegranate fruit skin makes it so prone to
moisture loss because it comes into direct contact with the surrounding. Moisture loss in
pomegranate fruit is primarily from the peel resulting in a reduction in peel thickness [5,44].
The greatest loss in peel thickness was observed in fruit packed with no-liner. Fruit packed
in non-perforated liners retained more peel thickness than fruit packed in perforated liners
(Figure 9). After 84 d of cold storage, fruit packed with no-liner lost 41.8% of the initial peel
thickness. However, non-perforated ‘Decco’ and ‘Zoe’ liners minimised the loss in fruit
peel thickness to 14.8 and 13.2%, respectively. Fruit lost 26.8% peel thickness when packed
in micro-perforated Xtend® liners, and 22.0 and 26.7% in 2 mm macro-perforated and
4 mm macro-perforated HDPE liners, respectively. Similarly, Arendse et al. [5] reported
a decrease in peel thickness with storage time of pomegranate (cv. Wonderful) packed
in conventional corrugated boxes and stored at different temperatures (5, 7.5, 10, and
21 ◦C). The authors attributed the drastic decrease in peel thickness to low RH and high
temperature (21 ◦C). The thicker peel of fruit packed with non-perforated liners can be
attributed to higher RH inside bags compared to fruit packed with perforated liners.

 

Figure 9. Peel thickness of pomegranate (cv. Wonderful) fruit stored at 5 ◦C and 90% relative humidity (RH). Mean values
(vertical bars) with different letters are significantly different (p < 0.05) according to Duncan’s multiple range test. HDPE:
high density polyethylene.

3.2.4. Fruit Shrivelling

The effect of liner packaging on fruit shrivelling is summarised in Figure 10A,B. Fruit
shrivelling results from moisture loss and subsequent loss in cell turgor pressure [47]. In
pomegranates, shrivelling is expected after a 5% loss in fruit weight [38]. Fruit shrivelling
was evident at 42 d of cold storage after 5.1% loss in weight for fruit packed with no-liner,
with 86.1% incidences of shrivelling (Figure 10A). At 56 d of cold storage, shrivel incidence
increased to 100% for fruit packed with no-liner. However, there was no incidences of
fruit shrivelling observed for fruit packed with non-perforated ‘Decco’ and ‘Zoe’ liners
throughout 84 d of storage. Slight shrivelling was observed especially at the crown area

133



Foods 2021, 10, 1388

for fruit packed with micro-perforated Xtend® and 2 mm macro-perforated HDPE liners
after 84 d of storage, with a shrivel incidence of 83.3 and 85.7%, respectively. However,
shrivelling started at 56 d for fruit packed with 4 mm macro-perforated HDPE liners with
an incidence of 72.7%.

Figure 10. Percentage of total shrivelled fruit (shrivel incidence) (A) and shrivel index (incidence) (B)
observed on pomegranate fruit stored for 84 d at 5 ◦C and 90% relative humidity (RH). HDPE: high
density polyethylene.

The severity of fruit shrivelling (shrivel index) increased with storage time (Figure 10B).
At 84 d of storage, fruit packed with no-liner were severely shrivelled with a shrivelling
index of 4.3 (86.0%) compared to cases of extreme shrivelling with an index of 5 (100%).
However, fruit packed with micro-perforated Xtend® and 2 mm macro-perforated HDPE
liners were tracely shrivelled with shrivel index of 1.6 (31.1%) and 1.2 (24.3%), respectively.
Fruit packed with 4 mm macro-perforated HDPE liners were slightly shrivelled, having
a shrivel index of 2.1 (42.0%). The high shrivel incidence and index in fruit packed with

134



Foods 2021, 10, 1388

no-liner is attributed to excessive moisture loss during storage. Plastic liners, due to their
barrier ability, maintain high relative humidity around the fruit, minimising moisture loss
and subsequent shrivelling. Wiley et al. [41] did not observe shrivelling in kiwifruit packed
in non-perforated and macro-perforated liners, but reported shrivelling for fruit packed
with micro-perforated liners, after 119 d storage at 0 ◦C.

3.3. Respiration Rate

Respiration rate (RR) of pomegranates (non-climacteric fruit) was generally low, and
the decrease with storage period (Figure 11) may be attributed to senescence after harvest.
Throughout the storage period, respiration rate was highest in fruit packed with no-liner,
followed by fruit packed with perforated liners and lowest in fruit packed with non-
perforated liners. Respiration rate for fruit packed in non-perforated liners decreased from
8.1 to about 3.3 mL CO2 kg−1 h−1 within 42 d of cold storage and remained stable to the end
of storage. Mphahlele et al. [20] reports quite similar trend for pomegranate (cv. Wonderful)
packed in MAP liners, where RR decreased within 28 d and stayed stable throughout 84 d
of storage at 7 ◦C. The authors observed higher RR in control fruit than fruit packed with
MAP at the end of 3 months. The initial respiration rate of fruit before storage decreased
by 28.4% at the end of 84 d of storage for fruit packed with no-liner, compared to 61.7
and 59.3% for fruit packed in non-perforated ‘Decco’ and ‘Zoe’ liners, respectively. Micro-
perforated Xtend® and 4 mm macro-perforated HDPE liners reduced respiration rate of
the fruit by 42.0% compared to 37.0% by 2 mm macro-perforated HDPE liners.

Figure 11. Respiration rate of pomegranate fruit determined by a closed system at 5 ◦C and 90%
relative humidity (RH). HDPE: high density polyethylene.

Other researchers also reported a decline in respiration rate with storage time for
pomegranate fruit [6,48]. Passive MAP achieved by non-perforated ‘Decco’ and ‘Zoe’ liners
is probably responsible for the low respiration rate. Nanda et al. [8] reported that MAP
inform of shrink-wrapping reduced respiration rate of pomegranate, attributing it to the
ability of the films having a low permeability to gases. Furthermore, the lower RR in fruit
packed with non-perforated and perforated liners compared to fruit packed with no-liner
can be attributed to alleviation of water stress from around the fruit [49].
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3.4. Textural Properties
3.4.1. Fruit Puncture Resistance

The ability of harvested fruit to resist a puncturing force provides information on the
structural integrity. There was a decline in fruit puncture resistance with storage time for
all treatments. The baseline (initial) fruit texture was best retained by fruit packed with non-
perforated liners followed by fruit packed in perforated liners and no-liner packaging. At the
end of 84 d of cold storage, fruit packed with no-liner lost 28.3% of the initial whole fruit firmness
(116.1 ± 2.0 N). However, packing fruit in non-perforated ‘Decco’ and ‘Zoe’ liners reduced
fruit firmness by 8.0% and 6.8%, respectively. Micro-perforated Xtend® liners minimised fruit
firmness by 12.0% compared to 15.8% and 15.5% by 2 mm macro-perforated HDPE and 4 mm
macro-perforated HDPE liners, respectively (Table 4). The general decline in texture with
storage time can be attributed to fruit softening resulting from enzymatic disintegration of cell
wall structure [50]. Similar results reported by Mansouri et al. [51], and Arendese et al. [5]
reported declines in whole fruit firmness with storage time for different conventionally packed
pomegranate fruit (cv. Hondos-e-Yalabad, Malas-e-Saveh, and Wonderful) in boxes. The higher
respiration rate observed in fruit packed with no-liner and macro-perforated liners may have
contributed to the higher loss in fruit texture, compared to fruit packed in passively modified
atmosphere by non-perforated liners. Drake et al. [52] observed that ‘Bartlett’ pears at low
temperatures of 1 ◦C packed in MAP liners retained more fruit firmness than pear packed under
regular atmosphere. The authors reported that storing pears under controlled atmosphere
retained fruit firmness throughout cold storage, irrespective of packaging treatment. Similar to
our results, Kumar et al. [37] reported that pomegranate (cv. ‘Baghwa’) packed in Xtend® MAP
liners retained better and desirable firmness compared to fruit packed with polypropylene
liners and with no-liner stored at 4 ◦C for 120 d.

Table 4. Whole fruit puncture resistance and aril firmness for pomegranate fruit packed in different
liner bags for 84 d at 5 ◦C and 90% relative humidity (RH).

Storage Time (d) Treatment
Whole Fruit Puncture

Resistance (N)
Aril Firmness (N)

0 116.11 ± 1.96 ab 143.91 ± 1.51 dce

28 No-liner 119.66 ± 2.99 a 146.43 ± 1.96 db

Decco 114.54 ± 2.19 abc 143.11 ± 2.20 de

Zoe 115.008 ± 1.90 abc 143.39 ± 3.93 de

Xtend 114.51 ± 2.46 abcd 142.22 ± 2.11 df

2 mm HDPE 113.79 ± 2.62 abcd 141.87 ± 1.69 df

4 mm HDPE 114.36 ± 2.30 abcd 140.87 ± 2.01 df

42 No-liner 104.50 ± 2.06 hf 150.67 ± 2.02 ab

Decco 114.88 ± 1.39 abc 142.84 ± 2.04 df

Zoe 115.00 ± 1.71 abc 142.98 ± 1.59 df

Xtend 111.74 ± 1.34 eb 138.26 ± 1.98 fe

2 mm HDPE 109.86 ± 2.52 ebf 140.06 ± 2.11 df

4 mm HDPE 106.85 ± 1.61 eh 138.86 ± 1.95 fe

56 No-liner 92.68 ± 1.65 i 153.93 ± 2.27 a

Decco 113.05 ± 1.36 eb 141.30 ± 1.05 df

Zoe 113.89 ± 2.17 abcg 142.76 ± 1.51 df

Xtend 109.30 ± 1.05 ecf 139.84 ± 1.90 df

2 mm HDPE 102.51 ± 1.97 hgi 138.74 ± 1.25 fe

4 mm HDPE 101.15 ± 2.03 hi 140.29 ± 1.60 df

84 No-liner 83.30 ± 2.60 j 149.82 ± 1.30 abc

Decco 106.82 ± 1.16 eh 141.69 ± 1.34 df

Zoe 108.18 ± 1.50 edfg 141.01 ± 1.53 df

Xtend 101.39 ± 1.80 hi 139.82 ± 1.16 df

2 mm HDPE 97.74 ± 1.05 ji 135.98 ± 0.75 f

4 mm HDPE 98.09 ± 1.43 ji 138.88 ± 1.24 fe

Mean values with different letters are significantly different (p < 0.05) according to Duncan’s multiple range test.
HDPE: high density polyethylene.
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3.4.2. Aril Firmness

Generally, aril firmness increased in fruit packed with no-liner compared to decreasing
aril firmness in fruit packed with liners (Table 4). The increase in aril firmness for fruit
packed with no-liner could be attributed to moisture loss, leading to hardening of aril
tissues. The decrease in aril firmness is often associated to quality deterioration and
may be due to physiological activity such as respiration that brings about softening and
disintegration of cell wall structure [50,53]. There was no significant difference in aril
firmness for fruit packed with liners throughout the storage period. Fruit packed with
non-perforated ‘Decco’ and ‘Zoe’ liners retained more aril firmness compared to fruit
packed with perforated liners. At the end of 84 d of storage, fruit packed in either of the
non-perforated (‘Decco’ and ‘Zoe’) liners lost 2.0% of initial aril firmness (143.9 ± 1.5 N),
compared to 2.8, 5.5, and 3.5% for fruit in micro-perforated Xtend®, 2 mm macro-perforated
HDPE liners, and 4 mm macro-perforated HDPE liners, respectively. Liners have been
reported to maintain desirable firmness in pomegranate and table grape [36,37]. Similar
results have been reported with the application of heat shrinkable films on pomegranate
fruit [8,17].

3.5. Fruit Decay

The incidence of decayed fruit increased with storage time in all treatments. A similar
trend was observed in pomegranate cultivars ‘Mollar de Elche’ and ‘Wonderful’ stored at
6 ◦C and 7 ◦C, respectively [20,54]. At the end of 84 d of cold storage, 35.4% of fruit packed
with no-liner were lost to visible mould. However, packing fruit in non-perforated ‘Decco’
and ‘Zoe’ liners minimised decay incidence to 24.0 and 26.0%, respectively. Furthermore,
packing fruit in micro-perforated Xtend® liners minimised fruit decay incidence to 17.7%,
compared to 24.0 and 18.5% for fruit packed in 2 mm macro-perforated and 4 mm macro-
perforated HDPE liners, respectively (Figure 12A). Selcuk and Erkan [22] reported similar
results on ‘Hicrannar’ pomegranate stored at 6 ◦C for 120 d, where the no-liner control
registered 40% decay compared to 13.3 and 26.7% for MAP liner treatments. On the
contrary, Laribi et al. [54] and Mphahlele et al. [20] reported higher decay incidence in
pomegranate (cv. ‘Mollar de Elche’ and ‘Wonderful’) packed with MAP liners than with
no-liners at the end of 84 and 140 d of cold storage, respectively. However, no significant
difference in decay incidence between shrink-wrapped and non-wrapped pomegranate (cv.
‘Primosole) at 70 d of cold storage was reported by D’Aquino et al. [17]. The higher decay
incidence of fruit packed in non-perforated liners could be attributed to higher moisture
condensation within liner bags and lower WVTR across film, resulting into accelerated
fruit moulding compared to fruit packed in perforated liners (Figure 12A).

Fruit decay severity provides insight into the extent of the decay on a particular fruit.
The influence of packaging treatments on fruit decay severity was different from their
influence on decay incidence. Fruit packed with no-liner had the highest decay severity
index than fruit packed in liners. The severity (index) of decay was higher in fruit packed
with perforated liners compared to fruit packed in non-perforated liners (Figure 12B). This
could be attributed to a lower respiration rate observed in fruit packed with non-perforated
‘Decco’ and ‘Zoe’ liners compared to fruit packed in perforated liners. Selcuk and Erkan [22]
reported a no significant difference in decay index for control treatment and MAP liner
treatments for pomegranate stored at 6 ◦C for 120 d.
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Figure 12. (A) Percentage cumulative decay incidence. (B) Cumulative decay index (severity). Pomegranate fruit stored for
84 d at 5 ◦C and 90% relative humidity (RH). HDPE: high density polyethylene.

3.6. Colour Attributes
3.6.1. Fruit Peel Colour

Fruit peel colour is an important contributor to visual appeal and acceptance of
pomegranate fruit by consumers. Generally, there was a progressive decline in the lightness
(L*) values with storage time (Table 5). Fruit skin lightness was 51.7 ± 2.4 before storage,
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after 84 d of storage; fruit packed with no-liner lost 30.0% of the lightness. This can
be attributed to excessive moisture loss causing the peel to become pale. The darkening
(L*→ 0) of the peel is expected as the fruit ages during storage. However, packing fruit with
non-perforated ‘Decco’ and ‘Zoe’ liners significantly (p < 0.05) minimised the loss in skin
colour lightness to 5.7% and 3.6%, respectively. Fruit packed with micro-perforated Xtend®

lost 14.1% compared to 15.0% and 15.7% for fruit packed with 2 mm macro-perforated
and 4 mm macro-perforated HDPE liners, respectively. The difference in results can be
attributed to differences in the ability of liners to minimise moisture loss and respiration
rate. Similarly, Selcuk and Erkan [22] reported higher skin colour lightness for pomegranate
(cv. Hicrannar) fruit stored under MAP liners with the fruit looking brighter and fresher
compared to the no liner control fruit at the end of 4 months of cold storage and additional
3 d of shelf life.

Table 5. Impact of liners on pomegranate fruit peel colour parameters. Fruit were stored at 5 ◦C and
90% relative humidity (RH).

Time (d) Treatment L* 1 a* 2 C* 3

0 51.70 ± 2.36 a 29.74 ± 0.34 a 40.72 ± 0.51 ab

28 No-liner 51.39 ± 2.10 a 29.15 ± 0.66 ab 40.56 ± 0.73 ab

Xtend 50.11 ± 2.36 ab 29.73 ± 1.56 a 40.74 ± 0.98 ab

Decco 51.32 ± 1.67 a 29.85 ± 1.40 a 40.36 ± 0.78 ab

Zoe 51.21 ± 2.00 a 29.68 ± 1.80 a 40.91 ± 0.94 a

2 mm HDPE 50.83 ± 2.78 a 29.71 ± 1.76 a 40.16 ± 1.71 ab

4 mm HDPE 51.40 ± 1.52 a 29.56 ± 1.08 ab 41.16 ± 0.70 a

42 No-liner 46.22 ± 1.08 ad 27.10 ± 0.66 ad 38.05 ± 0.59 db

Xtend 48.56 ± 1.72 abc 29.21 ± 1.61 ab 39.98 ± 0.95 ab

Decco 49.15 ± 1.80 abc 28.33 ± 1.68 abc 39.97 ± 1.02 ab

Zoe 51.07 ± 2.19 a 28.72 ± 0.42 ab 40.05 ± 0.78 ab

2 mm HDPE 48.99 ± 2.78 abc 28.95 ± 2.01 ab 39.74 ± 1.37 ab

4 mm HDPE 50.11 ± 1.10 ab 27.17 ± 0.52 ad 39.67 ± 0.50 ab

56 No-liner 41.68 ± 0.54 d 26.75 ± 0.76 ad 36.45 ± 0.56 dec

Xtend 46.39 ± 0.99 ad 26.75 ± 0.65 ad 39.41 ± 0.44 ab

Decco 49.13 ± 1.22 abc 26.33 ± 0.48 ad 39.45 ± 0.48 ab

Zoe 49.95 ± 2.46 ab 27.02 ± 0.36 ad 39.91 ± 0.49 ab

2 mm HDPE 46.24 ± 1.09 ad 26.81 ± 0.20 ad 38.01 ± 1.20 db

4 mm HDPE 46.27 ± 0.85 ad 25.83 ± 0.51 db 38.92 ± 0.73 abc

84 No-liner 36.20 ± 0.85 e 24.23 ± 0.48 d 32.90 ± 0.67 e

Xtend 44.44 ± 0.58 db 26.43 ± 0.59 ad 38.54 ± 0.56 ab

Decco 48.75 ± 1.19 abc 26.15 ± 0.48 ad 38.80 ± 0.47 abc

Zoe 49.84 ± 0.70 ab 26.90 ± 0.68 ad 38.06 ± 0.90 abc

2 mm HDPE 43.95 ± 0.72 dc 24.91 ± 0.42 dc 35.43 ± 0.66 d

4 mm HDPE 43.58 ± 0.77 dc 24.47 ± 0.47 d 35.99 ± 0.40 d

1 Lightnesss index describes surface color in the range from 0 (black) to 100 (white). 2 Redness index describes
surface color in the range from green (−a*) to red (+a*). 3 Chroma. Mean values with different letters are
significantly different (p < 0.05) according to Duncan’s multiple range test. HDPE: high density polyethylene.

There was no difference in peel redness colour (a*) among treatments throughout the
study; however at 84 d, fruit packed with micro-perforated Xtend® and non-perforated
‘Decco’ and ‘Zoe’ liners retained the initial skin redness colour (a*) before storage. However,
Drake [52] reported that packing pears in MAP liners preserved more of the green colour
at 90 d of cold storage than did the pears under regular atmosphere at 30 d of storage.
This could be attributed to the ability of liners modifying the atmosphere around the fruit,
thereby minimising break down of colour pigments.

The effect of storage time on chroma (C*) was only significant on fruit packed with
no-liner and macro-perforated HDPE liners. At 84 d of cold storage, fruit packed with non-
perforated ‘Decco’, non-perforated ‘Zoe’, and micro-perforated Xtend® liners significantly
retained the initial skin C* (colour saturation) compared with fruit in other treatments.
Furthermore, fruit packed with macro-perforated HDPE liners significantly retained higher
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C* than fruit packed with no-liner. Selcuk and Erkan [22] reported a no significant impact
of liner packaging on the chroma (C*) for ‘Hicrannar’ pomegranate stored for 120 d at 6 ◦C.
A decrease in skin colour parameters L* and C* was observed with minimal changes for
wrapped fruit compared to un-wrapped pomegranate (cv. Primosole) stored at 8 ◦C for
84 d storage [17].

3.6.2. Aril Colour

The colour of arils is very important, especially in terms of the consumption of fresh
pomegranate fruit. There was a significant effect of storage time on lightness (L*), redness
(a*), and chroma (C*) colour attributes of arils for all treatments (Table 6). Fruit packed with
liners significantly retained higher L* and a* aril colour attributes in comparison with fruit
packed with no-liner at 84 d of cold storage. Fruit packed with no-liner retained 55.7% of
the initial aril L* colour attribute, compared to 82.4 and 76.9% for fruit packed with non-
perforated ‘Decco’ and ‘Zoe’ liners, respectively. Fruit packed in micro-perforated Xtend®

liner retained 67.3% of aril L* colour attribute, with no significant difference compared to
68.4% and 70.4% for fruit packed with 2 mm macro-perforated and 4 mm macro-perforated
HDPE liners, respectively. These results could be attributed to the influence of liner
packaging on fruit weight loss and respiration rate. Excessive loss of moisture and high
respiration rate by the no-liner packed fruit could have resulted in the loss of aril colour
lightness and redness due to water stress and degradation of colour pigments.

Table 6. Impact of liner treatment on pomegranate aril colour parameters. Fruit were stored for 84 d
at 5 ◦C and 90% relative humidity (RH).

Time (d) Treatment L* 1 a* 2 C* 3

0 20.86 ± 0.38 abc 19.19 ± 0.41 a 21.09 ± 0.66 a

28 No-liner 20.80 ± 0.54 abc 18.20 ± 1.55 abc 19.78 ± 1.71 abcd

Xtend 21.90 ± 0.68 a 18.08 ± 0.46 abc 20.30 ± 0.55 abc

Decco 21.50 ± 0.51 ab 18.83 ± 0.52 ab 20.33 ± 0.59 abc

Zoe 21.59 ± 1.06 ab 18.60 ± 0.62 ab 20.66 ± 0.91 ab

2 mm HDPE 21.09 ± 0.42 abc 18.25 ± 0.83 abc 19.75 ± 1.02 abcd

4 mm HDPE 21.90 ± 1.44 a 18.30 ± 0.52 abc 19.97 ± 0.39 abcd

42 No-liner 16.56 ± 1.06 ei 15.31 ± 1.08 fd 16.45 ± 1.21 ge

Xtend 19.04 ± 1.25 eb 17.01 ± 1.31 abcde 18.38 ± 1.42 abcdef

Decco 19.65 ± 0.39 abcd 15.10 ± 0.91 fd 16.32 ± 1.04 ge

Zoe 19.35 ± 0.88 abcd 16.43 ± 1.01 fb 17.67 ± 1.16 gb

2 mm HDPE 18.77 ± 1.06 ecf 14.49 ± 0.67 feg 15.74 ± 0.83 geh

4 mm HDPE 18.15 ± 0.90 edfg 15.86 ± 0.66 fc 17.06 ± 0.82 gd

56 No-liner 14.02 ± 0.69 i 12.26 ± 0.75 hg 13.47 ± 0.89 ih

Xtend 16.35 ± 0.40 if 15.80 ± 0.66 fc 17.82 ± 0.62 gb

Decco 17.42 ± 0.42 edfg 17.16 ± 0.44 abcd 18.30 ± 0.57 abcdef

Zoe 18.05 ± 0.35 edfg 17.37 ± 0.59 abcd 18.58 ± 0.74 abcde

2 mm HDPE 17.29 ± 1.46 edfg 16.03 ± 0.83 fc 17.48 ± 0.91 fgc

4 mm HDPE 15.60 ± 0.63 ig 15.48 ± 0.51 fd 16.95 ± 0.57 gd

84 No-liner 11.62 ± 0.68 j 11.34 ± 0.43 h 12.94 ± 0.62 i

Xtend 14.14 ± 0.76 i 14.04 ± 0.29 fg 15.24 ± 0.31 gi

Decco 17.19 ± 0.67 edfgh 16.04 ± 1.06 fc 17.22 ± 1.23 gd

Zoe 16.04 ± 0.56 ig 16.01 ± 0.72 fc 18.03 ± 0.94 gb

2 mm HDPE 14.26 ± 0.59 i 14.50 ± 0.58 feg 15.39 ± 0.64 gif

4 mm HDPE 14.69 ± 0.58 ih 14.46 ± 0.58 feg 16.68 ± 0.83 ge

1 Lightnesss index, describes surface color in the range from 0 (black) to 100 (white). 2 Redness index, describes
surface color in the range from green (−a*) to red (+a*). 3 Chroma. Mean values with different letters are
significantly different (p < 0.05) according to Duncan’s multiple range test. HDPE: high density polyethylene.

There was no significant difference in a* and C* aril colour attributes among all fruit
packed with liners (Table 6). Therefore, perforation of liners did not have an effect on the
redness and tone saturation colour attributes of the arils. Similarly, Arendse et al. [5] observed
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significant decrease of aril colour parameters L*, a*, and C* with storage time for pomegranate
(cv. ‘Wonderful’) fruit packed in boxes and stored at different temperature conditions.

3.7. Principal Component Analysis

The averages of quality attributes of pomegranate fruit packed with no-liner, non-
perforated ‘Decco’ and ‘Zoe’, micro-perforated Xtend®, and macro-perforated 2 and 4 mm
HDPE liners are shown in Figures 13 and 14. Total variability was explained by five
principal factors. Shipping fruit takes 42 d across the Atlantic Ocean from South Africa
to Europe, which is the main export market. After 42 d of storage, the first two principal
factors (F1 and F2) explained 85.8% of the total variability. Along F1 (explaining 70.9%
of total variability), packaging fruit with no-liner was associated with higher weight loss,
shrivelling, high respiration rate, and aril hardening by 42 d of storage. The same attributes
associated with no-liner packaging had high negative values along F1 (Table 7). On the
other hand, packing fruit with both non-perforated and perforated liners was associated
with retaining fruit puncture resistance and peel colour attributes of L*, C*, and a*. The
same attributes associated with liner packaging had high positive values along F1 (Table 7).
Along F2 (explaining 14.9% of total variability), packing fruit with no-liner, non-perforated
‘Decco’ and ‘Zoe’, and macro-perforated 2 mm HDPE were associated to facilitating fruit
decay (incidence and index). Variables of decay incidence and index had high positive
values along F2 (Table 7).

 
Figure 13. Principal component analysis of the first two factors (F1 and F2) due to physical and physiological attributes of
pomegranate (cv. Wonderful) after 42 d of storage at 5 ◦C and 95% relative humidity (RH). W6 = 42 d. L*: lightness index
describes surface color in the range from 0 (black) to 100 (white); a*: redness index describes surface color in the range from
green (−a*) to red (+a*); C*: chroma; HDPE: high density polyethylene.
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Figure 14. Principal component analysis of the first two factors (F1 and F2) due to physical and physiological attributes of
pomegranate (cv. Wonderful) after 84 d of storage at 5 ◦C and 95% relative humidity (RH). W12 = 84 d. L*: lightness index
describes surface color in the range from 0 (black) to 100 (white); a*: redness index describes surface color in the range from
green (−a*) to red (+a*); C*: chroma; HDPE: high density polyethylene.

Table 7. Factor loadings and scores for the first two principal factors (F1 and F2) for pomegranate
packed in no-liner and with different liners. HDPE: high density polyethylene.

42 d of Storage 84 d of Storage

F1 F2 F1 F2

Factor Loadings
Weight loss −0.955 −0.278 −0.945 0.224

Fruit firmness 0.818 0.349 0.999 −0.036
Aril firmness −0.824 0.317 −0.588 0.755

Decay incidence −0.695 0.674 −0.579 0.741
Decay index −0.496 0.825 −0.913 0.302

Shrivel
incidence −0.972 0.017 −0.791 −0.578

Shrivel index −0.972 0.017 −0.973 0.003
Respiration rate −0.879 −0.279 −0.913 −0.312

Peel L* 0.826 0.150 0.979 0.102
Peel a* 0.682 0.328 0.858 0.292
Peel C* 0.998 0.029 0.878 0.348

Factor Scores
No-liner_W6 −6.070 0.050 −5.506 1.587

Decco_W6 1.782 0.166 2.648 1.042
Zoe_W6 1.898 1.486 3.296 1.419

Xtend_W6 1.709 −1.537 0.821 −0.869
2 mm HDPE_W6 0.300 1.536 −0.584 −1.453
4 mm HDPE_W6 0.380 −1.701 −0.676 −1.727

After 84 d of storage, a clearer separation between packaging treatments was observed
(Figure 14). In this case, the first two component factors (F1 and F2) explained 92.6% of
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the total variability, with F1 and F2 accounting for 75.2 and 17.4%, respectively. Along
F1, packaging fruit with no-liner and macro-perforated 2 and 4 mm HDPE liners was
associated with facilitating fruit weight loss, shrivelling (incidence and index), respiration
rate, and decay index. On the other hand, packing fruit with non-perforated ‘Decco’ and
‘Zoe’ and micro-perforated Xtend® liners was associated with retaining fruit puncture
resistance and peel colour attributes of L*, C*, and a*. Along F2, packing fruit with no-liner
and non-perforated ‘Decco’ and ‘Zoe’ liners was associated with decay incidence and aril
firmness (or hardness as applicable to no-liner packed fruit).

4. Conclusions

High incidence of postharvest fruit losses and waste is a major problem facing the
pomegranate industry worldwide [55,56]. The use of plastic liners as internal packages
in the multi-scale packaging of pomegranate fruit plays a major role in minimising quan-
titative and qualitative losses during prolonged cold storage. Packaging pomegranate
(cv. Wonderful) in non-perforated liners greatly minimises mass loss and maintains fruit
colour and textural quality during cold storage for 84 d at 5 ◦C. Micro-perforated Xtend®

and 4 mm macro-perforated HDPE liners were able to minimise moisture condensation
within the bags and reduced decay incidence, which are some of the challenges of packing
fruit in non-perforated liners. Packing fruit with perforated liners also greatly minimised
fruit mass and size loss and retained acceptable quality during prolonged storage compared
to packing fruit with no-liner. Using micro-perforated Xtend® and macro-perforated 4 mm
HDPE can be considered to minimise postharvest losses often associated with inadequate
environment control inside packaging compared to the use of non-perforated liners (note
that 4 mm HDPE liners are over three times cheaper than micro-perforated Xtend® liners).
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Abstract: Green beans are a perishable crop, which deteriorate rapidly after harvest, particularly
when minimally processed into ready-to-eat fresh-cut green beans. This study investigated the
effectiveness of ethanol, ascorbic acid (AsA), tea tree essential oil (TTO), and peppermint essential
oil (PMO) on the quality and storability of fresh-cut green bean pods samples stored at 5 ◦C for
15 days. Our results indicated that samples treated with ethanol, AsA, TTO, and PMO preserved
appearance, firmness (except ethanol), chlorophyll content, and moisture compared with the samples
without any treatment (control). Additionally, higher vitamin C, total soluble solids (TSS), total
sugars, and total phenolic compounds (TPC) were observed in samples treated with ethanol, AsA,
TTO, and PMO compared with the control. The most effective treatments for controlling microbial
growth were ethanol followed by either TTO or PMO. All the treatments had positive effects on
shelf life, maintained quality, and reducing microbial growth during 15 days of cold storage. A
particular treatment can be selected based on the economic feasibility and critical control point in the
value chain.

Keywords: Phaseolus vulgaris; peppermint; tea tree; storability; minimal processed; ready to eat

1. Introduction

Green bean (Phaseolus vulgaris) belongs to the family of Fabaceae and is considered one
of the most important legume crops worldwide. The pods of green bean can be harvested at
an immature stage (as a fresh vegetable) or mature stage (for dried seeds). Green bean is a
rich source of minerals, vitamins, and dietary fibre that play a significant role in the human
diet and wellbeing [1]. However, green bean pods are highly perishable with limited
shelf-life due to their high respiration rate. During postharvest, green beans are susceptible
to mechanical damage, shriveling, chlorophyll pigment degradation, and increased fibre
content [2,3]. These biochemical changes reduce the quality and consumption of green
bean pods and decrease their economic and nutritional values.

Due to rapid urbanisation in developing countries, demand for fresh minimally pro-
cessed refrigerated fruit and vegetable has increased significantly. Minimal processing
includes trimming, peeling, coring, cutting, and packing. These unit operations result
in some undesirable morphological and physiological changes such as browning, pig-
mentations, and microbial growth. Additionally, the moisture loss and respiration rate of
minimally processed vegetables are much higher during refrigerated storage compared to
non-processed vegetables.

The effects of several bioactive compounds in essential oils (EOs) and plant extracts as
anti-microbial and shelf life enhancing agents in horticultural crops are well known [4,5].
The United States Food and Drug Administration (FDA) classified many EOs as safe,
nontoxic, antioxidant, and anticancer compounds including tea-tree essential oil (TTO)
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and peppermint essential oil (PMO) [6,7]. TTO and PMO are obtained from Melaleuca
alternifolia and Mentha piperita by hydrodistillation, respectively. Several previous studies
have reported the positive effect of TTO for controlling postharvest diseases of fresh fruit
and vegetables such as strawberry [8] and lettuce [9]. It has been reported that calcium
chloride + chitosan + TTO emulsion treatment preserved the firmness and overall quality
of fresh-cut red bell pepper for 18 d at 4 ◦C [10]. New investigations on the effect of PMO
as a postharvest treatment showed preserved quality and storability of fresh fruit such as
table grapes [11] and dragon fruit [12].

Ascorbic acid (AsA) plays an important role in plant antioxidant systems and human
health [13,14]. Positive effects of AsA for controlling enzymatic browning in fruit and
vegetables such as plums [15], mung bean sprouts [16], and fresh-cut artichoke [17] has
been reported previously. Ethanol is another natural compound that is used in various
postharvest treatments. Ethanol is considered safe as per the Generally Recognized As Safe
(GRAS) guidelines [18]. Previous reports mentioned that postharvest ethanol treatments
(dips or vapour) extend the storage duration of several fresh horticultural products. For
example, ethanol has been shown to reduce postharvest fungal diseases of table grapes [19]
and Chinese berries [20], delay yellowing of broccoli florets [21], retard senescence in
vegetables [22], inhibit the ethylene pathway biosynthesis of melons [23], and suppress the
ripening of tomatoes [24].

To the best of the author’s knowledge, this is a novel investigation. There were no
previous reports on the effect of ethanol, AsA, TTO, and PMO on postharvest behaviour
and quality of green beans. The objective of the current study was to assess the effect of
these natural compounds on the quality parameters and shelf life of fresh-cut green beans
stored for 15 d at 5 ◦C.

2. Materials and Methods

2.1. Preparation of Plant Material and Treatments

Green bean pods (Phaseolus vulgaris L., variety Hama) were harvested from a local
private farm and transferred under cooling condition (4 ◦C) within two hours to the
postharvest laboratory. Green bean pods free from defects and damage, with uniform
diameter and length, were prepared by cutting the two ends of the pod with a sterile sharp
knife. The fresh-cut green bean pods were immersed in four different treatment solutions:

A. Ethanol (0.5%),
B. Ascorbic acid (AsA) (0.5%),
C. Tea tree oil (TTO) (0.5%), and
D. Peppermint oil (PMO) (0.5%).

The control group left without any treatment. TTO and PMO concentrations were
prepared by dissolving the required amounts of oils in 50 mL of 0.05 mL Tween-20 and then
sterile distilled water was added to obtain 1000 mL of desire concentrations. The treated
samples were then dried in a laminar airflow hood for 2 h, and then packed and sealed
in micro-perforated (five perforations/cm2, perforation diameter 0.7 mm) polypropylene
bags by using autoclaved forceps. The dimensions of the bags were as follows: length
22 cm, breadth 16.5 cm, and 1 mm thickness; the bags contained 250 g of samples each.
Samples were stored at 5 ◦C and 90% RH for 15 d. Each treatment was carried out in
triplicate and the whole experiment was repeated. For each treatment, samples were
divided into two groups. One group was used to determine weight loss, decay, and general
appearance throughout full storage time and the other was used to determine pod quality
parameters (firmness and TSS), chemical compounds (vitamin C, TPC, and chlorophyll
content), mould, yeast, and total microbial count. All parameters were measured at time
intervals of 0, 3, 6, 9, 12, 15 d after treatments.

2.2. Gas Chromatography-Mass Spectrometry Analysis (GC-MS)

To analyse the chemical compositions of the TTO and PMO, the GC-MS system
(Agilent Technologies) equipped with gas chromatography (7890B) and mass spectrometer
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detector (5977A) (Shimadzu, Kyoto, Japan) was used. Samples were diluted with hexane
(1:19, v/v). The GC was equipped with an HP-5MS column (30 m × 0.25 mm internal
diameter and 0.25 μm film thickness). Analyses were carried out using helium as the carrier
gas at a flow rate of 1.0 mL/min at a split ratio of 1:10, injection volume of 1 μL and the
following temperature program: 40 ◦C for 1 min; rising at 4 ◦C min−1 to 150 ◦C and held
for 6 min; rising at 4 ◦C min−1 to 210 ◦C and held for 5 min. The injector and detector
were held at 280 ◦C and 220 ◦C, respectively. Mass spectra were obtained by electron
ionization (EI) at 70 eV; using a spectral range of m/z 40 to 550 and solvent delay of 3 min.
The identification of different constituents was determined by comparing the spectrum
fragmentation pattern with those stored in Wiley and NIST Mass Spectral Library data.

2.3. Free Radical Scavenging Using DPPH

The free radical scavenging activity of the TTO and PMO against 2,2-diphenyl-1-
picrylhydrazyl (DPPH) was measured according to the method described in [25]. First,
EOs samples were diluted with methanol (50 μL mL−1); then, the sample was mixed with 4
mL DPPH solution (0.24 mg L−1 in methanol). The control sample was prepared by mixing
methanol with DPPH solution at the same volume. The mixture was mixed well and
incubated in the dark at room temperature for 30 min; then, the absorbance was measured
at 517 nm using a spectrophotometer (Unico UV-2000, UNICO company, Fairfield, NJ,
USA). The free radical scavenging activity of each essential oil was calculated according
to Equation (1).

Free radical scavenging (%) = [(A control − A sample)/A control] × 100 (1)

where: A control = absorbance of control sample, and A sample = absorbance of essential oil sample.

2.4. Determination of Weight Loss, General Appearance, Firmness, and Total Soluble Solids

Green bean samples were weighed immediately after (drying in a laminar airflow hood
for 2 h) and at every sampling time to measure weight loss by using a digital laboratory
scale. Another set of the green bean samples of 250 g each in triplicates) were used for
further chemical analysis. To determine general appearance, the following scale was used:
9 = excellent, 7 = very good, 5 = good, 3 = poor, and 1 = unacceptable. The appearance
score was assessed by a group of three trained laboratory panelists.

The firmness values of each pod were determined at three different points by using
the digital penetrometer (PCE-PTR 200, PCE Americas Inc., Jupiter, FL, USA) with 6 mm
diameter probe (range 0 to 1 kg*) [26]. The firmness values were expressed in Newton
(N). To determine total soluble solids (TSS), a digital refractometer (model PR101, Atago
[0–45%] Co. Ltd., Tokyo, Japan) was used at room temperature [27].

2.5. Determination of Total Sugar, Vitamin C, Total Phenolic Compounds, and Chlorophyll Content

The total sugar content was determined by the anthrone method at 630 nm as described
in [28]. Briefly, 200 mg fruit were extracted three times with ethanol (80%) at 80 ◦C. Then, the
extracts were evaporated to dryness and redissolved in 2 mL distilled water. One millilitre
of sample extracts was added to 1.5 mL of anthrone reagent (0.2% in H2SO4) and mixed
thoroughly. The sample was brought to boil using a boiling water bath. The solution was
cooled to room temperature and absorbance was measured. The formation of the blue-green
complex indicates the presence of total sugars. Glucose was used as a standard. Vitamin C
content was determined using the titrimetric method with 2,6-dichlorophenolindophenol
described by the Association of Official Analytical Chemistry [29].

TPC was calculated by using the Folin–Ciocalteu reagent with some alteration by
using gallic acid as a standard curve [17]. Five grams of the sample was diluted using
5 mL of methanol (80%). The solution was blended with 2.5 mL of Folin–Ciocalteu (10-fold
with distilled water) and added to 2.5 mL of distilled water. Afterwards, 2 mL of aqueous
sodium carbonate solution (7.5%, w/v) was added after incubation for 5 min. The final
solution was mixed and incubated in the dark at room temperature for 1 h. The absorption

149



Foods 2021, 10, 1103

was assessed at 765 nm using the spectrophotometer, and the results were expressed as
milligrams of gallic acid equivalent (GAE) per 100 mg of fresh fruit weight.

Chlorophyll content was determined as described in [30]. In brief, 0.5 g of fresh
sample were homogenized with 5 mL dimethyl formamide and kept in the dark in the
refrigerator for 48 h. The absorbance was then measured at 470, 647 and 663 nm with
a spectrophotometer (model UV-2401 PC, International Equipment Trading LTD. (IET),
Milano, Italia).

2.6. Determination of Mould, Yeast and Total Microbial Count

Ten grams of each treatment were homogenized with 90 mL sterile saline for 2 min
by a stomacher (Stomacher BW-400P, Turelab, Shanghai, China). Total count and mould
and yeast count (MY) were enumerated on plate count agar and potato dextrose agar after
incubation at 37 ◦C for 48 h and 28 ◦C for 5 d, respectively [31]. The results were expressed
as log10 of colony-forming units per gram sample (CFU g−1).

2.7. Statistical Analysis

Statistical analyses of the pooled data from the two experiments were performed with
SPSS software. The data were analyzed by one-way analysis of variance (ANOVA). The
least significant differences among the treatment means were determined at p ≤ 0.05 by
using the Tukey test. Moreover, a second one-way analysis was carried out to investigate
the storage time (in the supplements).

3. Results

3.1. Chemical Composition of Essential Oils and Free Radical Scavenging

The chemical composition of the EOs is shown in Table 1. A total of nine and 13 com-
pounds were identified in the PMO and TTO, respectively. Levomenthol was reported to
be the predominant compound (36.27%) in PMO followed by Cyclohexanone, 5-methyl-2-
(1-methyl ethyl)-, Cyclohexanone, 5-methyl-2-(1-methyl ethyl)-, trans-, and D-Limonene.
In TTO, 4-Terpinenol was reported to be the predominant compound (42.56%) followed by
Gamma-Terpinene, Alpha-Terpinene and Terpineol.

Table 1. Identified volatile compounds of peppermint and tea tree essential oils.

Compound Rt (min) * (%)

Peppermint oil (PMO)

Bicyclo [3.1.0]hex-2-ene, 4-methyl-1-(1-methylethyl)- 8.17 1.3
Bicyclo [3.1.0]hexane, 4-methylene-1-(1-methylethyl)- 9.592 1.97
D-Limonene 11.43 11.19
Decanal 11.53 2.41
Isopulegol 15.63 1.67
Cyclohexanone, 5-methyl-2-(1-methylethyl)-, cis- 15.92 25.32
Cyclohexanone, 5-methyl-2-(1-methylethyl)-, trans- 16.3 14.68
Levomenthol 16.6 36.27
Cyclohexanol, 5-methyl-2-(1-methylethyl)-, acetate, (1.alpha.,2.alpha.,5.beta.)- 20.84 5.19

Tea tree oil (TTO)

Alpha.-Pinene, (-)- 8.16 5.71
(-)-.beta.-Pinene 9.58 2.55
Alpha.-Terpinene 11.00 10.77
Benzene, 1-methyl-3-(1-methylethyl)- 11.29 6.36
D-Limonene 11.43 3.24
Eucalyptol 11.50 2.06
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Table 1. Cont.

Compound Rt (min) * (%)

Gamma.-Terpinene 12.53 10.12
Alpha.-Terpinolene 13.59 3.60
trans-β-Terpineol 15.60 0.49
4-Terpinenol 16.76 42.56
Terpineol 17.23 7.91
γ-Terpineol 17.48 1.43
Caryophyllene 24.90 3.19

* Retention time (RT) (as minutes).

In this study, the free-radical scavenging activity of PMO and TTO were assessed
through the DPPH radical scavenging test. The radical scavenging activity was observed
in EOs at the concentration of 50 μL mL−1 for each PMO and TTO. PMO had lower radical
scavenging activity (54%) compared to TTO (63.56%).

3.2. Appearance

The appearance score was gradually lowered during storage time (results presented
are from one-way ANOVA analysis for each treatment compound, with storage time being
the factor, Supplementary Table S1). At the end of storage (15 d), the control samples
showed the lowest appearance score (Figure 1A), whereas the ethanol and AsA treatment
showed the highest appearance score from 6 d storage until the end of the storage period
in comparison to other treatments. For PMO and TTO, a gradual decrease in appearance
was observed during the storage period.

3.3. Weight Loss

Weight loss in samples increased during the storage period for all treatments
(Supplementary Table S1). The samples treated with ethanol showed lower levels of
weight loss in comparison to control during the entire storage time, and the lowest on
days 6 and 12 among treatments (Figure 1B). At the end of the storage, the control sam-
ples showed the highest level of weight loss. Moreover, AsA, TTO, and PMO treatments
reduced the weight loss when compared to the control from 9 to 15 d.

3.4. Firmness

A reduction in firmness was observed for all the samples with increasing storage
period (Supplementary Table S1). There was no difference in firmness between samples
treated with ethanol and the control during storage periods except after 9 d of storage
(Figure 1C). Moreover, treatments with AsA, PMO and TTO were equally effective in
maintaining firmness at higher levels than controls from day 9 and thereafter. It was also
shown that no difference was observed in firmness between treatments with TTO and PMO
and the control only after three and six days of storage (Figure 1C).

3.5. Chlorophyll Content

Chlorophyll content decreased with an increase in storage time (Supplementary Table S1).
These results indicated that there was no difference among treatments after three and six
days of storage. However, all treated samples had higher chlorophyll content compared to
the control after 9 d and 12 d, whereas ethanol resulted in the highest chlorophyll content
after 15 d (Figure 1D). Samples treated with AsA, and TTO had higher chlorophyll content
than the control 15 d of storage.
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Figure 1. Effect of ethanol, ascorbic acid (AsA), peppermint oil (PMO), and tea tree oil (TTO) on
(A) appearance, (B), weight loss, (C) firmness, and (D) total chlorophyll of fresh-cut green bean pods
stored at 5 ◦C for 15 d. Different letters indicate significant differences (p < 0.05) using the Tukey test
at every storage point. Data are means of three replicates. Vertical bars represent standard error.

3.6. Vitamin C

The vitamin C content of fresh green beans decreased with increasing storage time
(Supplementary Table S1). The difference among treatments from 3 up to 9 d of storage
was not noticeable, while all treatments showed higher vitamin C content compared to the
control from 12 to 15 d of storage (Figure 2A).
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Figure 2. Effect of ethanol, ascorbic acid (AsA), peppermint oil (PMO), and tea tree oil (TTO) on
(A) vitamin C, (B) total soluble solids (TSS), (C) total phenolic compound (TPC), and (D) total sugars
of fresh-cut green bean pods stored at 5 ◦C for 15 d. Different letters indicate significant differences
(p < 0.05) using the Tukey test at every storage point. Data are means of three replicates. Vertical bars
represent standard error.

3.7. Total Soluble Solids (TSS)

TSS of green beans samples decreased at the beginning of storage in all samples and then
slightly increased in AsA, PMO and controls at the end of storage (Supplementary Table S2).
The results in Figure 2B indicated that samples treated with ethanol and PMO had a higher
TSS than the control after 3 d of storage. However, for the last three storage periods (9, 12,
and 15 d), there was no major difference among all treatments.
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3.8. Total Phenolic Compounds (TPC)

TPC increased up to 9 d of storage, then slightly decreased in all treatments and
control (Supplementary Table S2). TPC was higher in all the treatments when compared to
control from 9 d until the end of storage (Figure 2C). TTO treatment exhibited the highest
TPC levels, followed by PMO from day 9 and afterwards.

3.9. Total Sugars

The total sugar content of samples treated with ethanol, PMO, TTP, and control slightly
increased during the storage time, while the concentration in samples treated with AsA
did not change substantially (Supplementary Table S2). As shown in Figure 2D, samples
treated with either ethanol or AsA maintained a higher total sugar than the control, but
lower than the remaining treatments from day 9 and thereafter.

Samples treated with either PMO or TTO exhibited a higher total sugar content
compared to the control and other treatments without a significant difference between
them (Figure 2D).

3.10. Mould, Yeast and Total Microbial Count

Mould and yeast (MY) and total microbial count increased with increasing storage
time (Supplementary Table S2). In this study, the samples treated with ethanol suppressed
the MY and total microbial count until 12 d of storage (Table 2). Our study showed that
samples treated with either PMO or TTO suppressed MY and total microbial count during
storage until 9 d of storage.

Table 2. Effect of ethanol, ascorbic acid (AsA), peppermint oil (PMO), and tea tree oil (TTO) on
mould and yeast and total count (log CFU/g) of fresh-cut green bean pods stored at 5 ◦C for 15 d.
Data are mean of three replicates ± standard errors. Different letters indicate significant differences
(Tukey test, p < 0.05%).

Mould and Yeast (CFU/g)

3 d 6 d 9 d 12 d 15 d

Ethanol ND * ND ND ND 1.35 ± 0.03 c
AsA ND 1.28 ± 0.12 b 1.37 ± 0.03 b 1.48 ± 0.09 ab 1.32 ± 0.02 c
PMO ND ND ND 1.44 ± 0.03 b 1.49 ± 0.01 b
TTO ND ND ND 1.41 ± 0.03 b 1.37 ± 0.02 c

Control ND 1.54 ± 0.04 a 1.66 ± 0.01 a 1.68 ± 0.01 a 1.79 ± 0.03 a

Total count (CFU/g)

3 d 6 d 9 d 12 d 15 d

Ethanol ND ND ND ND 0.53 ± 0.03 d
AsA ND ND 0.63 ± 0.06 b 0.90 ± 0.06 c 1.30 ± 0.05 c
PMO ND ND ND 1.47 ± 0.01 b 1.49 ± 0.01 b
TTO ND ND ND 1.55 ± 0.02 b 1.56 ± 0.04 b

Control ND 1.71 ± 0.01 a 1.76 ± 0.03 a 1.93 ± 0.02 a 2.05 ± 0.03 a
* ND: not detected (there is no fungal growth found).

4. Discussion

4.1. Chemical Composition of Essential Oils and Free Radical Scavenging

The chemical composition of EOs agreed with Wu et al. [25], who stated that PMO
mostly composed of monoterpenes and their derivatives. Vasile et al. [32] showed pre-
viously that the TTO contained both light monoterpenes and numerous sesquiterpenes,
which are represented as the main component in 4-terpineol, followed by Alpha-Terpinene
and Gamma-Terpinene. These were some of the important constituents of PMO and TTO
in our results.

Our results indicated that PMO had higher radical scavenging activity than the results
reported by others [25] who found that IC50 was recorded at 500 μL mL−1, which is a very
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high concentration compared to the concentration used in this study (50 μL mL−1). Varia-
tions in the antioxidant potential of EOs have been reported, primarily due to the presence
of conjugated double bond compounds, which serve as hydrogen/electron donors [33].
PMO and TTO are also able to scavenge free radicals, which are harmful to the body
because of their antioxidant function. TTO is also known for its therapeutic properties such
as anti-inflammatory, antibacterial, and anticancer activity [34].

4.2. Appearance

Appearance is the most important quality parameter for the consumer’s acceptance.
Figure 3 shows the appearance differences among treatments after 3 and 15 d from storage
of green bean samples. It has been reported that the quality and acceptability of stored
shredded carrots was maintained by exogenous AsA application [35], which agrees with
our result (Figure 1A). This could be due to the inhibitory effects of AsA on chlorophyll
degradation, ripening, and senescence. A sensory evaluation of the overall acceptability of
the products, over time, and according to the proposed treatments, would be desirable. Our
results shown in Figure 1A agree with a number of previous studies [8,36] that reported
that TTO treatment maintained the overall acceptability and appearance of strawberry fruit
stored at 20 ◦C for 3 d. Exogenous application of PMO has been shown to retard ripening,
maintain appearance and suppress the decay of Mangosteen fruit [37], primarily due to the
preservative effect of EOs as an antioxidant as its major components (Table 1). However,
the synergistic or antagonistic influence of one compound in a small proportion of the
mixture must be recognized [38].

Figure 3. Green bean samples treated with ethanol, AsA, PMO, TTO, and control after (A) 3 d and
(B) 15 d of storage at 5 ◦C.

4.3. Weight Loss

Weight loss of fresh fruit and vegetables during cold storage is affected by factors
such as the structure of the cuticle [39], transpiration, and respiration [17]. Our results
agree with Jin et al. [23], who reported a gradual decrease of water loss in sweet melon
treated with vapour ethanol stored at 23 ◦C for 19 d. The reduced weight loss of the
green bean samples by the 1% ethanol treatment could be attributed to the inhibitory
effects on ethylene biosynthesis resulting in a decrease respiration process [22]. Previously,
Ali et al. [40] reported a considerable decrease in the weight loss of litchi fruit treated
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by AsA compared to untreated samples. They suggested that AsA treatment reduced
senescence and metabolic activity, which leads to a reduction of weight loss.

Regarding EOs treatments, our results shown in Figure 1B agree with previous works,
where weight loss was decreased in strawberry fruit treated with vapour TTO stored at
20 ◦C for 3 d [36]. Results in Figure 1B support our hypothesis that PMO could reduce
the weight loss of green bean samples. The exogenous application of PMO on dragon
fruit reduced water loss during storage at 25 ◦C for 21 d [12]. Water loss reduction by the
application of EOs is primarily due to EOs acting as a semi-permeable layer, resulting in a
decrease in the respiratory rate, evaporation, and transpiration [4].

4.4. Firmness

The results in Figure 1C agree with the findings of other researchers [41] who reported
that the firmness of Chinese bayberry is not affected by ethanol treatment. In previous
studies, the ethanol-treated loquat fruit showed lower firmness values as compared to
the non-treated fruit [18]. It has been reported that ethanol vapour treatment maintained
the firmness of sweet melon during storage [23]. Therefore, more research is required to
investigate the influence of ethanol treatment on the firmness of fresh fruit and vegetables.

AsA treatment retained the firmness of the green bean pods (Figure 1C); similar results
were shown in previous works, where sweet pepper and plum fruit treated with AsA had
higher firmness than the control due to its antioxidant properties [15,42]. The higher
firmness of green bean samples treated with AsA could be explained by higher scavenging
of ROS of cells leading to a decreased respiration rate [43]. It is well known that slowing
oxidation preserves freshness and colour in fruits and vegetables.

EOs maintained the firmness of treated samples with either TTO or PMO could be
due to its properties to inhibit the pectin degradation on the surface of green beans [44].
Additionally, EOs can act as a coating agent, which has a positive effect on respiration rate,
leading to a reduction in loss of firmness [12].

4.5. Chlorophyll Content

It has been confirmed that ethanol retards chlorophyll degradation [45], repining and
senescence [46]. The maintained chlorophyll content of the samples treated with ethanol is
due to its inhibited effects on the activities and gene expression of chlorophyll enzymes [21].
It has been reported that AsA reduced the degradation of chlorophyll, which is correlated to
photosystem and therefore resulted in higher chlorophyll content [47]. Our results shown
in Figure 1d are in concurrence with Barzegar et al. [42], who found that AsA treatment
maintained chlorophyll content in stored sweet pepper and green chilies, respectively.

Our results indicated that PMO and TTO treatments had a positive role in maintaining
the chlorophyll content of fresh-cut green beans. This effect can be explained by a lower
breakdown of chlorophyll pigments induced by PMO treatment, which acts as a coating
agent [48]. Moreover, the thin coating layer around samples formed by TTO treatment
could protect them from oxidation and colour changes [49].

4.6. Vitamin C

Vitamin C is classified as a natural antioxidant compound and has a potential role in
reducing the risk of cancer by scavenging ROS in the human body [50]. However, vitamin
C is rapidly degraded in fresh fruit and vegetables by several factors including storage [17].
Therefore, there is a need to minimize the decrease in vitamin C during refrigerated storage.
Our results showed that the applied treatments of essential oil, ethanol and AsA presented
a higher vitamin C value only towards the end of the storage period (9 and 12 d) The same
results have been observed in previous studies for treated loquat fruit [18] with ethanol
and litchi fruit with AsA [40].

The effect of postharvest treatment of TTO on vitamin C content of fruit and vegetable
is not identified well due to limited research on this application. For example, a higher
concentration of vitamin C was observed in lettuce plants treated before harvest with TTO

156



Foods 2021, 10, 1103

and stored for 20 d at −2 ◦C [51]; however, it was mentioned that no significant difference
was observed after 3 d of storage. The difference in our study could be due to the difference
in time of application and different concentration of TTO, also due to the difference in
plant spices.

Our results shown in Figure 2A are in concurrence with previous work by Naeem et al. [48],
who found that application of PMO acting as a semi-permeable coating around the samples’
surfaces resulting in a reduction of vitamin C loss. The reduction in vitamin C loss by
EOs application could be explained by the antioxidant properties of EOs resulting in a
reduction in oxygen diffusion and respiration rate [52].

4.7. Total Soluble Solids (TSS)

Treatment with either ethanol or PMO resulted in a higher TSS in green bean samples
compared to control (Figure 2B). Previously, Wang et al. [18] observed a higher TSS content
in loquat fruit treated with ethanol compared with the control. Additionally, our results
agree with early work reporting a gradual increase in TSS in mangosteen fruit treated [37]
with PMO. Higher retention of TSS in samples treated with PMO can be related to the
reduction of evaporation transpiration and respiration rate leading to conserving TSS [53].

4.8. Total Phenolic Compounds (TPC)

It is well known that TPC are considered the most important antioxidant compounds,
responsible for scavenging free radicals, resulting in higher antioxidant defense [54]. Our
results shown in Figure 2C agree with Wang et al. [18], who reported that TPC in loquat
fruit increased at the beginning of storage and then decreased during the end of storage.
In this study, ethanol and AsA treatments conserved the TPC of samples during storage.
Additionally, it has been reported that that TPC in mung bean sprouts and litchi fruit was
increased by AsA treatment, respectively [16,40]. Higher TPC in white bottom mushrooms
treated with PMO compared to the control was recorded, consistent with the results seen
in this study (Figure 2C) [55]. One of the explanations for higher TPC is that PMO have
phenolic compounds that accumulate and result in higher TPC. Moreover, EOs also affect
delaying the senescence process, resulting in maintaining TPC [37].

Samples treated with TTO showed higher TPC in this study; this agrees with previous
work that observed higher TPC content during refrigerated storage of lettuce heads treated
with TTO [51]. They also mentioned that this result could be ascribed to the induction of
PAL by TTO, resulting in higher biosynthesis of phenolic compounds. Additionally, the
potential of EOs antioxidant activity could reduce the oxidation of phenolic compound [56].

4.9. Total Sugars

In this study, either ethanol or AsA slowed the reduction of total sugar during cool
storage (Figure 2D). Previously [57], a higher total sugar content in stored bitter melon
was recorded when treated with ethanol plus melatonin. Another study indicated that
treatment with AsA inhibited the reduction of the sugars content in strawberry fruit during
cold storage [58]. This result could be due to the reduction of PAL activity by AsA treatment
resulting in a lower loss of sugars during storage [59]. Total sugar preservation in samples
treated with either PMO or TTO could be explained by the role of EOs in reducing the
activity of enzymes that convert starch to sugar in stored crops [53]. Our results agree with
previous work, where a reduction in total sugar loss was recorded in mushrooms treated
after harvest with PMO compared to control [55].

4.10. Mould & Yeast (MY) and Total Microbial Count

Controlling postharvest diseases by ethanol application has been tested by various
previous reports; e.g., Botrytis cinerea was controlled in table grape [60] and anthracnose
in loquat fruit [18]. The reduced fungal growth in samples treated by ethanol is due
to its striking lethal interactions with fungal spore that occurred in the mitochondrial
membrane [61]. In this study and previous study on rocket [62], AsA treatment reduced
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MY and total microbial count. Regarding AsA application, it reduces the pH; a lower pH
value is unsuitable for microbial growth [35].

Previous works demonstrated the inhibited role of EOs and their several compounds
for controlling human and plant pathogens [4]. Our results in Table 2 show that both
PMO and TTO had an inhibitory effect on microbial growth on the samples surface. The
same trend was confirmed by previous work on dragon fruit [12], where PMO inhibited
the mould growth during storage for 21 d. It was found that TTO treatment suppressed
the growth of the pathogens on the surface of strawberry fruit during refrigerated stor-
age [36], mostly due to inhibitory effects of the main chemical compositions of PMO such
as Levomenthol [63] and TTO such as 4-Terpinenol [64] against microbial growth (Table 1).

5. Conclusions

Our study suggested that ethanol, AsA, PMO, and TTO can extend the life of fresh-cut
green beans pods under refrigerated conditions by reducing weight loss and maintaining
appearance, chlorophyll content, firmness, vitamin C, TSS, total sugar, and TPC. Moreover,
a reduction in the mould and yeast count and total microbial count during storage was
observed. Ethanol was the most effective application, followed by PMO and TTO, for pre-
serving quality during refrigerated storage at 5 ◦C up to 15 d. Although all the treatments
had positive effects, the best treatment shall be selected based on particular requirement
and economic feasibility. For example, if there is a problem of higher microbial load along
the value chain, we recommend the use of ethanol as it was the most effective, followed by
PMP, TTO. Moreover, further research is required to enhance the storage ability of fresh-cut
green beans and other legume crops including peas and board bean.
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16. Sikora, M.; Świeca, M. Effect of ascorbic acid postharvest treatment on enzymatic browning, phenolics and antioxidant capacity
of stored mung bean sprouts. Food Chem. 2018, 239, 1160–1166. [CrossRef]

17. El-Mogy, M.M.; Parmar, A.; Ali, M.R.; Abdel-Aziz, M.E.; Abdeldaym, E.A. Improving postharvest storage of fresh artichoke
bottoms by an edible coating of Cordia myxa gum. Postharvest Biol. Technol. 2020, 163, 111143. [CrossRef]

18. Wang, K.; Cao, S.; Di, Y.; Liao, Y.; Zheng, Y. Effect of ethanol treatment on disease resistance against anthracnose rot in postharvest
loquat fruit. Sci. Hortic. 2015, 188, 115–121. [CrossRef]

19. Lichter, A.; Zutkhy, Y.; Sonego, L.; Dvir, O.; Kaplunov, T.; Sarig, P.; Ben-Arie, R. Ethanol controls postharvest decay of table grapes.
Postharvest Biol. Technol. 2002, 24, 301–308. [CrossRef]

20. Wang, K.; Jin, P.; Tang, S.; Shang, H.; Rui, H.; Di, H.; Cai, Y.; Zheng, Y. Improved control of postharvest decay in Chinese
bayberries by a combination treatment of ethanol vapor with hot air. Food Control 2011, 22, 82–87. [CrossRef]

21. Fukasawa, A.; Suzuki, Y.; Terai, H.; Yamauchi, N. Effects of postharvest ethanol vapor treatment on activities and gene expression
of chlorophyll catabolic enzymes in broccoli florets. Postharvest Biol. Technol. 2010, 55, 97–102. [CrossRef]

22. Asoda, T.; Terai, H.; Kato, M.; Suzuki, Y. Effects of postharvest ethanol vapor treatment on ethylene responsiveness in broccoli.
Postharvest Biol. Technol. 2009, 52, 216–220. [CrossRef]

23. Jin, Y.Z.; Lv, D.Q.; Liu, W.W.; Qi, H.Y.; Bai, X.H. Ethanol vapor treatment maintains postharvest storage quality and inhibits
internal ethylene biosynthesis during storage of oriental sweet melons. Postharvest Biol. Technol. 2013, 86, 372–380. [CrossRef]

24. Suzuki, Y.; Nagata, Y. Postharvest ethanol vapor treatment of tomato fruit stimulates gene expression of ethylene biosynthetic
enzymes and ripening related transcription factors, although it suppresses ripening. Postharvest Biol. Technol. 2019, 152, 118–126.
[CrossRef]

25. Wu, Z.; Tan, B.; Liu, Y.; Dunn, J.; Guerola, P.M.; Tortajada, M.; Cao, Z.; Ji, P. Chemical Composition and Antioxidant Properties of
Essential Oils from Peppermint, Native Spearmint and Scotch Spearmint. Molecules 2019, 24, 2825. [CrossRef]

26. El-Mogy, M.M.; Ali, M.R.; Darwish, O.S.; Rogers, H.J. Impact of salicylic acid, abscisic acid, and methyl jasmonate on postharvest
quality and bioactive compounds of cultivated strawberry fruit. J. Berry Res. 2019, 9, 333–348. [CrossRef]

27. El-Mogy, M.M.; Ludlow, R.A.; Roberts, C.; Müller, C.T.; Rogers, H.J. Postharvest exogenous melatonin treatment of strawberry
reduces postharvest spoilage but affects components of the aroma profile. J. Berry Res. 2019, 9, 297–307. [CrossRef]

28. Mostafa, H.S.; Ali, M.R.; Mohamed, R.M. Production of a novel probiotic date juice with anti-proliferative activity against Hep-2
cancer cells. Food Sci. Technol. 2020. [CrossRef]

29. Association of Official Analytical Chemistry (AOAC). Official Methods of Analysis of AOAC International, 17th ed.; Association of
Official Analytical Chemistry (AOAC): Gaithersburg, MD, USA, 2000.

30. Shehata, S.A.; Elmogy, M.; Mohamed, H.F.Y. Postharvest quality and nutrient contents of long sweet pepper enhanced by
supplementary potassium foliar application. Int. J. Veg. Sci. 2018, 25, 196–209. [CrossRef]

31. Shahi, N.; Min, B.; Bonsi, E.A. Microbial decontamination of fresh produce (Strawberry) using washing solutions. J. Food Res.
2015, 4, 128. [CrossRef]

159



Foods 2021, 10, 1103

32. Vasile, C.; Sivertsvik, M.; Mitelut, A.C.; Brebu, M.A.; Stoleru, E.; Rosnes, J.T.; Tănase, E.E.; Khan, W.; Pamfil, D.; Cornea, C.P.; et al.
Comparative Analysis of the Composition and Active Property Evaluation of Certain Essential Oils to Assess their Potential
Applications in Active Food Packaging. Materials 2017, 10, 45. [CrossRef]
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Abstract: The aim of the study was to compare the quality of table grapes (cv. Italia) held on the vine
compared to grapes stored in cold rooms with or without modified-atmosphere packaging (MAP).
The grapes were harvested from 12 plants in 2 vineyards in the same area, differing for the age of
the plant. Four- and a fourteen-year-old vines were cultivated with the “Apulia tendone” system.
After the first harvest, grapes were divided into small clusters and used for storage treatments
in air and in MAP. Samples of 400 g were packaged in polypropylene (PP) trays sealed with a
polypropylene/polyamide (PP/PA) film with 20% CO2 in air. MAP and control samples were then
stored in the same cold room at 0 ◦C. Initially and after 8, 21, and 28 days, grapes stored in air and
MAP were compared to fresh harvested grapes, stored on the plants. Quality attributes included
color, texture, maturity index, phenols, antioxidant activity, sugars, organic acids, sensory parameters,
and volatile compounds. The results obtained demonstrated that grapes held on the plant and in
MAP showed better quality in terms of appearance scores compared to grapes stored in air. In
particular, the application of high CO2 contributed to reduce the deterioration rate of the clusters,
minimizing weight loss, and delaying degradation processes, and this particularly for grapes from
the 14-year-old vine, where grapes held on the plant degraded faster than grapes in the younger
vines. Most volatile compounds did not change their concentration with the storage treatment, except
for ethyl acetate and ethanol, which increased in MAP at the end of storage, and to some compound
responsible for green odor. In conclusion, keeping the grapes on the plant can be considered a
good agronomic practice to preserve the quality, whereas MAP can be applied to better maintain
postharvest quality of the product throughout storage and distribution.

Keywords: modified atmosphere; carbon dioxide; phenols; antioxidant; ethanol; acetaldehyde

1. Introduction

Table grapes are one of the most consumed fruits in the world, and a valuable source
of phytonutrients [1,2].

It is a non-climacteric fruit, and for this reason, unlike many other fruit crops, the
ripening process does not continue off the vine. Sugars produced by photosynthesis are
translocated from leaves to the grapes only until they are on the vine or until the maximum
Brix degree is reached. Also, there is no conversion of starch into sugars, as the amount of
starch in berries is very low [3]. Though the concentration of berry solutes can change after
harvest, and some other quality-related compounds can evolve or be degraded, in general,
grapes should be harvested only when the target quality parameters have been reached.

A common practice used in southern Italy is to appositely cover canopies with plas-
tic film (i.e., low-density polyethylene) during August to delay the harvest times of table
grapes from October to the late November or early December [4]. This “late” forcing,
conversely to the “early” one, aimed to anticipate the shoot sprouting, is executed to
delay the harvest as much as possible, [5] while protecting fruit form autumnal rains. In
addition, forced “storage” has the main advantages of maintaining green and hydrated
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stalks, and, above all, to allow the use of fungicides, which cannot be applied during
storage. Some authors [5,6] reported the benefits of this agronomic technique to meet
the demand for high-quality table grapes during Christmas time, resulting in a higher
profitability for the producers.

Piazzolla et al. [6], in fact, demonstrated that “late forcing” on the vine is a feasible
approach to preserve and even improve table grape quality related to sensorial aspects,
even if the authors reported that extreme delay could reduce the quality of the fruit.
Nonetheless, nothing is known about quality and storability of “on-vine-stored” grapes and
on the potential of this method compared to conventional postharvest storage techniques.

Table grapes are not chilling-sensitive [7]; the respiration rate and the rate of ethylene
production for grapes are very low (2 mg CO2·kg−1·h−1 at 0 ◦C and less than 0.1 μL·kg·h−1

at 20 ◦C, respectively). Table grape quality is reduced by the occurrence of stem browning
and Botrytis cinerea infections [8]. Recently, the main physical, chemical and bio-based
treatments in postharvest for the control of Botrytis cinerea on table grapes have been
reviewed by De Simone et al. [9]. Ideally, grapes are stored in cold rooms operating at
−1 to 0 ◦C with 95% RH, and a very low airflow; in these conditions, grapes may be
stored up to 4 weeks [10], but generally SO2 fumigation are also applied to better control
the mold growth [11,12]. Standard commercial practices include initial sulfur dioxide
(SO2) fumigation during pre-cooling, followed by weekly fumigations with similar doses
during cold storage, or most commonly, SO2 generator pads inside boxes are widely used
for table grape storage and transport [13]. As alternative, chitosan, and aloe vera gel
treatments have been successfully proposed to maintain table grape quality and extend
their shelf-life [14–16].

Other methods used to extend the storability of table grapes include controlled (CA)
or modified atmospheres (MA), and active packaging.

As for CA, the addition of CO2 (10 to 15 KPa in air) can be effective in controlling grey
mold (Botrytis cinerea) for 2 to 4 weeks depending on cultivars [7].

Crisosto et al. [17] concluded that the CA treatment with 10 kPa CO2 combined
with O2 levels from 3 to 12 kPa limited grey mold infection on “Red globe” grapes
during 12-weeks of cold storage, whereas early harvested “Red globe” could be stored
only for 4 weeks in 10 kPa CO2 + 6 kPa O2. In addition, CA treatment [18] and low
temperature storage combined with SO2 slow-release generators [19] may be effective
as insecticidal control.

As for MAP, Artés-Hernández et al. [20], reported that “Autumn seedless” grapes
stored for 2 months in MAP with 15 kPa O2 and 10 kPa CO2 at 0 ◦C followed by 1 week at
15 ◦C in air, helped to prevent rachis browning and flavor losses.

Costa et al. [21] selected the best packaging material to achieve at the equilibrium
the desired gas conditions (10–15% O2 and 4% CO2) that could control the respiration,
the water loss, and the rachis color changes of the grapes. Among the tested polymeric
material, oriented polypropylene (80 μm of thickness) could allow a shelf-life longer than
70 days.

Silva-Sanzana et al. [22] reported that modified-atmosphere packaging controlled the
green color losses on stalks of “Red Globe” grapes stored for 90 days at 0 ◦C, compared
with a conventional storage even after a shelf-life period, but no comparison is available
with grapes “stored on the vine”.

Cefola et al. [23] reported that the storage of “Italia” table grapes at high CO2 at-
mosphere (20 KPa) induced the shift to anaerobic metabolism, reporting an increase in
respiration rate, and acetaldehyde and ethanol production, and a lower evaluation at
the sensorial test, than grapes stored with lower CO2 concentrations (up to 10%) or in
air. Finally, the use of an active packaging based on PET coated with a layered double
Hydroxide (LDH) hosting 2-acetoxybenzoic anion (salicylate) as antimicrobial molecule
was shown to cause a significant reduction in total mesophilic aerobic count and mold and
yeast population with respect to control [24].
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This work aimed to assess for the first time the quality and storability of table grapes
stored on the vine, also considering quality evolution of grapes from the same plants stored
in cold rooms (with or without modified-atmosphere packaging).

2. Material and Methods

2.1. Plant Material and Sample Preparation

“Italia” table grapes were grown in Foggia (Puglia, Italy, 41◦28′39.2′ ′ N), in 2 con-
tiguous vineyards of the same grower, but with plants of 2 different ages, 4 and 14 years.
The vegetative system consisted of the “tendone” which was covered with a plastic net
and a plastic film of LDPE. Grapes were harvested randomly from 12 marked plants in
October, when according to the grower procedure, the commercial maturity was reached.
Grapes were rapidly transported to the Postharvest Laboratory of the University of Foggia
where clusters were divided into smaller clusters. Three replicates of 400 g were used for
initial quality determinations while 18 samples of the same size were prepared for storage
in air in macroperforated bags (AIR) or in modified-atmosphere packaging (MAP). For
MAP, 9 samples were packaged in polypropylene (PP) trays sealed with a PP/PA film
(polypropylene/polyamide, 30 μm, with CO2 transmission rate of 48 mL·m−2 day and
O2 transmission rate of 135 mL·m−2 day) in active modified-atmosphere (20% CO2 in air)
using a semi-automatic tabletop tray sealer (ILPRA termosaldatrici, FoodPack, Vigevano,
PV, Italy). For AIR treatment the trays were wrapped in macroperforated bags containing
wet paper pads to keep a high-RH environment around the product. Three replicate trays
were prepared for each treatment and sampling time, with a total of 18 trays. All samples
were stored at 0 ◦C for 28 days. After 8, 21, and 28 days of storage, 3 trays for each treat-
ment (MAP and AIR) were used for quality determinations together with samples freshly
harvested from the 12 marked plants (PLANT).

2.2. Quality Determination

The following quality parameters were analyzed initially, and on each sampling date.
Weight loss, berry firmness, gas concentration (for MAP samples only), visual quality

(appearance score), color parameters (Hue Angle, Chroma) and sensorial quality (aroma,
flavor, crunchiness, sweetness, acidity, fizzy taste, resistance to berry detachment, and
overall evaluation) were monitored on fresh samples. About 100 g of berries were then
frozen and stored at −80 ◦C until analysis with TSS, pH, TA, volatile compounds, organic
acid, and sugar composition measured on the squeezed juice, whereas total phenol content
and antioxidant activity were extracted from the skin. Additionally, at each sampling date
ethanol and acetaldehyde extracts were prepared and frozen at −20 ◦C.

2.2.1. Headspace Gas Determination and Weight Loss

Before opening the packages, the gas composition was determined using a gas analyzer
with an accuracy of 0.5% for both O2 and CO2 (Witt, Gascontrol 100, MAPY4.0, Witten,
Germany), equipped with an aspiration pump and a needle. A gas volume of 0.5 mL was
automatically withdrawn and used for the gas analysis.

Weight loss was calculated as percentage of difference from initial weight.

2.2.2. Color Analysis

Color indexes were extracted from hyperspectral images acquired with a Spectral
scanner (DV SRL, Padova, Italy), in the VisNir range (400–1000 nm, resolution 5 nm) as
described in Piazzolla et al. [6]. From the primary L*, a*, and b*, Hue angle, and Chroma
were calculated.

2.2.3. Sensory Evaluation

Sensory attributes of the berries were scored by a 5-judges trained panel. The judges
evaluated 3 berries with pedicel from each sampling replicate for each harvest time. Judges
evaluated the aroma, flavor, crunchiness, sweetness, sourness, fizzy taste, resistance to
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berry detachment and the overall evaluation using a scale of 5 to 1, where 5 = very high;
3 = fair; 1 = very low.

2.2.4. Firmness

Firmness was evaluated on 45 berries per replicate by a compression test, performed
with an Instron Universal Testing Machine (model 3343, Norwood, MA, US), at a speed of
50 mm·min−1. The force (N) required for a 3 mm compression between two parallel plates
(diameter of 10 cm) was recorded.

2.2.5. Total Soluble Solids, pH, and Titatrable Acidity

Initially and for each sampling date, total soluble solids (TSS), pH and titratable acidity
(TA) were assessed using 4 g of juice sample from 15 berries, for each replicate. TSS were
measured using a digital refractometer (PR-32 Palette, Atago, Tokyo, Japan), while pH and
TA were assessed with an automatic titrator (TitroMatic 1S, Crison, Toledo, Spain), titrating
to pH 8.1; the value was expressed as percentage of tartaric acid.

2.2.6. Total Phenolic Content and Antioxidant Activity

Total phenol content and antioxidant activity were determined on frozen samples.
One gram of skin was added of 3 mL g−1 of methanol plus 3% formic acid and was
homogenized with an Ultraturrax (IKA T18 basic, Wilmington, NC, USA) [25]. The extract
was then centrifuged at 5 ◦C and 9000 rpm for 10 min. Total phenols were determined
according to the method of Singleton and Rossi [26] and expressed as grams of gallic acid
per kilogram of fresh weight (g GA·kg−1). Antioxidant assay was performed following
the procedure described by Brand-Williams et al. [27] and reported in grams of Trolox
equivalents per kilogram of fresh weight (g TE·kg−1).

2.2.7. Simultaneous Analysis of Organic Acids and Sugars

All samples were thawed and then the juice from each sample was filtered with a
C18 Sep-Pak cartridge (Grace Pure TM, New York, NY, USA) and then with a 0.2 μm filter.
After dilution (1:1) with ultrapure water, 10 μL-samples were injected into an HPLC system
(Agilent 1200 series) equipped with an UV detector, set at 210 nm, and a refractive index
detector. Compounds were separated on a Rezex ROA-Organic Acid H + (8%) column
(300 × 7.80 mm) (Phenomenex, Torrance, CA, USA), using an aqueous mobile phase of
0.1% phosphoric acid, (flow rate of 0.5 mL·min−1) and an oven temperature of 30 ◦C. The
different organic acids and sugars were quantified by chromatographic comparison with
analytical standards. Resulted were expressed as g·kg−1.

2.2.8. Determination of Ethanol and Acetaldehyde

For ethanol and acetaldehyde, 5 g of fresh table grape tissues were homogenized
with 10 mL of water and then centrifuged at 5 ◦C and 9000 rpm for 10 min. Five mL
of supernatant were placed into 20 mL glass vials and stored at −20 ◦C until analysis
according to the method of Mateos et al. [28]. After thawing for 1 h in a water bath at
65 ◦C, 1 mL headspace gas sample was withdrawn and injected into a gas chromatograph
(Shimadzu GC-14A, Tokyo, Japan) equipped with a FID detector (150 ◦C). Ethanol and
acetaldehyde were identified by co-chromatography with standards and quantified by a
calibration curve.

2.2.9. Headspace Solid-Phase Microextraction (HS-SPME) and Gas-Chromatography Mass
Spectrometry (GC-MS) Analysis

The extraction of volatile compounds was carried out by HS-SPME using an
85 μm Carboxen/Polydimethylsiloxane fibre (Supelco, Bellefonte, PA, USA) and a GC-MS
instrument, according to Piazzolla et al. [6].

After thawing the fruit, and detaching seeds and pedicels, 100 g of fruit tissue were
added with 2 g of CaCl2, 20 g of NaCl, 100 μL of internal standard solution (100 ppm
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2-methyl pentanol methanolic solution) and homogenized using a commercial blender.
The homogenized (8 g) was placed into a 15 mL capped SPME vial and stirred for
20 min, at 40 ◦C. Then, the fibre was exposed for 30 min to the capped vial headspace,
manually injected into the GC (splitless mode) and kept for 4 min to allow for desorption
of volatile compounds. The separation was achieved on a DB-WAX capillary column
(60 m × 250 μm × 0.25 μm, J&W Scientific Inc., Folsom, CA, USA) and the identification by
comparison of retention time and mass spectra with pure compounds when available, or
with data system library (NIST 02, p > 80). All compound concentrations were expressed
as μg of 2-methyl pentanol equivalent g−1.

2.2.10. Statistical Analysis

For each vineyard, a 2-way factorial design for treatment (Air, AM, and PLANT) and
time of storage (8, 21 and 28 days) was conducted. At each storage time, a 1-way ANOVA
for the treatment was performed. Mean values were separated with Tukey test (p < 0.05).

The data were analyzed with StatGraphics Centurion software (ver.16.1.11, StatPoint
Technologies, Inc., The Plains, VA, USA).

3. Results and Discussion

In Table 1 is reported, for each vineyard, the effect of the treatment and time of storage
on quality attributes. Data of both vineyards were enough in agreement, and as will be
better explained with data discussion, main differences were due to the higher quality
of grapes from 4-year old vines, which degraded much slower, in comparison to the
14-year old grapes, particularly when stored in air, or kept on the plant. Treatment and
time of storage affected more parameters for grapes from 14-year-old vines, than in the
case of grapes from the 4-year-old vines. For grapes from 14-year-old vines, treatment
influenced firmness, weight loss, hue angle, chroma, titratable acidity, phenol content,
antioxidant activity, acetaldehyde, ethanol, citric acid and all sensorial parameters (except
for sweetness). The time of storage affected most of parameters except for weight loss,
phenols, antioxidant activity, fumaric acid, and fizzy taste score. On the other side, for
grapes of 4-year-old vines, hue angle, acidity, phenols, were not affected by treatment and
much less parameters were affected by time of storage. Since interaction between treatment
and time of storage, was often significant when treatment was significant, and mostly for
sensorial score, the simple effect of treatment for each quality attribute was evaluated at
each sampling time.

As for gas evolution within packages, CO2 concentration was reduced for both experi-
ment to 10% after 20 days of storage and remained constant until the end storage, while
O2 stayed up to the atmospheric level (18–20%). After 28 days of storage, the CO2 and O2
concentrations were approximately 10.5 and 20%, respectively.

In Figure 1 is shown the effect of treatment on firmness during the storage; in particular
firmness of berries held in MAP remained practically unchanged until the end of storage
for both experiments, when grapes hold on the PLANT showed higher firmness values,
compared to grapes stored in air and in MAP. For grapes of 4-year-old vines, a singular
increase of firmness values was observed on berries left on the plant for 28 days, suggesting
a concentration of pectin and cellulose when there was less competition for nutrients
between fruit. As for berry stored in AIR weight loss increased to 3.7 and 2.2% at the end
of the storage, for grapes of 4- and 14-year-old vines, respectively.

Figure 2 shows the effect of treatment on cluster and stalk appearance scores during
storage. Here the main difference due to the age of the plant can be observed. Although
for 4-year-old vines, there was no difference over storage time for cluster appearance of
grapes stored on the plant and in MAP, for grapes from 14-year-old vines, cluster score was
best preserved in MAP up to 21 days of storage, with no difference after 28 days. In this
case, grapes stored on the vine degraded much faster when hold on the plant or in the cold
room, whereas the presence of CO2 was effective on delaying ethylene effects [29,30] for
grapes from both vineyards.
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Table 1. Results of the 2-way ANOVA for treatment (TR) and time of storage (T) a on quality attributes of “Italia” table
grapes from a 4-year and 14-year-old vineyard. Within each row, each factor and their interaction have a significant effect
for p ≤ 0.05 (*); p ≤ 0.01 (**); p ≤ 0.001 (***); p ≤ 0.0001 (****), or not significant (ns).

Quality Attributes
4-Year Old Vine 14-Year Old Vine

Treatment (TR) Time (T) TR X T Treatment (TR) Time (T) TR X T

Firmness (N) **** ns ** ** ** ***
Weight loss (%) 1 ** ns ns *** ns ns

Hue angle (◦) ns ns ns *** **** ns
Chroma * ns * **** * *
TSS (%) ns ns ns ns **** ns

pH-value ns ns ns ns **** **
Titratable acidity (%) ns ns ns * ** *

Phenols (g kg−1) ns ns ns * ns ns
Antioxidant activity (g kg−1) ns ns ns * ns ns

Acetaldheyde (nmole/g) *** **** ** ** **** **
Ethanol (nmole/g) * **** ns ** **** **

Tartaric acid (g kg−1) ns * ns ns ** ns
Malic acid (g kg−1) ns ns ns ns * ns

Fumaric acid (g kg−1) ns ns ns ns ns ns
Citric acid (g kg−1) ns ns ns * ** *

Succinic acid (g kg−1) *** ns ns ns * ns
Sucrose (g kg−1) ns * ns ns **** ****
Glusose (g kg−1) ns ns ns ns **** ns
Fructose (g kg−1) ns ns ns ns * ns

Sensorial Score (1 to 5)
Cluster appearance score **** **** **** **** **** ****

Stalk appearance score **** **** **** **** **** ****
Berry appearance score **** **** * * **** ns

Crunchiness **** ** ** **** *** ns
Berry detachment **** *** ns **** **** ****

Aroma *** **** ns * **** **
Flavor ** **** ** *** **** **

Sweetness *** **** **** ns **** **
Sourness ** **** ns ** **** ns

Fizzy taste *** ns ns **** ns ns
Overall evaluation **** **** * ** **** ns

1 AIR and MAP treatment.

Figure 1. Effect of storage treatment on firmness of “Italia” table grape from a 4-year (A) and 14-year-old (B) vineyard
during storage. At each sampling time different letters indicate mean values significantly different (p < 0.05 and Tukey test;
ns: not significant).
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Figure 2. Effect of treatment on stalk and cluster appearance scores of “Italia” table grapes from a 4-year (A) and 14-year-old
(B) vineyard during storage. At each sampling time different letters indicate mean values significantly different (p < 0.05
and Tukey test; ns: not significant).

In terms of visual appearance, the main effect of the different storage treatment was
observed on the stalk, which showed dehydration and discoloration, for grapes stored
in AIR, while less differences were observed for the berries, particularly for those from
14-year-old vines. Grape berries were less influenced by water loss, since they are well
protected with waxy layers.

Stalk appearance showed a severe deterioration for grapes stored in AIR, whereas
appearance scores remained almost unchanged for PLANT and MAP stored grapes. The
score for AIR samples reached the value of 1 at 28 days, certainly for the observed de-
hydration, which occurred despite the protected conditions (macroperforated bag and
humidified water pad). On the other hand, the high score values registered for samples in
MAP are certainly related to low levels of dehydration but also to the effect of high-CO2
atmospheres on slowing down chlorophyll degradation rate. The effect of atmospheres
with 29 kPa CO2 and 1 kPa O2 on chlorophyll retention has been demonstrated by Pariasca
et al. [29] on pea pods and by Cefola et al. [31] on broccoli raabs stored with 10% CO2. Also,
Silva-Sanzana et al. [22] reported that modified-atmosphere packaging helped to maintain
green color of the stalk for “Red Globe” grapes stored for 90 days at 0 ◦C, with no negative
effect on the quality of the berries. Similar results were found in “Autumn seedless” table
grapes [20], indicating that clusters stored in air showed extreme browning of the stalk
while clusters stored in CA (5 kPa O2+ 15 kPa CO2) and MAP (15 kPa O2+ 10 kPa CO2)
had a good visual appearance at 60 days of storage at 0 ◦C and after additional 7 days in
air at 15 ◦C.

Berry resistance to detachment decreased over time for all treatments; grapes stored
in AIR showed a lower resistance to berry detachment than grapes hold on the PLANT or
in MAP for grapes from 4-year old vines (Figure 3), and up to 21 days of storage for grapes
from 14-year-old vine, where at 28 days PLANT showed highest value
(3.7 N) and both air and MAP the same value of about 2.4 N. These results can be in
part attributed to the different degree of water loss of stalk suffered by samples of different
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treatments. Dehydration stress, in fact stimulates ethylene production which in turn favors
the formation of the abscission layer, which reduces the force required for berry detachment.
Pariasca et al. [29] and Bailén [30], found that the CO2 inhibits the abscission layer in MAP
samples, because of the known competition of CO2 with ethylene on binding sites. In
this case, for grapes of 14-year-old vines CO2 could had prevented ethylene effects, up to
21 days, but at the end of the storage in both MAP and AIR samples senescence processes
were not inhibited, and no differences in berry detachment were observed.

Figure 3. Effect of treatment on flavor and berry detachment over storage of “Italia” table grapes from a 4-year vineyard
(A) and on flavor and fizzy taste on grapes from 14-year-old (B) vineyard. At each sampling time different letters indicate
mean values significantly different (p < 0.05 and Tukey test; ns: not significant).

As for the difference in color observed particularly for grapes of the oldest vine, a
slightly higher decrease of b*, Chroma (also for the 4-year-old-vine), and Hue angle values
was observed for grapes stored on the plant, which also showed a higher increase of the
a* value. This may be explained by a higher enzymatic activity for grapes stored on the
PLANT, and on the same time by the reduction of photosynthetic activity. Nonetheless
difference in color were very minimum and not perceived by eyes. Regarding chemical
attributes: titratable acidity, phenols, citric acid, and sucrose were significantly affected by
the treatment, showing the same trend for grapes from both vineyards (data for grapes of
14-year-old vines is shown in Figure 4).

Titratable acidity and citric acid content increased after 28 days of storage for grapes
store on the PLANT, which presented a higher content than AIR, while intermediate values
were observed for MAP. Probably, the reduction of the fruit load could have led to a
stimulation of the vegetative activity of the plant, inducing the increase of the acidity in the
fruit. No differences for the other individual organic acids were found; tartaric and malic
acids were the most abundant acids, followed by citric and succinic. In addition, traces
of fumaric acid were also detected, in agreement with what reported in the literature for
other varieties [32,33].
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Figure 4. Effect of storage treatment on titratable acidity (A), citric acid (B), sucrose (C) and phenols (D) of “Italia” table
grapes from a 14-year-old vineyard during storage. At each sampling time different letters indicate mean values significantly
different (p < 0.05 and Tukey test; ns: not significant).

On the other hand, sucrose content decreased during storage; after 28 days, grapes
stored in AIR showed a lower content (4.8 g·kg−1) than other treatments (about 7 g ·kg−1

for both PLANT and MAP). As for glucose, at 28 days of storage was higher in MAP
than in AIR, confirming a lower metabolism in MAP grapes probably associated with the
presence of CO2. These results are confirmed by the soluble solids content that report a
slight decrease during the storage without significant difference between treatments.

For all treatments and in both vineyards, an increase of phenolic content was also
observed (much lower for grapes stored in MAP) immediately after 8 days of storage and
up 21 days, followed by a reduction at the end storage. In Figure 4, data refer to 14-year-old
vines, where after 28 days, grapes stored in AIR and on PLANT showed a higher phenolic
content (1.92 and 1.80 g·kg−1, respectively) than the grapes stored in MAP (0.81 g·kg−1),
but the same trend was observed also in the youngest vineyard. Probably, these results are
associated with the biosynthesis of phenols, which is inhibited during postharvest storage
in fruit and vegetables treated with elevated CO2 concentrations [34].

Regarding sensorial attributes, changes in flavor and presence of fizzy taste over time,
are shown in Figure 3. It is important to notice that samples stored in MAP at the end
of storage received the lowest flavor score, possibly related to the accumulation of CO2
in the cell sap in the form of carbonic acid which is the cause of the increase of the fizzy
taste score, reported in figure for grapes from 14-year-old vines. On the other hand, it is
important to highlight that the fizzy taste can also be due to fermentative processes caused
by excessive accumulation of carbon dioxide and oxygen depletion typical of MAP [23]
and associated with the accumulation of volatile compounds (ethyl acetate and ethanol).
The latter aspect is more critical since when due to carbonic acid; it disappear after a few
hours, with the evaporation of CO2.

With regard to aroma compounds a total of 21 volatiles, including six aldehydes
(3-methylbutanal, pentanal, Z-2-butenal, hexanal, E-2-hexenal), six alcohols (ethanol,
1-hexanol, Z-3-hexen-1-ol, E-3-hexen-1-ol, 2-methyl-3-buten-2-ol, 1-pentanol), one ester

171



Foods 2021, 10, 943

(ethylacetate), four terpenes (D-limonene, cis-, and trans-linaloloxide, linalool), three ke-
tones (3-penten-2-one, 1-penten-3-one, 6-methyl-5-hepten-2-one) one furan derivative
(2-ethylfuran), one acid (acetic acid), were found in both grapes from 14-year old vines and
4-year old vines. Grapes from 14-year-old vines also showed the presence of E-2-butenal.
For both grapes from 14-year-old vines and 4-year-old vines, most of the volatiles were
not affected by the storage treatment except for ethyl acetate and ethanol accumulating
in MAP and some typical compounds better preserved in plant. Particularly ethyl acetate
and ethanol showed the same trend during the storage, with significant differences only at
28 days of storage, in which the highest concentrations were found in the treatment with
MAP (Figure 5). In general, the increase in ethyl acetate and ethanol concentrations has
been also reported in the headspace of apples and strawberries stored in high CO2 due to
the fermentative metabolism [35,36]. Also in this trial, the ethanol and ethyl acetate could
be used as indicators to determine the grade of degradation of table grapes.

Figure 5. Effect of the storage treatment on the contents of ethyl acetate (A), ethanol (B), hexanal (C) (E-2-hexenal showed a
similar trend), 1-hexanol (D), in grapes from 14-year-old vines (grapes from 4-year-old vines showed a similar trend). At
each sampling different letters indicate significantly different mean values (p < 0.05 and Tukey test; ns: not significant).

On the other side, for both grapes from 14-year-old vines and 4-year-old vines,
grapes kept on PLANT showed the highest concentration of E-2-hexenal, hexanal, and
1-hexanol, at the end of the storage (Figure 5), showing that grapes on the vine better
maintained some typical compounds. The contents of all the other compounds, including
e.g., the linalool, which is known to give floral notes, were not significantly different
among the treatments.

Therefore, we can affirm that the MA packaging showed some advantages during the
first 21 days of storage, as showed by the sensory evaluation of firmness, aroma, cluster,
and stalk appearance, while at the end of storage the MA treatment suffered an accelerated
process of fermentation likely characterized by the high content of ethanol and ethyl acetate,
inducing the perception of fizzy taste.

4. Conclusions

Results of this experiment demonstrated that holding “Italia” table grapes on the
PLANT, allowed a good preservation of the quality attributes (phenolic content, and flavor)
compared to harvested product. Some additional benefits on cluster appearance score could
be obtained by using MAP conditions, particularly if the grapes come from old vines, being
more perishable than fruit from younger vine. Most volatile compounds did not change
their concentration with the storage treatment, but ethyl acetate ant ethanol increased
in MAP stored grapes at 28 days of storage, suggesting the occurrence of fermentation
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processes confirmed by a highest perception of fizzy taste in grape stored with MAP
conditions. Nonetheless, 21 days are a very reasonable time for the commercialization of
this product, considering that normally for packaged fresh produce a shelf-life of 7–12 days
is normally accepted. Therefore, depending on the market and distribution needs and to
the age of the vineyard, different storage strategies may be applied.
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Abstract: The application of exogenous jasmonate can stimulate the production of ethylene, carotenoids,
and aroma compounds and accelerate fruit ripening. These alterations improve fruit quality and
make fruit desirable for human consumption. However, fruit over-ripening results in large losses
of fruit crops. This problem is overcome by applying 1-methylcyclopropene to the fruits, due to its
capacity to block the ethylene receptors, suppressing fruit ripening. In this study, treatments with only
1-methylcyclopropene and both 1-methylcyclopropene and methyl jasmonate were administered to
observe whether exogenous methyl jasmonate can improve the metabolite levels in fruits with blocked
ethylene receptors. Fruit pericarps were analyzed at 4, 10, and 21 days after harvest (DAH) and
compared with untreated fruits. The post-harvest treatments affected primary metabolites (sugars,
organic acids, amino acids, and fatty acids) and secondary metabolites (carotenoids, tocopherols, and
phytosterols). However, the lipid metabolism of the tomatoes was most impacted by the exogenous
jasmonate. Fatty acids, carotenoids, tocopherols, and phytosterols showed a delay in their production
at 4 and 10 DAH. Conversely, at 21 DAH, these non-polar metabolites exhibited an important
improvement in their accumulation.

Keywords: post-harvest treatment; jasmonate; metabolite profiling; lipid metabolism; Solanum
lycopersicum; ethylene inhibition; fruit quality

1. Introduction

At the onset of tomato ripening, changes in primary metabolites are observed, such as
the accumulation of glucose and fructose and the presence of citric and malic acids in ripe
fruits [1]. Sugars and organic acids are critical to good flavor, contributing to sweetness
and acid balance. Consequently, they are responsible for consumer acceptance [2].

Additionally, changes in secondary metabolites of tomato fruit are observed mainly for
those related to health benefits as well as lycopene, β-carotene, α-tocopherol, β-tocopherol,
and β-sitosterol. Carotenoids and tocopherols play an important role in human nutrition,
mainly due to antioxidant properties and the visual perception of ripe fruits, while phy-
tosterols are associated with reducing LDL cholesterol and total cholesterol [3–5]. Many
of these ripening processes are regulated by plant hormones such as ethylene, methyl
jasmonate, abscisic acid, and other phytohormones [6,7].

Methyl jasmonate can interact with other phytohormones, such as ethylene, in pro-
moting biological activity, such as antibacterial and antifungal activities and signaling
plant defenses [8]. Application of exogenous jasmonate stimulates ethylene production,
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the degradation of chlorophyll, accumulation of β-carotene, and production of aroma
compounds, which can accelerate fruit ripening [9].

Although these changes can improve the fruit quality, making it desirable for con-
sumption, fruit over-ripening can result in large losses of fruit crops. This problem can be
overcome by exogenous application of 1-methylcyclopropene to tomato fruits, due to its
ability to reduce the ethylene production and respiration rate of climacteric fruits [10]. This
action prolongs the shelf life of tomato fruits by retaining their firmness and delaying ly-
copene production and consequently color development [11,12]. This study investigates the
metabolic response to methyl jasmonate applied concomitantly with 1-methylcyclopropene
to harvested tomato fruits during their ripening.

2. Materials and Methods

2.1. Plant Material and Post-Harvest Treatment

Tomatoes (Solanum lycopersicum cv. Grape) at the mature green stage (N = 1200) were
collected from a standard commercial greenhouse in Ibiúna (23◦39′21” S; 47◦13′22” W),
São Paulo, Brazil. Fruits were sterilized with 0.1% aqueous sodium hypochlorite solution
for 15 min. Four biological replicates were applied in the experiment, each comprising
100 fruits. Tomatoes were randomly separated into 3 groups (N = 400 by group): (1) control
group (CTRL), with no treatment; (2) treated with 1-methylcyclopropene (MCP); (3) treated
with both 1-methylcyclopropene and methyl jasmonate (MCP+MeJA). Fruits were left
to ripen spontaneously in a 323 L chamber at a constant temperature (20 ± 2 ◦C) and
humidity (80% ± 5% RH) in a 16 hour-day/8-hour-night cycle. For the MCP treatment,
the instructions of the manufacturer for “manual addition” were followed: 2.45 g of
1-methylcyclopropene (powder, 3.3% w/w active ingredient, SmartFresh post-harvest
treatment; AgroFresh Solutions, Inc., Philadelphia, PA, USA) was weighed and transferred
to a 500 mL Erlenmeyer flask capped with a rubber stopper. Using a syringe, 75 mL
of de-ionized water was added to the flask, dissolving the powder, and releasing the
1-methylcyclopropene gas. The flask was placed in the chamber, the stopper was removed,
and the chamber was closed immediately. A small fan was placed in the chamber, directed
at the flask to aid in the dispersion of the gas. For the MCP+ MeJA group, methyl jasmonate
(Sigma-Aldrich, Saint Louis, MO, USA) was applied to a filter paper left on the chamber
wall for evaporation (100 ppm, final concentration in gas phase), and 1-methylcyclopropene
treatment was made as described above. Both treatments were conducted for the second
time 12 h after the first exposure to the hormone, totaling 24 h of treatment. Samples
of 10 fruits from each replicate were randomly taken at 4, 10, and 21 days after harvest
(DAH), considering the control group as a reference. Biological replicates were composed
of pericarp tissues by removing the placenta and fruit seeds. The pericarp samples were
frozen in liquid nitrogen and stored at −80◦C for subsequent analyses.

2.2. Ripening Parameters
2.2.1. Ethylene Emission

Ethylene emission was analyzed by placing five tomato fruits in 600 mL airtight
glass containers at 25 ◦C for 1 h. Five 1 mL samples of gas produced in the headspace
were then collected with gastight syringes through a rubber septum. A gas chromato-
graph with a flame ionization detector (Flame Ionization Detector (FID) for GC; (Ag-
ilent Technologies, Santa Clara, CA, USA, model HP-6890) and HP-PLOT Q column
(30 m × 0.53 mm × 40 μm) were used to evaluate ethylene emission. The injector and
detector temperatures were equally established at 250 ◦C and the oven at 30 ◦C. The he-
lium gas flow was set at 1 mL.min−1, and the injections were performed using a pulsed
splitless method.

2.2.2. Fruit Surface Color

Fruit surface color was measured using a HunterLab ColorQuest XE colorimeter
(Hunter Associates Laboratory, Inc.) in terms of L*, a*, and b* space. The experimental
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data were treated to obtain values of the hue angle. Three measurements were made at the
equatorial zone of six tomato fruits [13].

2.3. Analysis of Metabolite Profiling of Tomato Fruit Using GC-MS
2.3.1. Extraction and Derivatization of Polar Metabolites

The extraction and derivatization of polar metabolites were conducted as described
in [14]. For the extraction process, 100 mg of frozen pericarp powder was mixed with
100% distilled methanol at −20 ◦C (1400 μL) and ribitol (200 μg.mL−1, internal standard;
60 μL). The mixture was vortexed, incubated in a thermomixer at 950 rpm for 10 min at
70 ◦C, centrifuged at 11,000× g for 10 min, and the supernatant was collected. To the upper
phase was added chloroform at −20 ◦C (750 μL) and Milli-Q water (1500 μL), followed by
mixing and centrifugation at 2200× g for 15 min. The upper hydrophilic phase (150 μL)
was collected and dried under nitrogen gas. Sample derivatization comprised adding
20 mg.mL−1 methoxyamine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA; 40 μL)
and pyridine with subsequent incubation in an orbital shaker at 1000 rpm and 37 ◦C for
2 h. Consecutively, N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA; 70 μL) was
added to the sample, followed by incubation in an orbital shaker at 1000 g and 37 ◦C
for 30 min. Finally, the derivatized samples were moved into glass vials and analyzed
by GC-MS. A pool of polar metabolite external standards (1 mg.mL−1, Sigma-Aldrich)
was applied to certify the identified metabolites by mass spectral comparison: D-glucose;
D-fructose; maltose; sucrose; D-galactose; myo-inositol; citric acid; L-alanine; L-serine;
L-proline; L-aspartate; L-glutamate [15].

2.3.2. Extraction and Derivatization of Non-Polar Metabolites

For the extraction process, 1000 mg of frozen pericarp powder was mixed with chlo-
roform (1250 μL), methanol (2500 μL), and n-tridecane (800 μg.mL−1, internal standard;
20 μL), followed by vortexing for 10 s and incubation on ice for 30 min. Then, 1.5% sodium
sulfate (1250 μL) and chloroform (1250 μL) were added to the mixture, incubated on ice for
5 min and centrifuged at 4 ◦C for 1000× g and 15 min. The upper polar phase was collected
and dried under nitrogen gas. The sample was redissolved in hexane (1000 μL), toluene
(200 μL), methanol (1500 μL), and 8% chloridric acid (300 μL), mixed for 10 s, and incubated
for 1.5 h at 100 ◦C. Subsequently, hexane (1000 μL) and Milli-Q water were added to the
sample and mixed [16–18]. The hexane phase was separated and dried under nitrogen gas.
The sample was redissolved in hexane (80 μL) and pyridine (20 μL) and derivatized with
MSTFA (40 μL). Finally, the derivatized samples were moved into glass vials and analyzed
by GC-MS. A pool of fatty acid methyl ester (FAME) external standards (Sigma-Aldrich)
was applied to certify the identified metabolites by mass spectral comparison: methyl
laurate (C12:0, 0.8 mg.mL−1); methyl tetradecanoate (C14:0, 0.8 mg.mL−1); methyl palmi-
tate (C16:0, 0.8 mg.mL−1); methyl octadecanoate (C18:0, 0.4 mg.mL−1); methyl arachidate
(C20:0, 0.4 mg.mL−1); methyl docosanoate (C22:0, 0.4 mg.mL−1); methyl lignocerate (C24:0,
0.4 mg.mL−1); methyl linoleate (C 18:2, 0.4 mg.mL−1); (Z)-9-oleyl methyl ester (C 18:1,
0.4 mg.mL−1); methyl linolenate (C 18:3, 0.4 mg.mL−1); methyl palmitoleate (C 16:1,
0.8 mg.mL−1) [15].

2.3.3. GC-MS Analysis

Derivatized samples were analyzed by GC-MS (Agilent 5977 Series GC/MSD, Ag-
ilent Technologies, Santa Clara, CA, USA) [15]. Trimethylsilyl derivatives (1 μL) were
injected into an injector at 230 ◦C in splitless mode. The oven temperature ramp applied
was 80 ◦C (initial temperature), held for 2 min, heated at 15 ◦C.min−1 to 330 ◦C, and
held for 6 min. The electron impact ionization mass spectrometer was set at ionization
voltage 70 eV; ion source temperature 250 ◦C; injection port temperature 250 ◦C; and
mass scan range 70–600 m/z at 20 scans.s−1. The column used was an HP5ms column
(30 m × 0.25 m × 0.25 μm). The flow rate of helium gas was 2 mL.min−1. Acquisition,
deconvolution, and analyses of experimental data were processed by MassHunter Quanti-
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tative Analysis software (Agilent, CA, EUA). The NIST mass spectral library (NIST 2011,
Gaithersburg, MD, USA) was used for retention index (RI) comparison and data validation.
Some of the identified metabolites were also confirmed by mass spectral comparison with
the authentic external standards previously described.

2.4. Analysis of Carotenoids by HPLC

Frozen pericarp powder (200 mg) was mixed with 100 μL of 30% NaCl (w:v) solution
and 200 μL of dichloromethane to extract carotenoids. Hexane:ether (1:1; 500 μL) was
added to the mixture and centrifuged at 13,000× g at 4 ◦C for 5 min. This protocol was
repeated thrice, and the organic phases were pooled [19]. The upper phase was dried
under nitrogen gas and dissolved in ethyl acetate. Samples were analyzed by HPLC
(Analytical HPLC, 1260 Infinity II LC System; Agilent Technologies, Santa Clara, CA,
USA), coupled to a diode array detector (DAD), and equipped with a YMC Carotenoid
HPLC C30 (5 μm × 250 mm × 4.6 mm) column [20]. Lycopene, β-carotene, and lutein
from Sigma-Aldrich were used as external standards.

2.5. Statistical Analysis

Experimental data were expressed as mean ± standard deviation (SD) of four biologi-
cal replicates. Statistical analysis was performed by one-way analysis of variance (ANOVA),
and Tukey’s test was applied to establish significant differences among mean values at
p < 0.05, using the Minitab 19.0 software package (State College, PA, USA). For multivariate
analysis, raw data were normalized by the internal standard area, processed using log
transformation (log 2), mean-centered, and divided by the square root of the deviation
of each variable (Pareto scaling). Principal component analysis (PCA), heatmaps, and
fold-change analysis were executed to evaluate differences between treated and untreated
groups, using the MetaboAnalyst 4.0 server (https://www.metaboanalyst.ca accessed on
15 April 2021) [21].

3. Results and Discussion

3.1. Effect of Methyl Jasmonate on the Ethylene Emission and Fruit Surface Color of Tomatoes

In this study, the alterations of metabolites identified in tomato fruits under post-
harvest treatments were observed. Therefore, one group of fruits with ethylene inhibited
by 1-methylcyclopropene were exposed to methyl jasmonate hormone (MCP+MeJA), other
fruit groups were treated only with 1-methylcyclopropene (MCP), and the untreated
tomato fruits (CTRL) were used as a reference for the assays. The three groups of fruits are
visualized in Figure 1A.

The CTRL-group fruits achieved the breaker stage at 4 DAH and the ripe stage at
10 DAH. Regarding treated fruits, the breaker and red stages were achieved with MCP
at 13 and 21 DAH, respectively, and MCP + MeJA at 10 and 13 DAH, respectively. The
ripening stages of the CTRL group were characterized by measuring the ethylene emission
and surface color of the tomato fruits from the day of harvest to 21 DAH (Figure 1B,C). The
metabolite profiling was analyzed at 4, 10, and 21 DAH, aiming to observe the effect of
treatments compared to the CTRL.
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Figure 1. Characterization of tomato (Solanum lycopersicum L. cv. Grape) fruits treated with 1-methylcyclopropene (MCP) and
both hormones, namely 1-methylcyclopropene and methyl jasmonate (MCP+MeJA), during ripening. (A) Representative
images of tomatoes. Effects of MCP and MCP + MeJA on ethylene emission (B) and fruit color (C) compared to the control
group (CTRL). Values are means ± standard error of four biological replicates of at least 10 fruits each.

Treatments with both 1-methylcyclopropene and methyl jasmonate, and only 1-
methylcyclopropene, showed a delay in fruit ripening by reducing ethylene emission

179



Foods 2021, 10, 877

and fruit surface color, as compared to the CTRL group. A similar result was observed in a
study where tomatoes were treated with 1-methylcyclopropene, which reported a reduc-
tion in ethylene emission and respiration rate [22]. Both groups, MCP and MCP + MeJA,
presented the characteristic curves of ethylene emission of climacteric fruits. Fruits treated
only with 1-methylcyclopropene showed the longest delay in fruit ripening, characterized
by their ethylene peak and redness at 21 DAH. However, tomatoes treated with both
1-methylcyclopropene and methyl jasmonate showed an ethylene peak at 13 DAH when
they acquired a reddish color.

It was observed that using exogenous methyl jasmonate hormone in fruits with
ethylene receptors blocked by 1-methylcyclopropene stimulated the ripening process, as
compared to fruits treated only with 1-methylcyclopropene. This behavior indicates that
1-methylcyclopropene efficiently blocks ethylene receptors and consequently may avoid
the interaction of ethylene with other phytohormones related to ripening processes such as
endogenous methyl jasmonate, delaying fruit ripening. However, when exogenous methyl
jasmonate hormone was applied to these fruits, an acceleration in ripening was observed
by the accumulation of pigments and anticipation of an ethylene peak from 21 to 13 DAH.
Additionally, the highest peak of ethylene emission was observed for the MCP + MeJA
group, which may be related to stimulation of ethylene biosynthesis in climacteric fruits by
methyl jasmonate hormone. Thus, our results suggest that exogenous methyl jasmonate can
act independently of ethylene, or the blockage of ethylene receptors was reversed after some
time. Therefore, the synthesis of new receptors in tomato fruits after 1-methylcyclopropene
treatment could be possible, as this occurs in several fruits [22,23]. This behavior may
be responsible for the increased ethylene production after some time, as observed after
10 DAH.

3.2. Primary Metabolite Profiling Affected by Post-Harvest Hormone Treatment

Primary metabolites are important components related to fruit quality. Additionally,
they are considered crucial for plant growth and development. Thus, understanding the
fruit metabolism can support developing future approaches for its manipulation [24]. In
this work, a total of 46 primary metabolites were identified by GC-MS metabolomics
analysis: 10 sugars (glucose, fructose, sucrose, allose, gulose, glucaric acid, myo-inositol,
mannose, ribose, and arabinofuranose); 9 organic acids (oxaloacetic, citric, succinic, aconitic,
malic, citraconic, fumaric, propanoic, and butanoic acids); 12 amino acids (proline, serine,
valine, threonine, aspartic acid, glutamic acid, glutamine, γ-aminobutyric acid (GABA),
asparagine, tryptophan, phenylalanine, and tyrosine); 12 saturated fatty acids (capric,
lauric, myristic, palmitic, stearic, eicosanoic, docosanoic, tricosanoic, lignoceric, hyenic,
cerotic, and montanic acids); 3 unsaturated fatty acids (oleic, linoleic, and linolenic acids)
at 4, 10, and 21 DAH (Table 1). Table 1 shows the effects of methyl jasmonate and 1-
methylcyclopropene on the accumulation or reduction of each metabolite at the three
different maturation stages, indicated by the area normalized by the internal standard.

Moreover, a global overview of the metabolic changes occurring in tomatoes during
ripening was obtained to evaluate significant differences among accumulated metabolites
in treated fruits compared with the control group (Figure 2).
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A PCA was performed on primary metabolites at the 4th, 10th, and 21st ripening
stages, confirming the high reproducibility among the four biological replicates and groups
analyzed. Moreover, clear separation of the CTRL group and both treated groups was
evidenced for the primary metabolites in the PCA score. Heatmap analysis was used to
analyze the differences between treated and untreated groups regarding the metabolite
changes on each day after harvest (Figures 3–5).

 

Figure 3. Relative contents of sugars and organic acids in tomato pericarp (Solanum lycopersicum L. cv. Grape) exposed to
1-methylcyclopropene (MCP) and both 1-methylcyclopropene and methyl jasmonate (MCP+MeJA) compared to the control
group (CTRL). Unsupervised principal component analysis (PCA-score) and heatmap analysis represent the major sources
of variability. Color scale represents the variation in the relative concentration of compounds, from low (green) to high (red)
contents at 4, 10, and 21 days after harvest (DAH).
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Figure 4. Relative contents of amino acids in tomato pericarp (Solanum lycopersicum L. cv. Grape) exposed to 1-methylcyclopropene
(MCP) and both hormones, 1-methylcyclopropene and methyl jasmonate (MCP+MeJA), as compared to the control group
(CTRL). Unsupervised principal component analysis (PCA-score) and heatmap analysis represent the major sources of
variability. Color scale represents the variation in the relative concentration of compounds, from low (green) to high (red)
contents at 4, 10, and 21 days after harvest (DAH).
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Figure 5. Relative contents of fatty acids in tomato pericarp (Solanum lycopersicum L. cv. Grape) exposed to 1-methylcyclopropene
(MCP) and both hormones, 1-methylcyclopropene and methyl jasmonate (MCP+MeJA), as compared to the control group
(CTRL). Unsupervised principal component analysis (PCA-score) and heatmap analysis represent the major sources of
variability. Color scale represents the variation in the relative concentration of compounds, from low (green) to high (red)
contents at 4, 10, and 21 days after harvest (DAH).

Primary metabolism is essential for fruit quality. Sugars, organic acids, and amino
acids are responsible for the taste of tomato fruits, facilitating sensory perception. Amino
acids and fatty acids play important roles as precursors of aroma compounds [7]. Treatment

186



Foods 2021, 10, 877

with 1-methylcyclopropene impacted sugar and organic acids, inhibiting their production
during ripening. Fruits treated only with 1-methylcyclopropene were most affected, show-
ing a greater delay in accumulating sugars and organic acids than fruits treated with both
1-methylcyclopropene and methyl jasmonate (Figure 3). For instance, glucose showed a 22-,
13-, and 23-fold reduction at 4-, 10-, and 21 DAH, respectively, in MCP, as compared to the
CTRL. Mannose, ribose, and malic and aconitic acids exhibited a 14-, 30-, 21-, and 20-fold
decrease in levels at 4 DAH, respectively. Conversely, fructose, sucrose, and citraconic acid
showed a 12-, 15-, and 27-fold decrease in levels at 10 DAH when MCP was compared
with the CTRL (Table 1). Reductions in the levels of these metabolites in fruits treated with
1-methylcyclopropene are shown in (Figure 2), based on the fold-change analysis of the
treated fruits and control group.

Exceptionally, glucose, glucaric acid, and mannose levels showed an increase at
10 DAH in MCP + MeJA, as compared to the CTRL. Similar behavior was observed for
myo-inositol, propanoic, and butanoic acids at 21 DAH (Table 1). As shown in Figure 3,
heatmap analysis demonstrated a tendency of these metabolites to increase at 10 DAH. As
observed by ethylene emission, the minor impact on the production of sugars and organic
acids observed for MCP + MeJA may suggest that methyl jasmonate plays an important role
in ripening. This may act independently of endogenous ethylene, stimulate the synthesis
of new receptors, or reverse the blockage of ethylene receptors after some time.

Amino acid profiling was also affected by the action of 1-methylcyclopropene. Inhi-
bition of the production of amino acids during ripening was observed for both MPC and
MCP + MeJA compared with the control (Figure 4). The most affected amino acids were
aspartic acid at 4 DAH and GABA at 10 DAH, showing a 28- and 10-fold reduction in their
levels with MCP, respectively. However, MCP + MeJA showed 11- and 14-fold decreases,
respectively, as compared to the CTRL, as shown in (Figure 2). Conversely, tyrosine and
phenylalanine showed levels two- and ninefold higher for MCP and MCP + MeJA at
4 DAH, as compared to the CTRL (Table 1, Figure 2). It is important to highlight that
phenylalanine and tyrosine are aromatic amino acids, which participate in the shikimate
pathway and are responsible for the aroma development of fruit. Table 1 shows that the
total amino acid level was represented mostly by proline, glutamic, and aspartic acids,
which are important to fruit quality, as they provide sweetness and umami flavor.

Additionally, fatty acid profiling was also affected by the post-harvest treatments.
The action of 1-methylcyclopropene showed a greater impact on fatty acids such as oleic,
capric, lauric, palmitic, stearic, and myristic acids at 10 DAH, as shown in (Figure 5),
decreasing their levels by 17-, 10-, 14-, 17-, 14-, and 14-fold in the MPC group, respectively,
and 7-, 6-, 9-, 11-, 1-, and 7-fold in the MCP + MeJA group, respectively, as compared to
the CTRL (Table 1). The reduction in fatty acids by 1-methylcyclopropene was evident
when the fold-change analysis was applicable (Figure 2). The MCP + MeJA group also
showed a reduction in fatty acid levels; however, this was less impactful than the MCP
group (Figure 5). The most impacted were the linoleic and myristic acids at 4 DAH with a
reduction of 119- and 26-fold in MCP, respectively, and a 23- and 9-fold decrease in MCP +
MeJA, respectively, as compared to the CTRL (Table 1).

Conversely, a tendency of increased levels of some fatty acids was also detected, as
well as in lignoceric, cerotic, and α-linolenic acids at 4 DAH, and palmitic and linoleic
acids at 21 DAH for the MCP and MCP + MeJA groups (Figure 5). In the MCP group, an
increase was detected in the levels of lignoceric and α-linolenic acids at 4 DAH by 7- and
4-fold, respectively, while in MCP + MeJA, the increases were 28 and 3-fold, respectively.
Moreover, palmitic and linoleic acids were increased by 2- and 10-fold, respectively, in MCP,
and 3- and 10-fold, respectively, in MCP + MeJA at 21 DAH (Table 1). Interestingly, the MCP
+ MeJA group was less impacted when reductions were observed and more impacted when
increases were observed compared with the MCP group. This behavior may indicate that
methyl jasmonate can act as a stimulator in fatty acid production. Palmitic and eicosanoic
acids contributed crucially to the total saturated fatty acid level, and oleic and linoleic
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acids contributed to the total unsaturated fatty acid level, which is notable, as they play an
important role in the fruit quality and nutritional value.

3.3. Secondary Metabolite Profiling Affected by Post-Harvest Hormone Treatment

The secondary metabolites identified in tomato fruits at 4, 10, and 21 DAH were ly-
copene, β-carotene, and lutein by HPLC analysis; α-tocopherol, β-tocopherol, γ-tocopherol,
phytol, β-sitosterol, stigmasterol, and stigmastadienol were identified by GC-MS analysis.

Lycopene was the most affected by the action of 1-methylcyclopropene, reducing its
level not only in MCP but also in MCP + MeJA by 29- and 25-fold, respectively, at 4 DAH.
However, at 10 DAH, lycopene was reduced by eight- and sixfold, respectively, compared
with the CTRL (Figure 6A); β-carotene and lutein showed a decrease less than threefold by
1-methylcyclopropene at the ripening stages (Table S1). These remarkable impacts on the
synthesis of carotenoids are illustrated in (Figure 2), mainly at the onset of ripening.

However, the action of 1-methylcyclopropene had a lesser impact on lycopene accumu-
lation at 21 days of hormone treatment, decreasing its production by 2.8-fold, and its action
was completely reversed by the methyl jasmonate hormone. Fruits treated with methyl
jasmonate showed an increase not only in lycopene production but also in β-carotene and
lutein at 21 DAH, indicating the important role that methyl jasmonate plays in the synthesis
of carotenoids (Figure 6A). Lycopene and β-carotene showed an increase of 10%, and lutein
of 20%, as compared to the CTRL (Figure 6A, Table S1), which is considered relevant since
these bioactive compounds have been associated with health benefits, leading to decreases
in the occurrence of chronic non-communicable diseases [25]. The total carotenoid level
was represented mainly by lycopene.

Tocopherol profiling showed similar behavior to carotenoids during ripening, decreas-
ing its levels in both treated groups at 4 and 10 DAH (Figure 2). At 21 DAH, it presented a
decrease, in the MCP group, and an increase, in MCP+MeJA, of tocopherols, as compared
to the CTRL. The α-tocopherol levels showed a reduction in MCP and MCP + MeJA of
5- and 4-fold, respectively, at 4 DAH, while at 10 DAH, they decreased by 12 and 3-fold,
respectively. The β-tocopherol levels showed a reduction of 14 and 12-fold at 4 DAH, and
23- and 9-fold at 10 DAH in MCP and MCP+MeJA, respectively. Additionally, γ-tocopherol
was decreased by 6-fold at 4 and 10 DAH in both treatment groups, except for the MCP +
MeJA at 10 DAH, which decreased 1.7 fold, as compared to the CTRL (Figure 6B, Table S2).

Conversely, at 21 DAH, tocopherol profiling was less affected by 1-methylcyclopropene
and positively impacted by the concomitant treatment of 1-methylcyclopropene and methyl
jasmonate, showing increases of 40% in the α-tocopherol and β-tocopherol levels and 21%
in the γ-tocopherol levels, as compared to the CTRL (Figure 6B, Table S2). The total toco-
pherol level was characterized mainly by the α-tocopherol content. An acyclic diterpenoid
identified was phytol, which presented a twofold reduction in MCP at 4 DAH and a
twofold increase in MCP + MeJA at 10 DAH (Figure 6B, Table S2). The impact of these
treatments at 4 and 10 DAH is also shown in (Figure 2).

Phytosterols were also affected by 1-methylcyclopropene, showing fivefold reductions
in β-sitosterol levels in MCP at 4 and 10 DAH and threefold reductions in MCP + MeJA
at 4 and 10 DAH, as compared to the CTRL. Stigmasterol exhibited four and sevenfold
reductions in MCP at 4 and 10 DAH, respectively, while MCP + MeJA showed three and
fivefold decreases at 4 and 10 DAH, respectively. Stigmastadienol was the phytosterol
most affected by 1- methylcyclopropene, decreasing ninefold at 4 DAH (Figure 6C, Table
S2); β-sitosterol and stigmasterol were the major sources of the total phytosterol level.
Moreover, down-regulation exceeding twofold, as compared to the CTRL, is observed for
the phytosterols in (Figure 2). Divergent behavior of phytosterols profiled at 4 and 10 DAH,
β-sitosterol, stigmasterol, and stigmastadienol showed an increase in their levels by 42%,
34%, and 32%, respectively, in fruits treated with both 1-methylcyclopropene and methyl
jasmonate at 21 DAH (Figure 6C, Table S2).
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Figure 6. Secondary metabolites in tomato pericarp (Solanum lycopersicum L. cv. Grape) exposed to 1-methylcyclopropene
(MCP) and both hormones, 1-methylcyclopropene and methyl jasmonate (MCP+MeJA), compared to the control group
(CTRL) at 4, 10, and 21 days after harvest (DAH). Contents of carotenoids (A), normalized area of tocopherols and phytol
(B), and phytosterols (C). Values are means ± SE of four biological replicates of 10 fruits each. Different letters indicate
statistically significant differences (p < 0.05).

3.4. Lipid Metabolism Affected by the Post-Harvest Jasmonate Treatment

The metabolite profiling of the tomato fruit pericarp treated only with 1-methylcyclopropene
and with both 1-methylcyclopropene and methyl jasmonate showed a significant impact
on the fruit quality and, consequently, the ripening process. Although the profiles of
sugars, organic acids, and amino acids were affected by the jasmonate treatment, the most
remarkable difference observed was in the lipid metabolism.
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Fruits treated with methyl jasmonate showed a positive impact on the accumulation
of metabolites, mainly in the non-polar metabolites (fatty acids, carotenoids, tocopherols,
and phytosterols). The application of exogenous methyl jasmonate in fruits with blocked
ethylene receptors showed that methyl jasmonate could act independently of endogenous
ethylene, suggesting that the blocking of ethylene receptors was reversed after 10 DAH, or
new ethylene receptors were synthesized. Post-harvest treatment with jasmonate showed
that it is possible to obtain an improved fruit quality with a prolonged shelf life.

Oleic, capric, lauric, palmitic, stearic, and myristic acids showed a 17-fold reduction
when treated with only 1-methylcyclopropene and up to an 11-fold reduction when treated
with both methyl jasmonate and 1-methylcyclopropene, as compared to the untreated
fruits at 10 DAH. It is noteworthy that a drastic decrease was observed in the levels of
linoleic and myristic acids at 4 DAH with both treatments (Table 1, Figure 2). Additionally,
reductions in the levels of carotenoids, tocopherols, and phytosterols were also detected at
the onset of ripening (Figure 6, Tables S1 and S2).

Conversely, an interesting increase in the levels of lignoceric, cerotic, and α-linolenic
acids at 4 DAH and palmitic and linoleic acids at 21 DAH with both treatments was
detected (Figures 2 and 5). Moreover, notable accumulations in the levels of secondary
metabolites, such as lycopene, β-carotene, lutein, α-, β-, and γ-tocopherols, β-sitosterol,
stigmasterol, and stigmastadienol, were detected at 21 DAH by the action of methyl
jasmonate (Figure 6, Tables S1 and S2). However, it is noteworthy that the maturation
stage and hormonal regulation may not be the only factors responsible for the improved
lipid metabolism in tomato fruits; other factors such as genetic factors, cultural practices,
cultivation, and environmental conditions should be considered [25]. Understanding
the interactions between hormone treatment and environmental factors, genotype, and
agronomic practices is essential to produce high-quality fruits by improving the synthesis
of high-value nutrients.

The treatment with methyl jasmonate can induce significant changes in the metabolite
profile of tomato fruits during ripening, positively impacting the nutritional and sensory
fruit quality. This treatment, associated with the blocking of ethylene receptors with 1-
methylcyclopropene, proved effective in avoiding potential effects on the post-harvest
life of the fruits due to the increase in ethylene synthesis caused by methyl jasmonate.
Our experimental design involved four replicates, and the consistency of the results in-
dicates that the effects have good reproducibility. However, they were conducted only
on the Grape cultivar, and it would be interesting to reproduce these treatments in other
cultivars to assess the influence of genotype on responses to treatment with methyl jas-
monate and 1-methylcyclopropene. From the viewpoint of applicability, the presented
protocol has good commercial potential, since the concentrations of methyl jasmonate and
1-methylcyclopropene used were low and, consequently, did not require large volumes of
the compounds. The volatility of the compounds and simplicity of the method of exposure
of the fruits make the treatments feasible for larger environments, such as commercial
chambers. Although both substances are considered generally recognized as safe (GRAS),
further studies about the impact on sensory quality would be important to assess consumer
acceptability for the treated fruit.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10040877/s1, Table S1: Carotenoids contents (μg.g−1 FW) in tomato pericarp (Solanum
lycopersicum L. cv. Grape) exposed to 1-methylcyclopropene (MCP) and both 1-methylcyclopropene
and methyl jasmonate (MCP+ MeJA) treatments at 04, 10, and 21 days after harvest (DAH), detected
by high performance liquid chromatography (HPLC); Table S2: Tocopherols, phytol, and phytosterols
in tomato pericarp (Solanum lycopersicum L. cv. Grape) exposed to 1-methylcyclopropene (MCP) and
both 1-methylcyclopropene and methyl jasmonate (MCP+ MeJA) treatments at 04, 10, and 21 days
after harvest (DAH), detected by gas chromatography-mass spectrometry (GC-MS).
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Abstract: The shelf life of cherry tomatoes is short so that new and efficient preservation techniques
or procedures are required to reduce postharvest losses. This study focused on the development of a
sulfonated poly ether ether ketone (SPEEK) film incorporated with amidated graphene oxide (AGO),
for the storage of cherry tomatoes in modified atmosphere packaging. The mechanical properties,
gas permeability, and moisture permeability were subsequently tested. The evolution of attributes
related to shelf life, such as gas composition, physicochemical properties, and sensory properties
were also monitored during storage trials. AGO, as an inorganic filler, increases the thermal stability
and mechanical properties of SPEEK-based films, while it reduces the water absorption, swelling
rate, and moisture permeability. Importantly, all the AGO/SPEEK films exhibited enhanced gas
permeability and selective permeability of CO2/O2 relative to the SPEEK film. Moreover, 0.9%
(w/w) AGO/SPEEK film showed an enhanced permeability coefficient of CO2, corresponding to an
increase of 50.7%. It could further improve the selective coefficient of CO2/O2 to 67.1%. The results
of preservation at 8 ◦C revealed that: 0.9% (w/w) AGO/SPEEK film was significantly effective at
maintaining the quality and extending the shelf life of cherry tomatoes from 15 to 30 days, thereby
suggesting the potential for applying AGO-incorporated SPEEK films for food packaging materials.

Keywords: amidated graphene oxide; sulfonated poly ether ether ketone; modified atmosphere film;
cherry tomatoes; food packaging

1. Introduction

Cherry tomatoes (Lycopersicon esculentum var. cerasiforme cv.) consist of beneficial
nutrients, such as minerals, vitamins, phenolic compounds, and lycopene [1]. However,
cherry tomatoes deteriorate rapidly without proper preservation, and thus their shelf life
ranges from only 5 to 7 days after harvest [2]. Therefore, it is very important to reduce
decay incidence and extend the postharvest life of cherry tomatoes. Currently, different
treatments, such as drying, edible coatings, modified atmosphere packaging, etc., have
been applied to maintain the postharvest quality of cherry tomatoes [2–4]. However,
modern consumers’ convenient lifestyle and their demand for minimally processed fruits
and vegetables put forward higher requirements for freshness preservation [4]. Modified
atmosphere packaging, as one of the most widely used techniques for fresh produce
preservation, has attracted significant research interest for its time-saving convenience
and ease of use. It reduces gas exchange, moisture evaporation, and respiration reaction
rates and suppresses physiological disorders of fruits and vegetables [5]. Existing modified
atmosphere packaging usually involves the use of polymer materials, such as polyethylene
(PE), polyvinyl chloride (PVC), and polypropylene (PP) [4]. However, these films have
limited gas selectivity or gas permeability, which can no longer meet the requirements
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for the preservation of cherry tomatoes [6]. From this perspective, it is of great practical
significance to develop an atmosphere-modified packaging that matches the respiration
rate of cherry tomatoes [7].

Among diverse polymers, sulfonated poly ether ether ketone (SPEEK), as an aromatic
thermoplastic engineering plastic, has attracted increasing attention for the development of
food packaging materials due to its excellent gas permeability [8]. For instance, He et al. [9]
prepared a SPEEK/PVDF self-balancing packaging film, which significantly shortened
the equilibrium time of CO2 or O2 concentration in the package, making the shelf life of
broccoli more than double. However, there is still much room to improve the selective
permeability of SPEEK. Noteworthily, these polymers can be further improved as functional
packaging materials by incorporating some new compounds, such as nanoparticles [10].
Graphene oxide (GO), as a newly emerging carbon nanomaterial with a two-dimensional
layered structure, has a large specific surface area and strong CO2 adsorption capacity,
and thus acts as one of the ideal materials [11,12]. At present, the methods for the surface
modification of GO can be categorized as covalent and non-covalent functionalization [13].
Among them, the amidated form of GO (AGO) better improves the adsorption of CO2 and
effectively prevents the deterioration of mechanical properties of the film. However, the
effects of AGO/SPEEK films on postharvest attributes and flavor characteristics in cherry
tomatoes have not been reported yet.

In the present study, GO was modified by amidation and then added to SPEEK in
the form of inorganic fillers to prepare a film with a high CO2/O2 separation ratio. The
produced films were then characterized to analyze the efficacy of modification of SPEEK
with AGO. Subsequently, the mechanical properties, water uptake ratio (WUR), swelling
ability (SA), water vapor permeability (WVP), and gas permeability of the pure SPEEK
film and AGO/SPEEK films were also examined and compared. Finally, the efficacy of the
resulting package was assessed by performing storage trials of cherry tomatoes.

2. Materials and Methods

2.1. Materials and Chemicals

Cherry tomatoes were obtained from a local farm in Guangdong province, China.
PP boxes (1 L) were obtained from a local store (Walmart, Guangzhou, China), with no
obvious visual defects. GO was obtained from Sigma-Aldrich Corp. (Shanghai, China).
PEEK (Victrex™ 450 G) was obtained from Victrex Co., Ltd. (Victrex, UK). CO2 (99.99%),
O2 (99.99%), and N2 (99.99%) were obtained from Air Chemical Co., Ltd. (Guangzhou,
China). All other analytical chemical reagents were achieved from Aladdin Industrial
Corporation (Shanghai, China) and used as received.

2.2. Synthesis of AGO

GO powder (~200 mg) was dispersed in N,N-dimethylformamide (DMF) by ultrasoni-
cation. The mixture was mechanically stirred at 30 ◦C for 1 h and then slowly dropped into
ethylenediamine (EDA, 300 mL) under rapid stirring. The reaction was allowed to proceed
for 24–48 h under nitrogen protection. After the reaction, the mixture was diluted in ethanol
(1600 mL) and washed several times to ensure the removal of excess EDA. Finally, AGO
could be collected after filtration and dried overnight in a vacuum oven at 50 ◦C [13–15].

2.3. Preparation of AGO/SPEEK Films

SPEEK (DS 79.8%) and AGO/SPEEK films were prepared by the method proposed by
He et al. [9,12,15]. SPEEK was dissolved in DMF to form a 10% (w/w) mixed solution under
magnetic stirring. Then, AGO (0.1%, 0.5%, and 0.9%) was added to react with SPEEK for
24 h at 60 ◦C in order to obtain a casting solution. The casting solution was defoamed at
room temperature under vacuum. Subsequently, it was cast on a clean glass plate, and its
thickness was controlled at 40 μm using an adjustable scraper. The casted glass plate was
placed horizontally into a vacuum oven at 60 ◦C and dried for 24 h to completely remove
the solvent. Finally, the dried film was peeled off from the glass plate for further tests.
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2.4. Characterization

The structure and functional groups of the surface of the films were analyzed by Fourier-
transform infrared spectroscopy (FTIR, 2000 GX spectrometer, Perkin Elmer, Waltham, MA,
USA) at 4000 to 400 cm−1. The structure of the molecules was determined using a Renishaw
micro-Raman spectroscopy system with a laser wavelength of 532 nm (Raman, RENISHAW
PLC, Kingswood, UK). Crystalline properties were evaluated by X-ray diffraction (XRD, D8
Advance X-ray diffractometer, Bruker, Germany). The morphology and microstructure of
the films were inspected by scanning electron microscopy (SEM, SU-3500, Hitachi, Japan) at
an accelerating voltage of 10 kV and by transmission electron microscopy (TEM, JEM-2100F,
Tokyo, Japan). The thermal properties of the films were determined from 25 to 800 ◦C at a
heating rate of 10 ◦C min−1 in a nitrogen atmosphere by thermogravimetric analysis (TGA,
Metter-Toledo, Switzerland). The composition and chemical state of the elements in the
films were determined by X-ray photoelectron spectroscopy (XPS, K-Alpha+ spectrometer,
Thermo-Fisher, Waltham, MA, USA).

2.5. Film Properties
2.5.1. Mechanical Properties

Mechanical properties, including elongation at break (EAB), tensile strength (TS), and
elastic modulus (EM), were determined by tensile testing, using an LR 5K universal testing
machine (Lloyd Instrument, Bognor Regis, UK). The film was cut into rectangular strips
with dimensions of 60 mm × 20 mm. The deformation was recorded at a crosshead speed
of 10 mm min−1 and an initial gage length of 50 mm. Averages were calculated from five
replicates of each sample.

2.5.2. Swelling Ability

Film swelling was determined by following the method proposed by Banerjee et al. [16].
A film (30 mm × 30 mm) was dried at 100 ◦C for 2 h and immersed in distilled water
at room temperature for 24 h. The WUR and area swelling ratio (ASR) of the film were
calculated by the weight difference of the film before and after water absorption.

2.5.3. Water Vapor Permeability

The films were cut into pieces with size of 4 cm × 4 cm. The water vapor permeability
of the film was measured following the method provided by Shima Jafarzadeh [17]. The
water vapor transmission rate (WVTR) was measured from the slopes (linear) of the steady-
state portion of weight loss of the cup versus time curve. Further, the WVP of the films
was measured as follows:

WVP = WVTR × D
Δp

(1)

where D is the thickness of the film and Δp is the partial water vapor pressure difference
over the two sides of the film.

2.5.4. Gas Permeability

The theory of measuring the gas permeability of the film uses the traditional differen-
tial pressure method. The films were cut into a 10 cm × 10 cm size and were measured
with a BSV-1A gas permeability tester (Lab Stone, Guangzhou, China). The single gas
permeability of the film was determined by changing the gas source (O2, CO2, or N2) in the
room temperature. The gas permeability coefficient of the film (P) is calculated as follows:

P =
Δp
Δt

× V
S
× T0

P0 × T
× D

(p1 − p2)
(2)

The ideal gas selectivity of the film can be obtained by calculating the quotient of the
permeability of the film under different gas sources.
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Where Δp/Δt is the arithmetic mean of changes in hourly gas pressure in the infiltra-
tion chamber; V is the volume of the infiltration chamber; S is the area of the film; T is the
test temperature; p1−p2 is the pressure difference between the two sides of the film; T0
and p0 are the temperature and pressure under standard conditions, which are 273.15 K
and 101,315 Pa, respectively, and D is the thickness of the film.

2.6. Pretreatment and Storage of Cherry Tomatoes

Fresh cherry tomatoes without mechanical damage were manually screened and
precooled at 4 ± 1 ◦C and 90% relative humidity for 24 h. The samples (250 ± 10 g)
were randomly packed in a 1 L packaging box (PP), respectively. The surface of the box
was sealed with AGO/SPEEK films using a JSMAP-1D100F-S semi-automatic modified
atmosphere packaging machine (JuGang Machinery Manufacturing Co., Ltd., Shanghai,
China). The temperature, pressure, and heat-sealing time of the packaging machine were
110 ± 5 ◦C, 1.8 kPa, and 1 s, respectively. Samples without packaging were set as control
group. The packaged samples were stored in a thermo-hygrostat at 8 ± 1 ◦C for 30 days.
The physiological and biochemical properties of cherry tomatoes were evaluated every
5 days.

2.6.1. Internal Atmosphere Composition

Concentrations of CO2 and O2 in the box were monitored using an OXYBABY M+ gas
analyzer (Zillion Corporation, Shanghai, China). During the measurement, a customized
sealing gasket with a size of 1 cm × 1 cm was pasted on the package, and then the needle
of the gas analyzer was inserted into the package. The sensor of the gas analyzer that
connected to the needle automatically collects gas samples for measurement in 10 s and the
actual values of O2 and CO2 volume ratio (%) would be displayed on the screen of the gas
analyzer in real time.

2.6.2. Sensory Properties

In the sensory evaluation experiment, 10 professional sensory evaluators conducted
the experiment on color, odor, texture, and other indicators of cherry tomatoes according
to sensory scoring standards. A 5-point scale (0, unacceptable to 5, excellent) was used.
In the sensory laboratory, under a cool white fluorescent lamp, numbered samples were
randomly placed in small dishes and provided to each sensory evaluator [9].

2.6.3. Physicochemical Properties

The hardness of cherry tomatoes was measured using a GY 2 handheld hardness meter
(Minks Testing Equipment Co., Ltd., Xi’an, China). Hardness values were determined as
maximum force registered in the force vs. time curves. Measurements were made on five
fruits per experimental unit.

Color parameters (L*, a*, b*) of cherry tomatoes were measured using a CR20 colorime-
ter (Konica Minolta Sensing Inc, Tokyo, Japan). For each experimental unit, 10 tomatoes
were measured and the results are presented as ΔE [18].

Cherry tomatoes (125 g) were homogenized with distilled water (125 mL) for 5 min
using a high shear mixing homogenizer, and the pH of the mixture was determined using
an FE20 digital pH meter (Mettler Toledo, Zurich, Switzerland).

The weight of cherry tomatoes was recorded at the initial day and sampling day by
using an AUY220 analytical balance (Shimadzu Corporation, Kyoto, Japan). The weight
loss (%) was calculated following the method described by Araguez et al. [19].

The total soluble solid (TSS) content of cherry tomatoes was determined using an
AR 2008 Abbe refractometer (Kruess, Hamburg, Germany). A drop of clear tomato juice
obtained by squeezing the fruit in a muslin cloth was placed in the reading chamber, and
the value of TSS was read (%) [20].

The content of vitamin C (VC) was determined using a UV1601 spectrophotometer
(Rayleigh Analytical Instruments Co., Ltd., Beijing, China) following the method reported
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by Hou et al. [21]. The VC content was calculated and expressed as mg per 100 g of sample
based on weight.

2.7. Statistical Analysis

Statistical analyses were performed by using the SPSS software (SPSS Inc., Chicago,
IL, USA). All experiments were conducted in triplicates and all data presented as mean ±
standard deviation were subjected to analysis of variance (ANOVA). Duncan’s multiple
range tests were used to compare the difference among mean values at a level of 0.05.

3. Results and Discussion

3.1. Analysis of AGO

SEM was performed to characterize the microscopic morphology of AGO. Figure 1a
shows that AGO was stacked together to form a multilayer sheet structure, which is
consistent with the reported of Ramanathan et al. [20–22]. Compared with GO, Figure 1b
shows TEM images, further showing a transparent yarn-like structure with fewer wrinkles
and smoother surface of AGO [15,20]. It was attributed to the partial reduction of GO by
EDA and the interaction between the AGO plates, which together led to decrimping and
blurring of the edges [14,15,23].

The FTIR spectra of AGO are shown in Figure 1c. The obvious disappearance of
stretching peaks of O−H (3430 cm−1) and C=O (1729 cm−1), and the appearance of stretch-
ing peaks of N−H (3260 cm−1) and C−H (3050, 2885 cm−1) both indicate the partial
modification of GO by EDA [23,24]. Moreover, for AGO, three new peaks appear at 1665,
1536, and 1440 cm−1, which are assigned to the C=O stretching of the amide I band and the
combined absorption caused by N−H bending and C–N stretching in the amide II band,
respectively. It is attributed to the amidation reaction or the substitution reaction between
EDA and GO, which is consistent with the XRD results (Figure 1d).

The Raman spectra of GO and AGO are shown in Figure 1e. A Raman D-band and
a G-band of GO are observed at 1354 and 1600 cm−1, corresponding to the structure
defects on the graphene sheets and the sp2 hybridization of the hexagonal carbon structure,
respectively. Compared to the Raman spectra of GO, the D-band and G-band of the AGO
shift to 1340 and 1595 cm−1, respectively. In general, the relative intensity of the ID/IG
ratio partly indicates the quality of grapheme [25]. Herein, the ID/IG ratio of GO (1.41) was
lower than that of AGO (1.60), indicating a slight reduction of GO, which was attributed to
the conversion of carbon atoms from the sp3 to the sp2 state [26].

The composition and chemical state of elements of AGO were further researched by
XPS. Figure 1f, demonstrates that the full spectrum of AGO shows a significant decrease in
O1s and an increase in C1s, accompanied by the generation of a new peak N1s, indicating
the successful modification of GO. Through further analysis, it was found that the changes
in the intensity of O1s component in Figure 1f were attributed to the disappearance or
the decrease of the intensity of the C–OH group (285.2 eV), C–O–C group (286.8 eV), and
O=C–O (288.9 eV) group in Figure 1f-1. The new peak at the binding energy of 285.9 eV
of C1s component in Figure 1f-4 corresponded to the C–N group, which was proved by
the three main Gaussian peaks at binding energies of 399.0, 400.0, and 401.5 eV of N1s
component in Figure 1f-3, assigned to –NH2, C–N, and –CO–NH groups, respectively.
Furthermore, the O1 spectrum of AGO shown in Figure 1f-5 also indicates the decrease in
the strength of the oxygen-containing groups to varying degrees, which further reveals
that the amidation reaction between EDA and GO is mainly caused by amino groups and
oxygen-containing groups [23,27].
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Figure 1. Characterization of amidated graphene oxide (AGO). (a) SEM, (b) TEM, (c) FTIR spectra, (d) XRD pattern,
(e) Raman spectra, (f) XPS survey spectra, (f-1) C1s spectra of GO, (f-2) O1s spectra of GO, (f-3) N1s spectra of AGO,
(f-4) C1s spectra of AGO, and (f-5) O1s spectra of AGO.

3.2. Characterization Analysis of AGO/SPEEK Films

For any blending system, an important effect that should be addressed is the miscibility
among different compounds as it determines structural stability and physicochemical
properties of the blend. In this study, good miscibility between SPEEK and AGO resulted
in the formation of transparent and homogeneous blending solutions and films. More
obvious details were obtained based on the microstructure of the material. As shown
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in Figure 2a,b, there was a partial depressions on the GO/SPEEK films with no sheet
structure, which is similar to the result of Dai et al. [12,28,29]. The surface of AGO/SPEEK
films displayed a relatively rough morphology with a more obvious layered structure
compared to GO/SPEEK films, consistent with the typical morphology of AGO [12,23].
Notably, most of the AGO was evenly dispersed in the SPEEK matrix, while small-scale
accumulation gradually appeared with an increase in the AGO loading, indicating that the
two compounds were homogeneous [28].

Figure 2. Characterization of films. (a) SEM of GO/SPEEK films, (b) SEM of AGO/SPEEK films, (c) FTIR spectra, (d) XRD
pattern, (e) TGA curves, (f) XPS survey spectra, (f-1) O1s spectra and (f-2) N1s spectra of 0.5% (w/w) AGO/SPEEK films.

Numerous oxygen-containing functional groups, such as carbonyl (C=O), hydroxyl
(–OH), carboxyl (–COOH), as well as amino groups, are present on both sides of AGO;
therefore, the interfacial interactions between AGO and SPEEK matrices should be verified.
Figure 2c shows the FTIR spectra of AGO/SPEEK films. The AGO/SPEEK film shows
a characteristic broad peak corresponding to intermolecular hydrogen bonds, which is
reflected in the shift of the −OH group band from 3440 to 3423 cm−1. The bands at 1080
and 1250 cm−1 are associated with asymmetrical and symmetrical stretching vibrations
of the O=S=O group, while for AGO/SPEEK film, the corresponding bands are shifted to
1070 and 1244 cm−1. The composition and chemical state of elements of AGO/SPEEK films
were also researched by XPS (Figure 2f), which was found to be similar to the XPS results
of AGO and revealed the blending mechanism between AGO and SPEEK. Figure 2d shows
XRD results, clearly indicating the formation of hydrogen bonds between the sulfonated
acid groups in SPEEK and polar or amino groups on AGO. Furthermore, TGA (Figure 2e)
confirmed that the interface interaction caused by hydrogen bonds between AGO and
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SPEEK matrix was stronger, leading to the shift in the TG curve toward high temperature,
indicating the improvement of thermal stability [12,29].

3.3. Analysis of Film Properties
3.3.1. Mechanical Properties

The mechanical properties of films represent their ability to maintain their integrity
and endure external stress during the processing, transportation, handling, and stor-
age of packaged materials [30]. As shown in Figure 3, AGO/SPEEK film presented the
highest TS (Figure 3a) and EM (Figure 3b) but the lowest EAB (Figure 3c) under the maxi-
mum load of 0.9% (w/w). It was attributed to the existence of numerous hydrogen bonds
in the AGO/SPEEK film that caused strong cohesive energy density [12,31]. Likewise,
AGO/SPEEK films also presented higher TS and EM under the same load, which was
ascribed to the reaction of more –NH2 groups with SPEEK as indicated by the decrease of
crystallinity shown in XRD pattern [29]. The EAB of AGO/SPEEK films (Figure 3c) was
lower than that of the original film by varying degrees, which was imputed to the loading
of AGO that restricted the movement of SPEEK polymer chains [32]. Moreover, extensive
hydrogen bonds increased the interfacial adhesion, thereby enhancing the mechanical
properties of the film [12,31]. Noteworthily, when the filling amount of the inorganic
filler was between 0.1% and 0.9% (w/w), the EAB of films remained above 40%, showing
that it still had sufficient mechanical strength and extensibility, which is required for food
packaging applications [30].

Figure 3. Mechanical properties of AGO/SPEEK films. (a) Tensile strength, (b) elastic modulus, (c) elongation at break.

200



Foods 2021, 10, 552

3.3.2. Swelling Ability

The swelling ability is an important factor in composite films and represents its water
absorption resistance property and type of film use. The water absorption tendency of the
film affects the swelling ability to a certain extent. Consequently, the water absorption of
the film shows a trend similar to that of the swelling ability. As shown in Figure 4a,b, the
swelling ability of both the films shows a trend that first increases and then decreases, and
this was mainly attributed to the influence of functional groups. When the added amount of
the inorganic filler (GO/AGO) was less than 0.1% (w/w), the hydrophilic functional groups
in the inorganic filler resulted in temporary increase in the swelling ability of the film.
However, when the amount was more than 0.1% (w/w), “blocking effect” caused by the
increase of functional groups played the main role, leading to a decline in swelling [15,31].
Specifically, the area swelling ratio of films with 0.5% and 0.9% (w/w) AGO was significantly
reduced, reaching 15% and 10%, respectively. Moreover, the area swelling ratio of the
AGO/SPEEK film was lower than that of the GO/SPEEK film under the same loading,
which was ascribed to the less hydrophilic amide groups introduced by AGO, and it
narrowed the gap of the SPEEK polymer chain. Thereby, it can be concluded that the
incorporation of AGO and SPEEK matrix can improve the usability of films for high-
humidity food packaging.

Figure 4. Water permeability of AGO/SPEEK films. (a) Water uptake ratio, (b) area swelling rate, (c) water vapor permeability.

3.3.3. Water Vapor Permeability

WVP is one of the most important functional properties for a food packaging film [30].
Film with low WVP has a good water vapor barrier property, which can effectively reduce
moisture transfer between the surrounding atmosphere and the food environment. As
shown in Figure 4c, the SPEEK film has relatively high moisture permeability, which is
attributed to the presence of abundant sulfonic acid groups that gather together to form
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hydrophilic domains that generate hydrophilic transport channels [33]. The WVP result
of AGO/SPEEK films was found to be similar to the results of WUR. One reason was
that dispersed AGO constituted a barrier and hindered the migration of water molecules
through the film, while the other was that AGO could extend the path of water molecules
through the film, thereby delaying the time to penetrate the film [31]. However, it can be
seen that the WVPs of AGO/SPEEK films were both above 50 × 10−12 g·cm/(cm2·s·Pa),
which is higher than that of PE [34]. Therefore, the AGO/SPEEK films were found to be
suitable for the preservation of fruits with high moisture content.

3.3.4. Gas Permeability

Blending changes the porosity of film and thus also the gas permeability for differ-
ent gases [9]. The pure gas permeability and ideal selectivity of AGO/SPEEK films are
summarized in Table 1. SPEEK has superior gas permeability performance because of the
presence of a polar –SO3H group chain, which interacts with different gas molecules and
then improves upon the solubility coefficients with the gas particles [9,35]. Comparative
analysis indicates that the gas permeability of GO/SPEEK films decreases slightly due
to the consumed –SO3H groups, which is consistent with the results of Xin et al. [36].
Notably, the CO2 permeability of AGO/SPEEK films was significantly increased, while
the permeability of O2 or N2 did not change significantly. It was attributed to the presence
of –NH2 groups in AGO that have an excellent affinity for CO2. Moreover, the reaction
between CO2 and –NH2 groups intensified in the wet state, resulting in increased CO2
permeability of AGO/SPEEK films [34]. Therefore, for both CO2/O2 and CO2/N2, ideal
selectivity increased from 7.3 and 22.2 to 12.2 and 29.1, respectively, with increasing AGO
composition in the blended films.

Table 1. Gas permeability of films for pure gas.

SPEEK Films
Permeability (Barrer) Ideal Gas Selectivity (α)

CO2 O2 N2 CO2/O2 CO2/N2

0 14.68 2.02 0.66 7.3 22.2
0.1% (w/w) GO 13.26 1.96 0.60 6.7 22.1
0.5% (w/w) GO 12.31 1.80 0.65 6.8 18.9
0.9% (w/w) GO 13.92 1.85 0.62 7.5 22.4

0.1% (w/w) AGO 16.81 2.06 0.66 8.1 25.5
0.5% (w/w) AGO 19.40 1.84 0.68 10.5 28.5
0.9% (w/w) AGO 22.12 1.82 0.76 12.2 29.1

3.4. Quality Analysis of Cherry Tomatoes
3.4.1. Internal Atmosphere Composition

The gas permeability of the film is an important factor affecting the exchange of inter-
nal and external gases. The respiration of fruits and vegetable produces CO2 and consumes
O2 in the microenvironment of package. On account of relative gas pressure differences
between the inside and outside of the package, CO2 gets released to the atmosphere and
O2 will enter the package. Thus, films with appropriate gas permeability to O2 and CO2
can significantly prolong the shelf life of fruit and vegetables. As shown in Figure 5a, the
CO2 concentration inside the package maintained an equilibrium concentration of 4–7%,
while the corresponding O2 concentration was 4–6% (Figure 5b). The difference in gas
concentration in the final package was not obvious, although the loading of AGO was
different, which may be caused by the originally low loading of AGO. However, the higher
the loading of AGO, the lower the final equilibrium concentration of CO2 in the package.
Accordingly, it was speculated herein that the modified atmosphere packaging with an
AGO loading of 0.5–0.9% (w/w) is more suitable for preservation.
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Figure 5. Internal atmosphere composition under AGO/SPEEK films packaging in the storage of cherry tomatoes. (a) CO2,
(b) O2.

3.4.2. Sensory Properties

The sensory properties such as color, hardness, and overall acceptability of cherry
tomatoes packaged with AGO/SPEEK films were determined during storage, and their
results are presented in Figure 6. In general, cherry tomatoes were ranked almost similar
with respect to their sensory properties; however, packaged cherry tomatoes had better
peel color when the AGO content in the package was higher. Interestingly, cherry tomatoes
packaged with 0.9% (w/w) AGO/SPEEK films maintained acceptable sensory scores even
after 30 days of storage, showing the potential of AGO/SPEEK film in extending the
shelf life.

Figure 6. Sensory evaluation scores of AGO/SPEEK films in the storage of cherry tomatoes (a 5-point
scale: 1 means unacceptable, 2 means barely accepted, 3 means general, 4 means good, and 5 means
excellent).

3.4.3. Physicochemical Properties

Changes in color, hardness, weight loss, pH, TSS content, and Vc content of cherry
tomatoes packaged with AGO/SPEEK films during storage are shown in Figure 7. Color is
the main external quality criteria affecting the marketability [4]. Figure 7a demonstrates
that the ΔE of cherry tomatoes in different packages shows an increasing trend, and
color changes of AGO/SPEEK films packaged are relatively minimal in different periods,
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probably owing to the reduction of ethylene synthesis influenced by the high content of
CO2. This is in good agreement with the gas permeability results of AGO/SPEEK films
discussed earlier. Specifically, high loading of AGO leads to enhanced CO2/O2 selective
permeability of the film and it is easier to form a high CO2 and low O2 gas atmosphere,
which thus slows down the accumulation of pigment and the browning process of tissues
caused by the aging of cherry tomatoes [4,21].

Figure 7. Physicochemical properties of AGO/SPEEK films in the storage of cherry tomatoes. (a) Total color difference,
(b) hardness, (c) weight loss, (d) pH, (e) total soluble solid content, (f) vitamin C.

Furthermore, hardness of cherry tomatoes is an important factor for the estimation
of maturity [37]. Figure 7b illustrates that the hardness of cherry tomatoes in all groups
exhibited a decreasing trend with the extension of storage time, and the control group was
more significant, which depends on the progress of the conversion of insoluble pectin to
soluble pectin or even pectin acid [38]. The hardness of cherry tomatoes packaged with
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0.9% (w/w) AGO/SPEEK film decreased by 47.4%, which is similar to the result reported
by Zhang et al. [37]. Thus, the AGO/SPEEK film can efficiently slow down the softening of
the cherry tomatoes.

Transpiration and respiration of the fruits during storage lead to loss of water and
weight, which can cause a wilting phenomenon and shorten the postharvest life of fresh
fruit. According to the reported, cherry tomatoes will cause severe wilting when the weight
loss is about 11%, while at about 6% weight loss they will not wilt [39,40]. Figure 7c shows
that the weight loss of cherry tomatoes was the least when the packaging was done with
0.9% (w/w) AGO/SPEEK film and exhibited an increasing trend in the following order:
0.5% (w/w), 0.1% (w/w), and the original film. Undoubtedly, the samples in the control
group were significantly softened and cracked and exhibited the highest loss of weight of
up to 8% after 30 days of storage, while that of others increased to 3–4%, which benefits
from the water resistance of films inhibiting the evaporation of water. Notably, that is
coherence with the results of WVP shown in Figure 4c.

Moreover, pH is an important reference for evaluating the quality of cherry tomatoes
during storage because it uses organic acids as a substrate for respiration [19]. Figure 7d
shows a slight increasing trend of pH from 4.2 to 4.8, which coincided with the results
of hardness caused by increasing pectin acid. The pH of control samples increased more
significantly mainly resulting from no packaging, which is consistent with the report by
D’Aquino et al. [41].

TSS refers mainly to soluble sugars and is a very important indicator for determining
consumer acceptability [42]. Figure 7e exhibits that the TSS content increased at the
beginning of storage (5 days), benefiting from the accumulation of nutrients brought
by maturity. However, it decreased to varying degrees in the later stage, caused by the
hydrolysis of sucrose for respiration and maintaining the physiological activity of plant
raw materials [42]. Noteworthily, cherry tomatoes packaged in a 0.9% (w/w) AGO/SPEEK
film showed a slower decrease in TSS compared with others, indicating a delay in the
ripening of cherry tomatoes under high concentration of CO2 [43].

Figure 7f shows that the Vc content in cherry tomatoes increased initially and then
decreased during the storage period, similar to the behavior described by Zhou et al. [30].
The increased VC content of cherry tomatoes was attributed to the accumulation of post-
ripening effect, while the decrease resulted from the high rates of respiration, oxidative
deterioration, and accumulation of CO2 [30,41]. Noteworthily, the VC content of cherry
tomatoes packaged in 0.5% (w/w) or 0.9% (w/w) AGO/SPEEK films was basically main-
tained at 30 mg/100 g at the end of storage, much higher than others, benefited from
favorable oxygen barrier properties of AGO/SPEEK films that effectively prevented the
oxidation of VC.

4. Conclusions

AGO/SPEEK films were prepared by physical blending for modified atmosphere
packaging. A series of data revealed that the loading of AGO improves the mechani-
cal properties, gas permeability, and selective permeability of CO2/O2 compared to the
original film, while reducing the water uptake ratio, the swelling ability, and the water
vapor permeability. Preservation experiments revealed that 0.9% (w/w) AGO/SPEEK films
delayed the maturation process and doubled the shelf life of cherry tomatoes. Overall,
these findings demonstrated that AGO/SPEEK films have great application potential in
the preservation of fruits with high moisture content and low respiration rate. Undeniably,
many more systematic explorations are still demanded to confirm the safety and service
life of the film when storing various food products, which will be pursued in the future.
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Abstract: The influence of the preharvest application of chitosan on physicochemical properties and
changes in gene expression of ‘Garmrok’ kiwifruit during postharvest cold storage (0 ◦C; RH 90–95%;
90 days) was investigated. Preharvest treatment of chitosan increased the fruit weight but had
no significant effect on fruit size. The chitosan treatment suppressed the ethylene production and
respiration rate of kiwifruit during the cold storage. The reduction of ethylene production of chitosan-
treated kiwifruit was accompanied with the suppressed expression of ethylene biosynthesis genes.
Moreover, preharvest application of chitosan diminished weight loss and delayed the changes in
physicochemical properties that include firmness, soluble solids content, titratable acidity, total
sugars, total acids, total phenols, and total lignin. As a result, the preharvest application of chitosan
delayed the maturation and ripening of fruit. Expression of genes related to cell wall modification
was down-regulated during the early maturation (ripening) period, while those related to gene
expression for lignin metabolism were up-regulated at the later stages of ripening. These results
demonstrate that the preharvest application of chitosan maintained the fruit quality and extends the
postharvest life of ‘Garmrok’ kiwifruit, possibly through the modulation of genes related to ethylene
biosynthesis, cell wall modification, and lignin metabolism.

Keywords: cell wall modification; chitosan; ethylene biosynthesis; fruit quality; lignin metabolism;
postharvest quality; preharvest treatment

1. Introduction

Kiwifruit (Actinidia sp.) is widely accepted by consumers for its organoleptic and
nutritional properties. It is an excellent source of vitamin C (L-ascorbic acid) [1,2], and is
generally known as “Chinese gooseberry”, “China’s miracle fruit”, and “the horticultural
wonder of New Zealand” [3]. The genus Actinidia contains more than 60 species with a
wide diversity, but only two of them (A. deliciosa, and A. chinensis) are being produced
commercially [2,4,5]. Due to their high nutritional value and desirable taste, the demand
for kiwifruits has been increasing. Year-round production and supply of kiwifruit to meet
the demands inevitably requires proper postharvest management.
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Kiwifruit is extremely perishable, with a typical climacteric ripening pattern [1,5]. It is
harvested at an unripe but physiologically mature stage [5]. After harvest, the physicochem-
ical properties of fruit decline rapidly due to the influence of internal biochemical reactions
and the external environment [6,7]. The postharvest performance of kiwifruit is strongly
affected by the maturity or physiological state of the fruit at harvest, in conjunction with the
applied postharvest management. In particular, the postharvest storage life of kiwifruit is
mostly limited by its relatively high metabolic activity and extreme sensitivity to ethylene
during storage [5–8]. Accordingly, the conditions for the preservation of kiwifruit for
prolonged periods are undoubtedly important. The kiwifruit industry highly relies on low
temperature [5,9] in combination with controlled/modified atmospheres [7,10] to extend
their postharvest life. Besides, several other preservation technologies including edible
coatings [7,10,11], and treatments with chemical agents such as methyl jasmonate [12],
salicylic acid [6], and 1-methyl cyclopropane (1-MCP) [12] have been trying to extend
the kiwifruit postharvest life. Among these, the application of edible coatings has been
reported as one of the novel technologies with great potential for extending the postharvest
life of kiwifruit.

The edible coatings on fresh fruit serve as an alternative to modified atmosphere
packaging, as they reduce the quality changes and quantity losses through control of the
internal atmosphere of the individual fruit [13]. It has been shown that edible coatings
have the potential to reduce moisture loss, rate of respiration, ethylene production, and
ripening, while they maintain quality along with storability [7,11,13,14]. In postharvest
management, polysaccharide-, protein-, and lipid-based solutions have been demonstrated
as applicable edible coatings that prolonged the postharvest life of the whole kiwifruit or
other fruits [1,7,10,11,14–16].

Recently, the natural compound chitosan (poly β-(1,4) N-acetyl-d-glucosamine) has
been widely used as an edible coating. It is a polysaccharide derived from the deacetylation
of chitin [6,17–20]. It has been shown that the use of chitosan as an edible coating enhances
the quality and postharvest life of various fruits owing to its excellent film-forming, non-
toxic, biocompatible, biodegradable, and antifungal properties [2,8,18,20–22]. Besides,
several studies have demonstrated that the postharvest use of chitosan as an edible coating
maintains quality and extends the postharvest life of kiwifruits such as green-fleshed
(A. deliciosa) kiwifruit [3,18,23], yellow-fleshed kiwifruit (A. chinensis) [6,24], red kiwifruit
(A. melanandra) [2], hardy kiwifruit (A. arguta) [13], and arctic kiwifruit (A. kolomikta) [21].
Although chitosan can be applied in either preharvest or postharvest treatments, the reports
on preharvest treatments of chitosan and the effects on the postharvest control are still
limited. Nonetheless, the preharvest application of chitosan is highly feasible and can be
applied on the fruit around harvest time [19].

In our previous studies, we evaluated the effectiveness of the application of preharvest
chitosan in combination with calcium chloride (Ca-chitosan) that resulted in the enhance-
ment of fruit quality and postharvest life of hardy kiwifruit (A. arguta ‘Saehan’) [25] and
green-fleshed kiwifruit (A. deliciosa ‘Garmrok’) [8]. In a separate study, Zhang et al. [22]
reported that the preharvest spraying of chitosan composite films (chitosan, calcium, dex-
trin, ferulic acid, and auxiliaries) had several positive effects on the postharvest quality and
control of diseases in kiwifruit (A. deliciosa ‘Guichang’). Although these results suggest the
efficacy of preharvest treatment of chitosan in maintaining the postharvest properties of
kiwifruit, the physiological changes and underlying molecular events involved in main-
taining fruit physicochemical properties need to be further investigated. In the current
study, we show that the preharvest application of chitosan maintains the fruit quality and
extends the postharvest life of ‘Garmrok’ kiwifruit possibly through the modulation of
genes related to ethylene biosynthesis, cell wall modification, and lignin metabolism.
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2. Materials and Methods

2.1. Plant Materials and Preharvest Chitosan Treatment

The study was carried out from 4 October 2019 to 3 February 2020, on kiwifruit
(A. deliciosa ‘Garmrok’). Kiwifruit was harvested from an orchard in Namhae Sub-Station,
National Institute of Horticultural and Herbal Science, Rural Development Administration,
Korea. ‘Garmrok’ kiwifruit vines were cultivated on a pergola trellis system and general
kiwifruit cultivation recommendations were implemented.

The experiment comprised three treatments that included control (0), 100, and 500 mg·L−1

chitosan. Untreated fruits served as the control treatment. Chitosan (from shrimp shells;
≥75% deacetylation; Sigma-Aldrich, Seoul, Korea) at a concentration of 20 g·L−1 was
dissolved in distilled water consisting of 0.1 mol·L−1 acetic acids by stirring to make a stock
solution. The resultant stock solution was further diluted with distilled water to make
working solutions at 100 and 500 mg·L−1 concentrations. Tween 80 (0.1%) was added to
improve wettability. The chitosan concentrations used in the study were chosen based on
our previous studies [8,25]. Each treatment comprised three biological replicates (trees) in a
randomized complete block design in which a single tree corresponds to the experimental
unit. Kiwifruit on vines was fully dipped in a cup of chitosan solution until the fruit
were completely wet. The chitosan was applied at four times: 4 October 2019 (146 days
after full bloom (DAFB)), 12 October 2019 (154 DAFB), 19 October 2019 (161 DAFB), and
28 October 2019 (170 DAFB). The fruit from each treatment were harvested on 2 November
2019 (175 DAFB).

Kiwifruit were culled out for uniformity of size and lacking defects. The selected
fruit were packed in corrugated cardboard boxes (10 kg capacity) laid with a perforated
polyethylene film liner. All experiments were performed in triplicate. Fruit were stored for
90 days at 0 ◦C with relative humidity (RH) of 90–95%. The fruit physicochemical attributes
and relative gene expressions were evaluated at 30-day intervals.

2.2. Physicochemical Quality Attributes of Fruit

Kiwifruit weight, size, core firmness, and flesh firmness were measured for 10 biologi-
cal replicates (fruit) according to our previous study [8]. A rheometer (RHEO TEX SD-700,
Sun Scientific Inc., Tokyo, Japan) fitted with an 8 mm round, flat-ended probe, compressing
at a depth of 3 mm and a crosshead speed of 120 mm·min−1 was used to measure fruit
firmness. The fruit were sliced into longitudinal halves and each half was measured for
flesh firmness in the central zone after the peel (~2 mm thick) was removed. The fruit
were cut through the equator (2 cm radial slice) and the core tissue was measured for core
firmness [8]. Firmness was represented in Newton (N). Fruit weight loss was measured
using a digital balance from the beginning to the end of the storage and expressed as the
percentage of weight loss relative to the initial weight.

Changes in respiration rate and ethylene production rate were measured in triplicate
using a gas chromatograph. After weighing the individual fruit, each of them was placed in
a 630 mL volume airtight polypropylene container (HPL851-2.1L, Locknlock, Seoul, Korea)
fitted with a rubber septum, for 3 h at room temperature. Air samples of the headspace
were removed from the septum with a syringe and injected into a gas chromatograph
(GC-7890B; Agilent Technologies, Santa Clara, CA, USA) that is equipped with a stainless
steel column (2.0 m × 3.0 mm i.d.) packed with Porapak Q (Shinwa, Kyoto, Japan) and a
flame ionization detector (FID) to measure the ethylene production. The respiration rate
was determined using a gas chromatograph (GC 6890, Agilent Technologies, USA) that
is equipped with a stainless steel column (2.0 m × 3.0 mm i.d.) packed with Shincarbon
ST (Shinwa, Kyoto, Japan) and a thermal conductivity detector (TCD). The measurements
were expressed in mg·CO2 kg−1 h−1 and μL·C2H4 kg−1 h−1.

Surface of preharvest chitosan-treated and untreated ‘Garmrok’ kiwifruit peel was
examined by scanning electron microscopy (SEM, LEO 1420VP). The micrographs were
viewed at an accelerating voltage of 20 kV in high vacuum conditions. Before SEM
observation, the samples were dried using a freeze dryer at −78 ◦C for 2 days (Ilshin
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BioBase, Gyeonggi-do, Korea). The dried samples were coated with an ultrathin layer of
palladium/gold layer (Pd/Au) on an ion sputtering machine (Quorum Techn, SC7620)
and comparable magnifications of kiwifruit peel of coated and non-coated fruits were
photographed.

The soluble solids content (SSC, %) and titratable acidity (TA, %) were measured as
described in our previous study [8]. Ten biological replicates were measured for SSC, while
TA was measured in three replications in which one replicate contained the extract of ten
fruits. The contents of total sugar, organic acid, phenolic, and lignin were measured in three
replications in which one replicate contained the extract of three fruits. Sugars (fructose,
glucose, and sucrose) and organic acids (oxalic, quinic, malic, and citric) were analyzed
by HPLC (Agilent 1200 Chemstation, Agilent, CA, USA), according to the method of Kim
et al. [4] with slight modifications. A 250 mm × 4.6 mm i.d. Shodex Asahipak NH2P-50
4E column (Showa Denko, Tokyo, Japan) was used for sugar analysis. The organic acid
analysis was done using a 250 mm × 4.6 mm i.d. Develosil RPAQUEOUS-AR-3 column
(Nomura Chemical Co., Ltd., Seto, Japan). The peaks were detected at 214 nm with UV/VIS
detector (1200 Variable Wavelength Detector, Agilent, CA, USA). Sugars and organic acids
were detected by the retention time in the chromatograms compared to the standards. The
results were expressed in g/100 g on a fresh weight basis. The total sugar content was
detected in a mixture of fructose, glucose, and sucrose (Table S1). The total organic acid
was detected in a mixture of oxalic, quinic, malic, and citric acids (Table S1).

The content of total phenolic was analyzed spectrophotometrically using the modified
Folin–Ciocâlteu method, following Kim et al. [26]. The absorbance was recorded at 725 nm
using a UV–vis spectrophotometer (Varioskan Flash Multimode Reader, Thermo Fisher
Scientific, Waltham, MA, USA). The content of total phenolic was calculated using a
standard curve of gallic acid and expressed as mg of gallic acid equivalent (GAE) per 100 g
on a fresh weight basis.

The total lignin content of kiwifruit flesh was assessed by a two-step acid hydrolysis
procedure following the methodology of the National Renewable Energy Laboratory
(NREL/TP-510-42618) [27]. The primary hydrolysis step was done with 72% H2SO4 at
30 ◦C for 60 min. At the secondary hydrolysis step, the reaction mixture was diluted
to 4% H2SO4 and autoclaved at 121 ◦C for 1 h. The autoclaved hydrolysis solution was
vacuum filtered into the previously weighed crucibles of medium porosity (10 to 15 μm).
The solid residue remaining in the filter crucibles was oven-dried at 105 ◦C overnight
and is considered to be the acid-insoluble lignin. The content of acid-soluble lignin in
the hydrolysates was also quantified. The acid-soluble lignin was calculated based on
measuring absorbance at 320 nm in a UV-visible spectrophotometer (UV–vis, 7205, Jenway
Co., Staffordshire, UK). The content of total lignin in the sample was determined as the
sum of the acid-insoluble lignin and acid-soluble lignin, expressed as a percentage.

2.3. RNA Extraction, cDNA Synthesis, and Gene Expression Analysis by Quantitative
Real-Time PCR

The total RNA of kiwifruit flesh tissue was isolated from three biological replicates
of fruit at every 30 days of storage using the RibospinTM Plant Total RNA Purification Kit
(GeneAll Biotechnology Co., Ltd., Seoul, Korea) by following the manufacturer’s protocol.
The extracted RNA was quantified by Nanodrop spectrophotometer (Thermo Scientific™
NanoDrop 2000, Waltham, MA, USA). One microgram of total RNA was used for cDNA
synthesis using the TOPscriptTM RT DryMIX (dT18 plus) Kit (Enzynomics; Republic of
Korea) according to the manufacturer’s protocol.

The real-time qPCR was performed with gene-specific primers (Table S2). Each reac-
tion was performed in triplicate. For each sample in 20 μL final volume were contained
1 μL cDNA, 1 μL specific primers, and 10 μL of 2X Real-Time PCR Master Mix (Includ-
ing SFCgreen® I in the mixture) according to the manufacturer’s protocol (BioFACTTM,
Yuseong-Gu, Daejeon, Korea).

Three genes of cell wall modification, A. deliciosa polygalacturonase C (AdPGC), A. de-
liciosa expansin 1 (AdEXP1), A. deliciosa expansin 2 (AdEXP2), and two genes of ethy-
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lene biosynthesis, A. deliciosa ACC (1-aminocyclopropane-1-carboxylic acid) synthase 2
(AdACS2), A. deliciosa ACC oxidase 2 (AdACO2) were selected based on our previous stud-
ies [28,29]. The lignin metabolism-related genes, A. chinensis phenylalanine ammonia-lyase
(AcPAL), A. chinensis cinnamyl-alcohol dehydrogenase (AcCAD), and A. chinensis peroxi-
dase 2 (AcPOD2) were selected according to Li et al. [12]. For cell wall modification genes
and ethylene biosynthesis genes quantitative RT-PCR was performed using the Rotor-Gene
Q detection system (Qiagen, Hilden, Germany) and included initial annealing of 5 min
at 95 ◦C, followed by 50 cycles of 15 s at 95 ◦C, 30 s at 60 ◦C, and 45 s at 72 ◦C [28,29],
followed by a melting-curve analysis at the end of each run. The cycling procedure for
lignin metabolism-related genes included initial annealing of 3 min at 95 ◦C, followed by
44 cycles of 10 s at 95 ◦C, 30 s at 57 ◦C, and 30 s at 72 ◦C [12]. The kiwifruit actin gene, A. de-
liciosa actin 1 (AdACT1) was used as the internal control (housekeeping gene) to normalize
expression differences in each sample. Quantitative RT-PCR data were analyzed using the
2−ΔΔCT method [30], and changes in gene expression caused by chitosan treatment was
compared to untreated fruit (control) of each sampling date (p ≤ 0.05).

2.4. Statistical Analysis

The data were subjected to analysis of variance (ANOVA) using statistical analysis
software (SAS, version 9.4, SAS Institute Inc., Cary, NC, USA). The significance of dif-
ferences between the mean values were determined by least significant difference (LSD)
test (p ≤ 0.05). Statistical analysis of qRT-PCR data was performed with Student’s t-test
(p ≤ 0.05). A two-way ANOVA compared the independent groups (preharvest treatment
and storage days at 0 ◦C) based on the dependent variables as shown in Supplementary
Tables S3–S6. The graphics of the analyzed results were generated using SigmaPlot v12.0
(Systat Software, Inc., SigmaPlot for Windows, San Jose, CA, USA).

3. Results

3.1. Fruit Weight and Size at Harvest

The chitosan-treated fruit had the highest fruit weight of 86.27 and 91.79 g (p ≤ 0.05) at
100 and 500 mg·L−1 concentrations, respectively (Table 1) when compared with the average
weight of the control fruit (81.49 g). The fruit size was measured by means of fruit length,
longitudinal width, and transverse width. There was no difference in fruit length and
longitudinal width between the treatments, except for the transverse width (Table 1). The
smaller values of transverse width of 50.28 and 51.86 mm were measured for fruit treated
with 100 and 500 mg·L−1 chitosan, respectively, and a larger value of transverse width was
observed for the control fruit (52.06 mm).

Table 1. Effects of preharvest chitosan application on fruit weight and fruit size at harvest in ‘Garmrok’
kiwifruit. Experimental data represent means ± standard error with n = 10. * in each column indicate
significant differences between treatments on harvest day, according to the least significant difference
(LSD) test at p ≤ 0.05.

Treatment Fruit Weight (g)

Fruit Size (mm)

Length
Longitudinal

Width
Transverse

Width

Control 81.49 ± 1.1 55.17 ± 0.7 55.85 ± 0.7 52.06 ± 0.6 *
Chitosan 100 mg·L−1 86.27 ± 2.4 * 54.72 ± 1.2 54.25 ± 0.5 50.28 ± 0.4
Chitosan 500 mg·L−1 91.79 ± 2.9 * 55.17 ± 1.1 55.45 ± 0.5 51.86 ± 0.6

3.2. Ethylene Production (C2H4) and Respiration (CO2) Rates

The differences were not found in either C2H4 production or respiration rates (CO2
production) at harvest date (Figure 1a,b). After 30 days of storage, C2H4 production was
highest (p ≤ 0.05) in fruit treated with 500 mg·L−1 chitosan while it was lowest (p ≤ 0.05) in
fruit treated with 100 mg·L−1 chitosan (Figure 1a). For the rest of the storage period, C2H4
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production was lower (p ≤ 0.05) for both 100 and 500 mg·L−1 chitosan-treated fruit than that
for the control samples. As for the respiration, control fruit displayed the highest respiration
rate during the cold storage than the preharvest chitosan-treated fruit (Figure 1b). While there
was a lower CO2 production with the higher chitosan concentration, the mean values of
CO2 production in 100 and 500 mg·L−1 chitosan pre-treated fruit were not statistically
significant. At the end of the storage, the highest CO2 production was found in control
fruit (20.0 mg·kg−1·h−1), followed by 100 mg·L−1 (16.4 mg·kg−1·h−1) and 500 mg·L−1

(14.3 mg·kg−1·h−1) chitosan-treated kiwifruit. Moreover, a significant effect of the days of
storage at 0 ◦C was observed for C2H4 production and respiration rates (Table S3).

Figure 1. Effects of preharvest chitosan application on (a) ethylene production and (b) respiration
rates during cold storage in ‘Garmrok’ kiwifruit. Vertical bars indicate SE with n = 3. * indicates
significant differences between treatments at each sampling date, according to the least significant
difference (LSD) test at p ≤ 0.05.

3.3. Loss of Fruit Weight

The loss of fruit weight for all treatments displayed a similar increasing pattern as the
storage period proceeded (Table 2 and Table S3). Preharvest chitosan application (100 and
500 mg·L−1) deterred the weight loss of ‘Garmrok’ kiwifruit during the cold storage, and
the highest (p ≤ 0.05) weight loss was observed in the control fruit (Table 2). Although
the weight loss appeared to be slightly higher at 500 mg·L−1 chitosan than 100 mg·L−1

chitosan, they were not statistically significant. The greatest loss of fruit weight for each
treatment was observed at the end of storage (90 days), as shown as weight loss of 1.8%,
2.2%, and 2.3% for 100, 500 mg·L−1 chitosan and control treatment, respectively.
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Table 2. Effects of preharvest chitosan application on fruit weight loss in ‘Garmrok’ kiwifruit during
cold storage. Experimental data represent means ± standard error with n = 10. * in each column
indicate significant differences between treatments at each sampling date, according to the least
significant difference (LSD) test at p ≤ 0.05.

Treatment
Storage Days at 0 ◦C

0 30 60 90

Fruit weight loss (%)

Control 0.0±0.0 0.9 ± 0.0 1.5 ± 0.1 2.3 ± 0.1
Chitosan 100 mg·L−1 0.0±0.0 0.5 ± 0.1 * 1.0 ± 0.1 * 1.8 ± 0.1 *
Chitosan 500 mg·L−1 0.0±0.0 0.6 ± 0.1 * 1.2 ± 0.1 * 2.2 ± 0.2

3.4. Changes in Soluble Solids Content, Titratable Acidity, Total Sugars, and Total Acids

As expected, soluble solids content (SSC) and total sugar content increased over
the period of storage for all the treatments, which reached the maximum value at the
end of storage (Table 3 and Table S4). Nonetheless, the preharvest treatment of chitosan
was associated with slower increasing rates of SSC during storage, as significantly lower
(p ≤ 0.05) SSC at the end of storage were observed in preharvest chitosan-treated fruit
(11.9% in 100 mg·L−1 and 11.6% in 500 mg·L−1) compared with the control fruit (12.7%).
In addition, preharvest chitosan-treated fruit displayed the lowest increase in total sugar
content during the storage which resulted in a significantly lower (p ≤ 0.05) total sugar
content at the end of storage. At harvest, the ratio of fructose + glucose/sucrose, a potential
indicator of invertase activity [31], was lower (p ≤ 0.05) in 100 and 500 mg·L−1 chitosan-
treated fruit. However, there was no difference in the fructose + glucose/sucrose ratio
among treatments for the rest of the storage.

In regard to titratable acidity (TA) and total acid content, it was clear that both
attributes displayed a decreasing trend over the storage time (Table 3 and Table S4). The
preharvest chitosan-treated fruit had the greatest TA values (p ≤ 0.05) at harvest. The fruit
treated with 100 mg·L−1 chitosan displayed the positive effect on TA that preserved the
greatest content (p ≤ 0.05) during storage time compared with the control and 500 mg·L−1

chitosan-treated fruit. As for the total acid content, preharvest chitosan treatments resulted
in higher (p ≤ 0.05) values at harvest time than the control. Throughout the whole storage,
the application of 100 mg·L−1 chitosan was most effective in preserving the greatest
total acid content, followed by 500 mg·L−1 chitosan when compared with the control.
In addition, the application of preharvest chitosan with 100 and 500 mg·L−1 caused the
greatest (p ≤ 0.05) citric acid/quinic acid ratio at harvest; however, there was no significant
difference in this ratio among treatments during the rest of storage.

3.5. Changes in Total Phenolic and Lignin Contents

In general, there was an increasing tendency in the content of total phenolic as the
storage period prolonged in all the treatments (Figure 2a and Table S5). The application of
preharvest chitosan at both concentrations caused the greatest content of total phenolic at
harvest and this trend continued during the cold storage. Although 100 mg·L−1 chitosan-
treated fruit maintained higher total phenolic content during the cold storage it was not
statistically significant with untreated fruit at 30 and 60 days of storage. However, at
the end of the storage period, the untreated fruit had the lowest total phenolic content
(106.4 mg/100 g), while chitosan-treated fruit had total phenolic content of 121.3 and
124.2 mg/100 g for 100 and 500 mg·L−1 applications, respectively.

As shown in Figure 2b, the total lignin content increased over the whole storage in
all the treatments (Table S5). There were no differences in total lignin content at harvest;
however, the changes (p ≤ 0.05) in the content of total lignin between treatments became
apparent from 30 days of storage. The application of preharvest chitosan at 500 mg·L−1

was associated with the greatest (p ≤ 0.05) total lignin content throughout the storage time,
and this was followed by the 100 mg·L−1 chitosan-treated fruit.
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Table 3. Effects of preharvest chitosan application on soluble solids content, titratable acidity, total
sugar content (HPLC analysis), total acid content (HPLC analysis), and their ratios in ‘Garmrok’
kiwifruit during cold storage. Experimental data represent means ± standard error with n = 10 (SSC)
and n = 3 (titratable acidity, total sugar content, total acid content, and their ratios). *, in each column
indicate significant differences between treatments at each sampling date, according to the least
significant difference (LSD) test at p ≤ 0.05.

Treatment
Storage Days at 0 ◦C

0 30 60 90

Soluble solids content (SSC, %)

Control 6.2 ± 0.2 9.6 ± 0.1 11.8 ± 0.2 12.7 ± 0.1
Chitosan 100 mg·L−1 6.0 ± 0.2 9.3 ± 0.2 * 11.7 ± 0.2 11.9 ± 0.1 *
Chitosan 500 mg·L−1 6.0 ± 0.2 9.9 ± 0.2 11.4 ± 0.1 11.6 ± 0.3 *

Titratable acidity (TA, %)

Control 1.7 ± 0.0 1.5 ± 0.0 1.2 ± 0.1 1.1 ± 0.0
Chitosan 100 mg·L−1 1.9 ± 0.1 * 1.5 ± 0.0 1.3 ± 0.0 * 1.0 ± 0.0
Chitosan 500 mg·L−1 1.8 ± 0.0 * 1.5 ± 0.0 1.2 ± 0.0 0.9 ± 0.0 *

Total sugar content (g/100 g)

Control 6.9 ± 0.2 9.7 ± 0.4 9.2 ± 0.5 9.4 ± 0.5
Chitosan 100 mg·L−1 6.8 ± 0.2 9.2 ± 0.3 8.9 ± 0.2 9.2 ± 0.3
Chitosan 500 mg·L−1 6.7 ± 0.2 8.4 ± 0.2 * 8.5 ± 0.4 8.1 ± 0.2 *

Total acid content (g/100 g)

Control 1.3 ± 0.0 1.3 ± 0.0 1.2 ± 0.0 1.3 ± 0.0
Chitosan 100 mg·L−1 1.4 ± 0.0* 1.4 ± 0.0 * 1.3 ± 0.0 * 1.4 ± 0.0 *
Chitosan 500 mg·L−1 1.4 ± 0.0* 1.3 ± 0.0 1.3 ± 0.0 * 1.3 ± 0.0

Fructose + glucose/sucrose ratio

Control 4.3 ± 0.3 2.3 ± 0.2 2.5 ± 0.0 2.6 ± 0.1
Chitosan 100 mg·L−1 3.6 ± 0.2* 2.1 ± 0.1 2.3 ± 0.3 3.1 ± 0.7
Chitosan 500 mg·L−1 3.4 ± 0.1* 2.1 ± 0.2 2.4 ± 0.0 2.6 ± 0.2

Citric acid/quinic acid ratio

Control 1.2 ± 0.0 1.2 ± 0.0 1.2 ± 0.0 1.2 ± 0.0
Chitosan 100 mg·L−1 1.3 ± 0.0 * 1.2 ± 0.0 1.1 ± 0.0 * 1.1 ± 0.0
Chitosan 500 mg·L−1 1.4 ± 0.0 * 1.1 ± 0.1 1.2 ± 0.0 0.9 ± 0.1

3.6. Changes in Firmness

It is clear from Figure 3 and Table S3 that the firmness of kiwifruit (flesh and core) de-
creased gradually during the cold storage. At harvest, the firmness of flesh (Figure 3a) was not
different between treatments, while the firmness of core (Figure 3b) was greatest (p ≤ 0.05)
in the fruits treated with the preharvest chitosan. Throughout the whole storage, it was
apparent that the treatment of chitosan at 100 and 500 mg·L−1 retained the higher flesh
firmness when compared to that of control. Although the mean core firmness in prehar-
vest chitosan-treated kiwifruits were higher than the control, they were not significantly
different from the control fruit during the storage.

3.7. Expression of Ethylene Biosynthesis-, Cell Wall Modification- and Lignin
Metabolism-Related Genes

Expressions of several genes associated with ethylene biosynthesis were examined
(Figure 4 and Table S6). In general, expression of AdACS2 for the kiwifruit treated with
preharvest chitosan at both concentrations was maintained at a relatively lower level than
that of control during the storage (Figure 4a). This was apparent especially for the later
stages of storage (i.e., 60 and 90 days). Another gene responsible for the biosynthesis
of ethylene, AdACO2, displayed a similar pattern during the cold storage (Figure 4b).
Preharvest treatment of chitosan at both concentrations suppressed expression of AdACO2,
and this pattern of lower expression was observed until 60 days of cold storage.
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Figure 2. Effects of preharvest chitosan application on (a) total phenolic content and (b) total lignin
content during cold storage in ‘Garmrok’ kiwifruit. Vertical bars indicate SE with n = 3. * indicates
significant differences between treatments at each sampling date, according to the least significant
difference (LSD) test at p ≤ 0.05.

Figure 3. Effects of preharvest chitosan application on (a) flesh firmness and (b) core firmness during
cold storage in ‘Garmrok’ kiwifruit. Vertical bars indicate SE with n = 10. * indicates significant
differences between treatments at each sampling date, according to the least significant difference
(LSD) test at p ≤ 0.05.

We examined several genes related to cell wall modification and the pattern of expres-
sion is shown in Figure 5 and Table S6. The preharvest treatment of chitosan suppressed
the expression of AdPGC (Figure 5a) and AdEXP1 (Figure 5b) at 30 and 60 days of the cold
storage. The suppressed expression of these two genes was observed primarily with lower
concentration of chitosan (100 mg·L−1). The effect of suppressed expression for AdEXP2
(Figure 5c) was greater with a higher concentration of chitosan (500 mg·L−1).
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Figure 4. Effects of preharvest chitosan application on relative expression of ethylene biosynthesis-
related genes (a) AdACS2 and (b) AdACO2 during cold storage in ‘Garmrok’ kiwifruit. Vertical bars
indicate SE with n = 3. Actin gene was used as internal control and the quantitative RT-PCR data
were analyzed using the 2−ΔΔCT method. * Statistical difference caused by chitosan treatment was
compared to untreated fruit (control) of each sampling date (p ≤ 0.05).

Figure 5. Effects of preharvest chitosan application on relative expression of cell wall-modification
genes (a) AdPGC, (b) AdEXP1, and (c) AdEXP2 during cold storage in ‘Garmrok’ kiwifruit. Vertical
bars indicate SE with n = 3. Actin gene was used as internal control and the quantitative RT-PCR
data were analyzed using the 2−ΔΔCT method. * Statistical difference caused by chitosan treatment
was compared to untreated fruit (control) of each sampling date (p ≤ 0.05).
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As for genes associated with lignin metabolism, expression of AcPAL, a gene that is
known to catalyze the first committed step in general phynylropanoid metabolism [32],
was upregulated by the preharvest treatment of chitosan at both concentrations (Figure 6a
and Table S6). The upregulation of AcPAL was most obvious at 30 days of cold storage.
In addition, a gene considered to be an indicator of lignin biosynthesis [32], AcCAD, was
upregulated at the end of cold storage (i.e., 90 days of storage) by both concentrations
(Figure 6b and Table S6). A gene that is involved in the polymerization of monolignols to
yield the lignin polymer [33], AcPOD2, was upregulated by the preharvest treatment of
chitosan at both concentrations, especially toward the end of cold storage (Figure 6c and
Table S6).

Figure 6. Effects of preharvest chitosan application on relative expression of lignin metabolism-
related genes (a) AcPAL, (b) AcCAD, and (c) AcPOD2 during cold storage in ‘Garmrok’ kiwifruit.
Vertical bars indicate SE with n = 3. Actin gene was used as internal control and the quantitative
RT-PCR data were analyzed using the 2−ΔΔCT method. * Statistical difference caused by chitosan-
treatment was compared to untreated fruit (control) of each sampling date (p ≤ 0.05).

4. Discussion

4.1. Preharvest Application of Chitosan Increased the Weight of ‘Garmrok’ Kiwifruit at Harvest

In our previous study, we showed that the preharvest treatment of calcium chitosan
(100 mg·L−1) increased the fruit weight with no effect on the size of kiwifruit at harvest [8].
A recent similar study demonstrated that the preharvest spray of chitosan increased the
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single fruit weight with the equivalent yield of kiwifruit without affecting the size of
the fruit [22]. Here, we show that the application of preharvest chitosan also increased
the fruit weight and delayed maturation and ripening of the kiwifruit. The influence of
preharvest treatment of chitosan manifested throughout the cold storage is reflected on the
physicochemical and molecular attributes in kiwifruit.

It was considered that the increased fruit weight by the treatment of chitosan is
associated with the formation of a semipermeable barrier on the fruit surface that may
have reduced the water loss from transpiration and respiration [8]. When we examined
the surface of the ‘Garmrok’ kiwifruit peel under a scanning electron microscope, this
semipermeable barrier-forming characteristic of chitosan was observed as a coated film
on the kiwifruit peel (Figure 7). The film coating of chitosan on the fruit surface can
absorbs moisture due to the hydrophilic nature of chitosan solution [34] and this could be
attributed to the increased weight of kiwifruit, which in turn reduced water loss from fresh
fruit. Alternatively, the increased weight of chitosan-treated kiwifruit may be attributed
to the activity as a biostimulant and growth elicitor, as demonstrated in Capsicum annuum
‘Yolo Wonder’ bell pepper [35], Solanum lycopersicon ‘Faridah’ tomato [36], and A. deliciosa
‘Guichang’ kiwifruit [22]. Future investigations on the detailed mechanistic insights as to
the increased weight of fruits at harvest pretreated by chitosan further awaits.

Figure 7. Scanning electron micrographs (SEMs) of preharvest chitosan-treated and untreated
‘Garmrok’ kiwifruit peel surfaces. The arrows indicate the chitosan film on kiwifruit peel after
coating. All micrographs are at 500X and the scale bars in each image represent the lengths of 100 μm.

4.2. Preharvest Application of Chitosan Is Associated with the Reduced Production of Ethylene and
Rate of Respiration during Cold Storage

During the cold storage, we observed a noticeable effect of preharvest chitosan appli-
cation on the reduction of ethylene production and respiration rate of ‘Garmrok’ kiwifruit.
The reduced ethylene production and respiration rate can be explained by the film-forming
property of chitosan [17,19]. Chitosan has excellent selective permeability to the respira-
tory gases, particularly by blocking the oxygen that reduces respiration [20]. Kiwifruit
is a climacteric fruit and the ripening process is largely regulated by the plant hormone
ethylene. Ethylene production in climacteric fruit is mainly governed by the activity of
two enzymes, i.e., 1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) and ACC
oxidase (ACO) [37,38]. The conversion of ACC to ethylene by ACO is O2-dependent [37,38].
The enzyme activity of ACO is suppressed by low O2 and high CO2, while high CO2 con-
centrations prevent the auto-induction of ACS [37–39]. The effect of low O2 and high CO2
concentrations during storage on ethylene production and ripening for the shelf-life has
been well reported in A. deliciosa ‘Hayward’ kiwifruit [39,40] and also in Pyrus communis
‘Conference’ pear [41].

The application of preharvest chitosan that acted as a barrier of oxygen might have
affected the low production of ethylene in the kiwifruit by suppressing the key genes in the
ethylene biosynthesis. Recently, He et al. [42] also observed that chitosan oligosaccharides
(COS) suppressed the expression of genes involved in the ethylene biosynthesis (FaACS
and FaACO), which reduced the softness and increased the shelf-life of strawberry fruit
(Fragaria ananassa ‘Qingxiang’). In addition, the resultant reduced production of ethylene
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and respiration rates might have positively influenced the retention of various quality
attributes that prolonged the postharvest life of ‘Garmrok’ kiwifruit.

4.3. Preharvest Application of Chitosan Reduced the Weight Loss of ‘Garmrok’ Kiwifruit during
Cold Storage

The proper status of water in fresh fruit before and during postharvest handling plays
a critical role in maintaining the quality of the crop [36]. In general, weight loss in fresh
fruits is caused by water loss associated with the metabolic activities occurring during
respiration and transpiration processes [19]. In this study, we show that the application
of preharvest chitosan reduces the weight loss of ‘Garmrok’ kiwifruit during cold storage.
Previous studies have demonstrated that several features of chitosan treatment are linked
to the reduction of weight loss in various fruits [13,17,19,36,43–46]. These include chitosan
coatings not just as a barrier of transpiration, but also as a protectant and a wound sealer
of fruit skin from mechanical injuries that delayed dehydration.

4.4. Preharvest Application of Chitosan Possesses Maturity- and Ripening-Delaying Effects on
‘Garmrok’ Kiwifruit

Soluble solids content (SSC), titratable acidity (TA), and total sugar and acid contents
are important chemical attributes associated with the edible quality of ripe kiwifruit and are
used as maturity- and ripening-related indices in quality measurements [5]. The increase
in SSC during fruit ripening could be attributed to the breakdown of carbohydrates into
simple sugars [5,19,44]. The reduction in TA during fruit ripening, on the other hand,
indicates the degradation of organic acids, which are used as respiratory substrates [5,17,44].
It has been shown that low respiration and ethylene production repress the hydrolysis of
carbohydrates, which results in a low SSC, total sugar contents, and delayed ripening [36].
In another report, the ratio of fructose + glucose/sucrose at harvest, a possible indicator of
invertase activity [31], was shown to be associated with maturity- and ripening-delaying
effects by preharvest application of chitosan, which supports our current results and also
our previous study [8].

Our results revealed the slower increasing rate of SSC with lower values of SSC at
the end of cold storage in ‘Garmrok’ kiwifruit when treated with preharvest chitosan. In
addition, the kiwifruit treated with preharvest chitosan displayed a slower increase in total
sugar content followed by the lowest total sugar content at the end of cold storage. These
changes may have to do with the reduced rates of respiration and ethylene production,
which in turn slowed the metabolic activity in preharvest chitosan-treated ‘Garmrok’
kiwifruit. Furthermore, the slow degradation of organic acids observed in our study may
have resulted from the reduced respiration rate, which slowed the reduction in TA and
total acid content. Our findings are consistent with the results of those observed in other
fruits by preharvest treatment with chitosan [17,19,44–46].

4.5. Preharvest Application of Chitosan Might Improve the Antioxidant Activity of ‘Garmrok’
Kiwifruit by Positively Affecting Phenolic Metabolism

Phenolic compounds, the major secondary metabolites in plants, are responsible for the
flavor and color of fruits with antioxidant potential [22,26,36,42]. The (+)-catechin, chloro-
genic acid, rutin, (−)-epicatechin, quercetin, and tannin are the major phenolics identified in
kiwifruit [26] and are responsible for the antioxidant capacity of fruit while being involved
in the antioxidant metabolism [22,26]. Over the 90 days of storage period at 0 ◦C, preharvest
application of chitosan increased the total phenolic content in ‘Garmrok’ kiwifruit, as similarly
shown in other fruits treated with preharvest chitosan [22,34,36,42,45,47,48]. The low level
of total phenolic content observed in the untreated kiwifruit might be due to the rapid
breakdown of cell structure compared with the chitosan-treated kiwifruits. The fact that
kiwifruit treated with preharvest chitosan that retained higher total content of phenolic
compounds may be associated with the reduced activity of polyphenol oxidase (PPO) that
oxidizes the phenolic compounds. The increased content of total phenolic compounds
could possibly have obtained the antioxidant capacity of kiwifruit during the cold stor-
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age [36,42], which not only elicited immune responses but also improved the quality of
‘Garmrok’ kiwifruit during cold storage that delayed the ripening.

4.6. Preharvest Application of Chitosan Maintained the Firmness of ‘Garmrok’ Kiwifruit during
Cold Storage

Loss of fruit firmness is a deleterious quality attribute that determines the postharvest
life, fruit quality, commercial value, and consumer acceptability. In our study, preharvest
application of chitosan exerted a beneficial effect on kiwifruit firmness during the cold storage.
These results are in agreement with those obtained in our previous study on A. deliciosa ‘Garm-
rok’ kiwifruit [8] and Zhang et al. [22] on A. deliciosa ‘Guichang’ kiwifruit. It was considered
that maintenance of firmness by chitosan coatings results from the formation of a semiper-
meable film on fruit surface that can act as a protective barrier to reduce respiration rate,
thereby slowing the metabolic activity and textural changes [17,19,22,44,46,49]. As kiwifruit
is a typical climacteric fruit, the reduced production of respiration and ethylene affected
by chitosan treatment appear to be linked to the kiwifruit softening. Whether ethylene
directly regulates expression of cell wall-modifying enzymes in kiwifruit, as observed in
other climacteric, fruit remains to be investigated.

In addition, fruit firmness is closely associated with changes in the biochemical prop-
erties of the cell wall. Polygalacturonase (PG) is a key enzyme involved in cell wall
modifications during fruit ripening, with its important functions in degradation of soluble
pectin and depolymerization of solubilized pectin [50–52]. In kiwifruit, there are three
polygalacturonase genes, namely, PGA, PGB, and PGC. Of these, PGC is a predominant
gene expressed throughout the softening of kiwifruit [50,51,53]. The suppression of the
AdPGC gene in preharvest chitosan-treated ‘Garmrok’ kiwifruit during the early phase of
storage (i.e., 30 and 60 days) may be associated with the delayed kiwifruit softening and
retained firmness. Expansins (EXPs) are non-enzymatic proteins that have been considered
to play a role in loosening and extension of the cell wall (the cellulose-xyloglucan hydrogen
bonds) [50,52,54]. Yang et al. [54] reported that two expansin genes AdEXP1 and AdEXP2
are actively involved in kiwifruit (A. deliciosa ‘Bruno’) ripening and softening. In our study,
we observed a negative effect on expression of expansin genes (AdEXP1 and AdEXP2)
during the postharvest storage of ‘Garmrok’ kiwifruit. Thus, preharvest chitosan treatment
was effective in delaying fruit softening, maintaining kiwifruit firmness, and extend their
storage life by possibly inhibiting the activities of EXPs.

Further, a higher flesh firmness of ‘Garmrok’ kiwifruit treated with preharvest chitosan
can be ascribed to the increase in lignin content. Lignin is one of the most abundant
polyphenolic polymers in higher plants that mostly functions as a structural material
which enhances the strength and rigidity of plant cells [12,55]. The increase of total lignin
content in the chitosan-treated ‘Garmrok’ kiwifruit during the cold storage indicates that
preharvest chitosan could induce lignin biosynthesis, as shown by He et al. [42] and Saavedra
et al. [48]. Lignin biosynthesis involves the activities of three major enzymes (PAL, CAD,
and POD), as well as the coordinated expression of these enzyme genes [12,32,33,55,56].
In our study, the higher expression of AcPAL during the early period of storage may
have influenced the lignin accumulation in the preharvest chitosan-treated kiwifruit. In
addition, the increased level of expression in AcCAD and AcPOD2 at the later stage of
storage is associated with the increased content of lignin in the preharvest chitosan-treated
kiwifruit. Collectively, expression of lignin metabolism-related genes affected by preharvest
chitosan treatment may have enhanced lignin metabolism that conferred greater firmness
in ‘Garmrok’ kiwifruits.

5. Conclusions

Our results demonstrate that A. deliciosa ‘Garmrok’ kiwifruit can be stored at 0 ◦C
for more than two months when preharvest chitosan was applied to kiwifruit. Preharvest
application of chitosan reduced weight loss, maintained firmness by modulating the expres-
sion of ethylene biosynthesis, cell wall modification, and lignin metabolism-related genes,
possibly evoked antioxidant activity by phenolic metabolism, and displayed a maturity-
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and the ripening-delaying effect that improved the overall quality and extended the storage
life of kiwifruit. This work also revealed that the treatment with 500 mg·L−1 chitosan was
more effective in maintaining overall physicochemical attributes of ‘Garmrok’ kiwifruit
during postharvest storage. The results open a promising strategy for maintaining the
postharvest properties of kiwifruit. Detailed mechanistic insights that underlie physic-
ochemical attributes need to be further investigated. In addition, the possible effect on
sensory attributes of chitosan-coated kiwifruit and lignin accumulation for the consumer’s
acceptance should be taken into consideration in future studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-815
8/10/2/373/s1, Table S1: Effects of preharvest chitosan application on sugars (fructose, glucose, and
sucrose) and organic acids (oxalic, quinic, malic, and citric) (HPLC analysis) in ‘Garmrok’ kiwifruit
during cold storage. Experimental data represent means ± standard error with n = 3. *, in each
column indicate significant differences between treatments at each sampling date, according to the
least significant difference (LSD) test at p ≤ 0.05, Table S2: The primer sequences and gene information
used in this study, Table S3: Ethylene production, respiration, fruit weight loss, flesh firmness and
core firmness of ‘Garmrok’ kiwifruit as affected by chitosan-treatment and days of storage at 0 ◦C,
Table S4: Soluble solids content (SSC), titratable acidity (TA), total sugar content (HPLC analysis),
total acid content (HPLC analysis), and their ratios of ‘Garmrok’ kiwifruit as affected by chitosan-
treatment and days of storage at 0 ◦C, Table S5: Total phenolic content and total lignin content of
‘Garmrok’ kiwifruit as affected by chitosan-treatment and days of storage at 0 ◦C, Table S6: Relative
expression of ethylene biosynthesis-related genes (AdACS2 and AdACO2), cell wall-modification
genes (AdPGC, AdEXP1, and AdEXP2), and lignin metabolism-related genes (AcPAL, AcCAD, and
AcPOD2) of ‘Garmrok’ kiwifruit as affected by chitosan-treatment and days of storage at 0 ◦C.
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Abstract: Soluble solid content (SSC) is regarded as the most significant internal quality associated
with the taste and maturity in fruits. Evaluating the relationship between the optical properties
and soluble sugars facilitates exploration of the mechanism of optical techniques in SSC assessment.
In this research, absorption coefficient (μa) and reduced scattering coefficient (μ′s) of Fuji apple
during storage were obtained using automatic integrating sphere (AIS) at 905–1650 nm. Relationships
between μa, μ′s and SSC, and soluble sugars contents, were investigated. The result showed that
SSC, the content of total soluble sugars (TSS), fructose, glucose and sucrose were all decreasing
after storage, and the same trend appeared in the change of μa and μ′s. In the whole wavelength
range, both μa and μ′s were positively related to SSC and soluble sugars contents. The correlations
between μa and SSC, and soluble sugars contents, showed increasing tendencies with increasing
wavelengths, while for μ′s, correlations had the opposite trend. The strongest correlations between
μa and SSC, and soluble sugars contents, were observed in the correlation of μa with sucrose, with an
r of 0.934. Furthermore, a partial least square (PLS) model for sucrose based on μa was built with the
coefficient of determination of prediction (Rp

2) and the root mean square error of prediction (RMSEP)
of 0.851 and 1.047, respectively. The overall results demonstrate that optical properties at the range
of 905–1650 nm could be used to evaluate SSC of apples and this may due to the strong correlation
between sucrose content and μa.

Keywords: apple flesh; absorption; scattering; soluble sugars; 905–1650 nm

1. Introduction

Apple fruit is highly valued by consumers for its crispy texture and sweet and sour taste.
Soluble sugars in apple fruit largely affect sweetness, and they are the main components of soluble
solids [1]. Compared with obtaining the content of soluble sugars, it is faster and more economical to
measure soluble solids content (SSC). SSC is measured via the fruit juice. Therefore, SSC is used as a
significant property for assessing the sweetness of sugars in apples, and the non-destructive evaluation
of SSC by optical techniques have been investigated for many years [2–6], inclusive of near-infrared
spectroscopy (NIR) and hyperspectral imaging (HSI).

Light transfer in tissues contains absorption or scattering, and the process of interaction mainly
depends on the different chemical components and structures of tissues. By collecting light that is
reflected back from or transmitted through the tissue based on NIR and HSI techniques, the chemical
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as well as structural characteristics of tissues can be acquired [7]. The prediction models for SSC can be
built based on chemometrics methods by using the captured spectra and the standard measurements,
and some satisfactory results have been obtained [8–12]. The calibration models can then be used to
predict new samples after establishing and validating. However, it leads to limitation in illustrating the
chemical and structural properties of interest from the meaningful information presented in obtained
spectra due to the overarching behaviors of absorption and scattering in tissues collected by NIR and
HSI techniques which cannot separate these two properties [13]. Besides, the accuracy of NIR and
HSI techniques is limited, because the techniques are based on the Lambert-Beer law, which often
discards the scattering effect. Furthermore, the obtained properties of reflectance or transmittance are
dependent on the instrument types and light source/detecting probe setup [14]. There are, in general,
inherent shortcomings with NIR and HSI techniques, which present great challenge in internal quality
assessment of agri-food products.

The optical parameters measurement resulted in separate and quantized information of the
absorption and scattering properties by calculating the absorption coefficient (μa) and reduced
scattering coefficient (μ′s) [15,16]. The current measurement techniques are developed to measure
absorption and scattering properties, mainly including integrating sphere (IS) [17,18], spatially-resolved
(SR) [19], time-resolved (TR) [20] and frequency-domain (FD) [21]. In addition, the techniques are
based on the light transfer theory, which involves inverse adding double (IAD), Monte Carlo (MC),
and diffuse approximation (DA), and the optical properties can be obtained by IS with IAD [22,23].
Such methods have opened up the opportunity to attribute internal quality parameters, both chemical
composition and structure information, to optical properties of tissues for investigating the one to
one relationship between them [24–27]. He et al. [28] applied an automatic integrating sphere (AIS)
system combined with IAD strategies to acquiring the μa and μ′s spectra of pear tissues in 400–1150 nm.
Using a single integrating sphere, Wang et al. [29] estimated the absorption and scattering properties
of healthy and diseased onion skin and flesh over the range of 550–880 nm and 950–1650 nm.

Many studies in Vis-NIR (400–1100 nm) have been conducted. The findings showed that μa

around 525 and 675 nm were affected by anthocyanin and chlorophyll. In addition, μa at 630 nm is
attributed to total galacturonic acid (GA) in residue insoluble pectin (RIP), with an r of 0.64 [30]. μa and
μ′s at 675 nm are noticed for area and equivalent diameter of apple tissue cells (r = 0.581–0.941) [31].
Nowadays, there are few studies on optical properties in longer wavelength ranges (above 1100 nm).
However, the absorption property features above 1100 nm contain more important and obvious bonds,
C-H, O-H, C-C, than the features observed in the Vis-NIR range [24,32]. Thus, enhanced sensitivity of
optical properties related to tissue components can be obtained compared to the wavelength range
above 1100 nm [33,34]. The increase in SSC causes an increase in the signal of absorption at 1198 nm,
while water cored tissue caused a characteristic decline in light scattering coefficients [35]. However,
the relationship between them has not been quantified, and the relationships between absorption and
scattering properties and the compositions in SSC are also not clear yet.

Therefore, this research aimed to comprehensively clarify the mechanism of detecting SSC by
optical technology and provide information for accurately developing improved SSC detectors of
Fuji apple during storage by optical technology. In the work, the μa and μ′s of apple fleshes in
longer wavelength range NIR (905–1650 nm) were calculated based on the AIS system with the
IAD method, and internal quality (SSC and the contents of soluble sugars) was measured. Finally,
relationships between μa, μ′s and SSC, the contents of total soluble sugar (TSS), fructose, glucose and
sucrose were investigated, then the potential for predicting the SSC was evaluated.

2. Materials and Methods

2.1. Sample Collection and Storage

The Fuji apples were provided by an orchard in Xuzhou, Jiangsu Province, China. In total,
60 apple samples were stored at 0 ± 1 ◦C with relative humidity (RH 95%) in normal atmosphere
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(NA) for 150 days. The measurement took place during 0–150 days, at 30-day intervals and in total
10 individual apples were picked and measured randomly after placing at room temperature for 5 h on
each occasion. Another 60 samples were stored at 25 ◦C with RH 95% in NA for 50 days, and 10 apples
were picked from 0 day at about 10-day intervals up to 50 days.

2.2. Optical Properties

The automatic integrating sphere system with IAD was employed to measure the μa and μ′s.
The diffuse reflectance and diffuse transmittance of the samples, reference and dark noise were needed
to calculate μa and μ′s, and the spectral signals (905–1650 nm) were collected by a spectrometer
(SW2520, Isuzu Optics, Taiwan, China). Different measurement configurations were presented
in Figure 1, while specific components of instruments, and measurements′ detailed descriptions,
are presented by Wei et al. [36] and Prahl [37].

Figure 1. Illustration of the setup of automatic single integrating sphere (a), and the schematics for
measurements on the reflectance of dark noise Rd (b), reference Rr (c) and sample Rs (d), the transmittance
of dark noise Td (e), reference Tr (f) and sample Ts (g).

The accuracy of the estimated μa and μ′s was validated with both pure water and 1% Intralipid®

(Sigma Aldrich, St. Louis, MO, USA). The main ingredients were soybean oil, glycerin and egg yolk
phospholipids. In addition, the particle size distribution in the solution was relatively uniform and
stable, also very close to the main scattering particles (chylomicrons) in biological tissues. Thus,
it was taken as standard scattering resolution. The scattering resolution was established by diluting
20% stock solution with water. The reference μa and μ′s values were described by Van et al. [38]
and Deng et al. [39]. The performance of this methodology was validated and the results were
reported by Wei et al. [36].
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According to the Monte Carlo simulation of Ma et al. [35], the penetration depth of light at 1198 nm
is 3.3 mm in the whole tissue of Fuji apple. To ensure the penetration effect of light and the sample volume
needed for chemical detection, two 2.5 mm thick flesh slices were cut from each sample apple in the
opposite side. The samples were then cut into slices with 2.5 mm thickness × 30 mm width × 35 mm
length and the thickness of each slice was measured by using digital calipers. The sample slices
were then sandwiched with two pieces of quartz glasses to measure the spectral signals. The specific
description of measurements can be found in Wei et al. [36] and Ma et al. [40].

2.3. SSC and Soluble Sugars Contents Measurements

The juice of the fresh slices was obtained to assess the SSC by a hand-held refractometer
(PAL-1, ATAGO, Tokyo, Japan) after spectral measurement. The measurement range, resolution and
accuracy of the instrument were 0.0–53.0% ◦Brix, 0.1% ◦Brix and ±0.2% ◦Brix, respectively. In addition,
fructose, glucose, and sucrose contents were quantified by high performance liquid chromatography
(HPLC) as described further in Wei et al. [36]. For each sample, two grams of apple flesh homogenate
was taken in a centrifuge tube with 30 mL of distilled water in a water bath at 80 ◦C and centrifuged
at 12,000 r/min for 20 min. Supernatants were collected and diluted five-fold., and the solution was
filtered through a 0.45 μm filter. Sugars were separated by a Zorbax carbohydrate 70-A column
(Agilent, Santa Clara, CA, USA) using a solvent of acetonitrile:water (75:25, v/v). The flow rate was
0.8 mL/min at 40 ◦C. Different concentrations of the sugar standard solution were made for glucose,
fructose and sucrose, then the content of the three sugars in the samples was established by comparing
each peak retention time and peak area with those of the standard.

2.4. Statistical Analysis

All the quantitative comparations between the different soluble sugars of the examined apple
flesh were subjected to Variance analysis, which were tested for p < 0.05 using the SPSS Statistics
20 package (IBM). The correlation between the contents of soluble sugars and soluble solids was
investigated using the Pearson method of analysis with significant p < 0.05 in IBM SPSS 20. The partial
least square regression (PLS) models of SSC, TSS and soluble sugars contents were built based on
μa and μ′s separately using MATLAB R2010b® in order to choose the most important soluble sugar
parameter that determined optical properties of apple flesh. Finally, the model performance was
evaluated by the determination coefficient of prediction (Rp

2) with the root mean square error of
prediction (RMSEP), and the determination coefficient of calibration (Rc

2) with the root mean square
error of calibration (RMSEC).

3. Results and Discussion

3.1. Validation Results of Optical Properties

The system in Figure 2a shows the curves of μa of water obtained by AIS and μa reported by
Deng et al. [39]. The results are in agreement with previous reports, which find that there are three
absorption peaks at 1485, 1169 and 980 nm. In addition, the relative error of μa values at 905–1600 nm
ranged from 0.03% to 10.25%. Figure 2b presents the curve of μ′s values of 1% Intralipid based on AIS.
A comparison of the measured μ′s and reference value based on Mie theory revealed that both profiles
showed a downward trend with the increase in wavelengths [38], and the mean relative error was
9.20%. However, the relative error of μa and μ′s after 1600 nm clearly increases. This is due to a low
signal-to-noise ratio of the spectrometer, or more detected interference signals. Therefore, μa and μ′s at
905–1600 nm were taken as the effective data in this study.
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Figure 2. Absorption (μa) estimation on water (a) and scattering (μ′s) estimation on 1% Intralipid (b).

3.2. Spectral Analysis

3.2.1. Absorption Coefficient

The results obtained from the mean μa spectra of apple samples storage at 25 and 0 ◦C are set out
in Figure 3a,b. The graphs show that there has been a similar spectral trend, peaking at 980, 1169 and
1485 nm, which corresponds to the vibration absorption of O-H, C-H and C-C [41]. In addition,
the absorption at 1485 nm was significantly stronger than that at 980 and 1169 nm, with values
(1.52–1.88 mm−1) being 10 times higher than that of the others. In addition, the μa value peaked at
1485 nm when the apple was stored at 25 ◦C after 10 days. There was no significant difference between
day 0 and day 20, and μa decreased significantly on the 30th, 40th and 50th days. At 0 ◦C, μa at 1485 nm
showed a similar trend with that at 25 ◦C, with the largest value on the 30th day during storage.

The μa values of apple flesh stored at 25 and 0 ◦C were within 0.04 and 1.88, and within 0.05 and
1.67 mm−1, respectively. Generally, the μa values in this study were comparable to those reported in
other research. In the study by Ma et al. [35], the μa values of apple samples were 0.00–0.50 mm−1,
measured by HIS at 1000–1800 nm. The research of Saeys et al. reported the μa values of Royal Gala
(0.00–2.20 mm−1) based on IS at 350–2200 nm [33]. An important issue that emerged from the data is
the dramatic difference in absorption values of apple flesh measured by different techniques. The μa

obtained using IS is much higher than that with HIS. This may be due to the different sample tissue
state, different varieties of apples, different wavelength ranges as well as different measured method in
the absorption property [42].
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Figure 3. Average optical properties of Fuji apple flesh for six storage times: absorption (μa) and
scattering (μ′s) at 25 ◦C (a,c); absorption (μa) and scattering (μ′s) at 0 ◦C (b,d). d, day.

3.2.2. Reduced Scattering Coefficient

Compared with absorption coefficient, the reduced scattering coefficient displays different
changing patterns in the spectral region of 905–1600 nm (Figure 3c,d). The μ′s spectral was flatter and
steadily decreased with increasing wavelength. In addition, the μ’s spectral changed consistently as
storage time progressed, which was in accordance with studies of He et al. [28] and Cen et al. [31].
The scattering coefficient at 905–1600 nm was in 0.34–1.40 mm−1, which was smaller than μ′s of Royal
Gala (1.00–1.50 mm−1) [33]. This may be related to different apple cultivars [43]. Within the short
wave near infrared region (905–1100 nm), the scattering property was still stronger than the absorption
property. μ′s was more than seven times the value of μa, ranging from 0.80 to 1.40 mm−1 at 25 ◦C,
and from 0.04 to 0.11 mm−1 at 0 ◦C. This result was also reported in Wei et al. [36]. In the range
of medium wave near infrared (1100–1600 nm), the scattering property gradually declined, and the
absorption became the dominant optical property as the wavelength increased [33].

3.3. SSC and Soluble Sugars Contents

3.3.1. Changes of Contents of Soluble Solid and Soluble Sugars

At 25 and 0 ◦C, SSC showed the trend of increasing before decreasing, and separately reached
the maximum value on the 10th and 30th day (Figure 4). As shown in Figure 5, the TSS, fructose and
glucose contents of flesh increased significantly due to starch hydrolysis, while the sucrose content
remained at a high level, with no significant change in the early stage of storage at 25 and 0 ◦C [44].
This was also consistent with the phenomenon that the fruit will turn sweet during the storage after
harvest. After storage, SSC declined significantly (p < 0.05), from 13.85% to 11.26% at 25 ◦C and from
13.97% to 12.26% at 0 ◦C.
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Figure 4. Soluble solid content (SSC) of Fuji apple flesh for six storage times at 25 ◦C (a) and 0 ◦C (b).
Data at six storage time with different letters are significantly different with p < 0.05. The vertical bars
denote standard deviations. d, day.

Figure 5. Soluble sugars contents of Fuji apple flesh for six storage times at 25 ◦C (a) and 0 ◦C
(b). Columns with different letters for the same cultivar are significantly different with p < 0.05.
Standard error is indicated. d, day.

Increasing with storage time, the contents of TSS, fructose, glucose and sucrose gradually declined,
and reached the lowest value at the end of storage. At 25 ◦C, the contents of TSS, fructose and glucose
reached the highest value on the 10th day. After 50 days storage, the contents of TSS, fructose and
glucose were reduced to 50.72, 25.67 and 17.62 g kg−1, respectively. In addition, the content of sucrose
decreased from 11.52 to 7.44 g kg−1. At 0 ◦C, the TSS, fructose and glucose contents reached the highest
value at a slower rate than at 25 ◦C, and reached the peak on the 30th day, with levels of 60.34, 31.95 and
18.14 g kg−1, respectively. On the 150th day, the TSS, fructose and glucose contents were the lowest,
47.62, 26.66 and 13.09 g kg−1, respectively. The content of sucrose did not change significantly during
60-day storage and reached the minimum value of 7.86 g kg−1 on the 150th day.

3.3.2. Relationships among SSC and Soluble Sugar Contents

Relationships among the contents of TSS, fructose, glucose, sucrose and SSC were measured on
a one to one basis, and SSC presented a positive association profile with TSS, fructose, glucose and
sucrose during storage at 25 and 0 ◦C (p < 0.05) in Tables 1 and 2. It is clear that among TSS and
the three soluble sugars, sucrose had the strongest association with the changes of SSC with high
corresponding r values of 0.973 at 25 ◦C and 0.963 at 0 ◦C. Other soluble sugars had lower contributions
to the correlations with SSC, shown as a second relation with TSS and fructose, and finally glucose.
The results were consistent with the report by Wei et al. [36]. It should be noted that significant positive
correlations were found between TSS with three types of soluble sugars (r > 0.847), and fructose
contributed the most to the correlation with TSS, with r values of 0.974 at 25 ◦C and 0.975 at 0 ◦C.
This could be expected as the content of fructose comprised the largest fraction of the TSS content.
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Table 1. Pearson′s linear correlation coefficients among SSC and soluble sugars for 50 days at 25 ◦C.

SSC TSS Fructose Glucose Sucrose

SSC 1 0.956 ** 0.921 ** 0.868 * 0.973 **
TSS \ 1 0.974 ** 0.942 ** 0.921 **

Fructose \ \ 1 0.957 ** 0.943 **
Glucose \ \ \ 1 0.841 *
Sucrose \ \ \ \ 1

* p< 0.05, ** p< 0.01, ‘\’: without value, n= 60 individual apples; soluble solid content (SSC), total soluble sugars (TSS).

Table 2. Pearson′s linear correlation coefficients among SS and soluble sugars for 150 days at 0 ◦C.

SSC TSS Fructose Glucose Sucrose

SSC 1 0.963 ** 0.933 ** 0.870 * 0.950 **
TSS \ 1 0.975 ** 0.967 ** 0.847 *

Fructose \ \ 1 0.982 ** 0.795
Glucose \ \ \ 1 0.685
Sucrose \ \ \ \ 1

* p < 0.05, ** p < 0.01, ‘\’: without value, n = 60 individual apples.

3.4. Optical Properties–SSC–Soluble Sugars Contents Relations

3.4.1. Absorption Coefficient–SSC–Soluble Sugars Contents Relations

The r values between the absorption coefficient of apple flesh at 905–1600 nm and SSC, TSS content
and soluble sugars contents at 25 and 0 ◦C are shown in Figure 6a,b, respectively. The μa was positively
associated with SSC, TSS content and soluble sugars contents in the whole range, exhibiting high
r values of 0.873–0.960 at 25 ◦C and 0.863–0.963 at 0 ◦C. A previous study reported a similar result,
specifically that SSC is positively correlated with μa at 1198 nm [35]. At 905–1600 nm, the r profile
between μa and the SSC, TSS content and soluble sugars contents had similar patterns, with almost
increasing tendencies with increasing wavelengths. Therefore, from Figure 6a,b, we could observe
that SSC and soluble sugars presented stronger correlation in the medium-wave near infrared region
than in the short-wave near infrared region. Compared to the report of Wei et al. [36], the average
r values μa and the SSC and TSS content and soluble sugars contents at 905–1050 nm were different.
This may be due to different samples used in the two studies and different rates of accumulation or
decomposition of soluble sugars. However, due to increasing response to the content information of
chemical components, the correlation between absorption properties and soluble sugars increases with
the increasing of the wavelength in the whole visible-medium wave near infrared region in general [45].

Overall, SSC (r = 0.933) and sucrose (r = 0.934) had the highest average correlation coefficients
with μa, followed by TSS (r = 0.928), and finally fructose (r = 0.915) and glucose (r = 0.899) at 25 ◦C.
The phenomena may be connected to the strong correlation between SSC and sucrose content. At 0 ◦C,
r values of μa and the SSC, TSS content and soluble sugars contents ranged from 0.890 to 0.930.
The result also showed that μa peaked at 980, 1169 and 1485 nm, and the correlation at the three peaks
increased successively, with r ranges of 0.881–0.922, 0.894–0.938 and 0.913–0.961, which was in good
agreement with the successively stronger spectral signal. To further investigate the correlations with
SSC and sucrose content, Table 3 plotted the direct linear correlations of μa at 980, 1169 and 1485 nm
with SSC and sucrose content (25 ◦C). The coefficients of determination (R2) of the equations were
between 0.848 and 0.921. Results from the equations indicate that SSC and sucrose content gave good
linear correlations with μa, with an R2 of 0.915 and 0.921, respectively, which confirms the results
shown in Figure 6a.
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Figure 6. Correlations coefficient of μa and μ′s with content of soluble solid (SSC), total soluble sugars
(TSS) and three types of soluble sugars of apples at 25 ◦C (a,c) and 0 ◦C (b,d).

Table 3. Linear fitting equations of soluble solid contents, sucrose contents and the absorption
coefficients at 980, 1189 and 1498 nm for apple flesh.

Parameters (Independent
Variable x)

μa (Dependent Variable y) Linear Fitting Equation R2

SSC
980 nm y = 0.0021x + 0.0383 0.848
1189 nm y = 0.0053x +0.1039 0.859
1498 nm y = 0.0581x + 1.0107 0.915

Sucrose
980 nm y = 0.0022x + 0.0361 0.850
1189 nm y = 0.005x + 0.1064 0.880
1498 nm y = 0.036x + 1.4102 0.921

3.4.2. Scattering Coefficient–SSC–Soluble Sugars Contents Relations

The values of r between μa and either SSC or contents of soluble sugars, when compared with the
respective r between μ′s and the same variables, exhibited different patterns; μ′s decreased gradually
with the increase in wavelength (Figure 6c,d) which may be related to the decreased values of μ′s
over the whole investigated wavelength range. It was also observed that soluble solid and soluble
sugars were positively correlated with scattering properties. At 25 ◦C, the average r values of SSC,
TSS fructose, glucose and sucrose with μ′s were 0.855, 0.811, 0.771, 0.695 and 0.884, respectively. At 0 ◦C,
the average values of r were 0.808, 0.742, 0.704, 0.659 and 0.887, respectively. Moreover, SSC, TSS,
fructose and sucrose have higher correlation with μ′s than glucose. Among the three types of soluble
sugars, μ′s was most related to sucrose (r = 0.789–0.939), followed by fructose (r = 0.599–0.816) and
glucose (r = 0.544–0.738). The same result was found in the correlation of SSC and μa with the three
soluble sugars. The findings proved that the sucrose contributed the most to the strong relationship
between optical properties and SSC.

According to the results of Sections 3.4.1 and 3.4.2, the correlation between soluble sugars and
μa was stronger than that between soluble sugars and μ′s in the whole visible-medium wave near
infrared region. Besides, with the increase in wavelength, the correlation between soluble sugars and
μa increased, while the correlation between soluble sugars and μ′s decreased. It could be inferred that
μa was more associated with chemical components, while μ′s was less correlated with them [7,30,36,46].
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Furthermore, previous study presented that scattering property was influenced by microstructure.
Rowe et al. [26] measured the optical spectra of apples over the range of 400–1050 nm using IS and
obtained an average r of–0.68 between the μ′s and firmness. Liu et al. showed that μ′s of kiwifruit had
stronger correlation with firmness (r = 0.74–0.87) than with SSC (r = 0.49–0.81) and moisture content
(r = 0.59–0.80) [7]. These studies indicated that the absorption and scattering properties had potential
to determine the internal quality of apple.

3.5. SSC and Soluble Sugars Contents Predictions

Table 4 generalized the statistics of PLS model results of calibration and prediction using μa and
μ′s at 905–1600 nm for SSC and the contents of soluble sugars of Fuji apple. The Rc

2 of the modeling
set was higher than the Rp

2 of the prediction set, thus these models were reliable. Among the three
prediction models of soluble sugars based on μa and μ′s, the best model was for sucrose content
(Rp

2 > 0.7365, RMSEP < 1.458 g/kg). In addition, the models relied on μa, and the μ′s for fructose and
glucose content were slightly worse, the Rp

2 values of which were in the range of 0.635–0.781 and
0.593–0.725, and the RMSEP values were 1.570–2.216 g/kg and 1.344–1.906 g/kg. A previous study
reported similar results in that the prediction results on optical properties for sucrose were better than
fructose and glucose [36].

Table 4. Model results of soluble solid contents and soluble sugar contents for apples.

Parameters Optical Property
Calibration Prediction

Rc
2 RMSEC Rp

2 RMSEP

SSC
μa 0.851 0.314 0.833 0.329
μ′s 0.739 0.693 0.726 0.722

Total soluble sugar μa 0.837 2.055 0.830 2.062
μ′s 0.710 3.657 0.701 3.699

Fructose
μa 0.782 1.567 0.781 1.570
μ′s 0.658 1.935 0.635 2.216

Glucose
μa 0.769 1.338 0.752 1.344
μ′s 0.611 1.821 0.593 1.906

Sucrose
μa 0.860 1.032 0.851 1.047
μ′s 0.744 1.437 0.736 1.458

The root mean square error of calibration (RMSEC); the coefficient of determination of prediction (Rp
2); the root

mean square error of prediction (RMSEP).

In addition, the Rp
2 values of the five prediction models based onμa were in the range of 0.752–0.851,

and the RMSEP values of the SSC and soluble sugar models were 0.329% and 1.047–2.062 g/kg,
respectively. Li et al. [47] assessed the SSC of apple based on near infrared spectroscopy, with the
results of Rp

2 and RMSEP in the ranges of 0.576–0.854 and 0.547–0.673%, and the prediction accuracy
of SSC was equivalent to the present study. In addition, according to the model results (Table 4),
the prediction results based on μa were better than the model results based on μ′s, which further
proved that SSC and soluble sugars were more correlated with μa than μ′s. The findings obtained from
this study made a contribution to the fact the light absorption links to the chemical compositions of
materials, and that scattering of photons is a physical procedure that greatly depends on the wave
characteristics of photons and the structures of mediums.

In general, the prediction models for sucrose based on μa in this study performed well (Rp
2 = 0.851,

RMSEP = 1.047). The models for sucrose in 400–1050 nm built with the AIS system, according to the
report of Wei et al. [36], were second to the models of our study. According to their study, the models’
Rp

2 and RMSEP values were 0.804 and 1.099, respectively. The result might be caused by the presence of
the more obvious bonds C-H, O-H, C-C with a longer wavelength, which indicated that the absorption
properties of the mid-wave near infrared region are more suitable for the quantitative detection of
soluble solids and soluble sugars.
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4. Conclusions

The optical properties of Fuji apple during storage in two different storage conditions (25 ◦C,
50 days; 0 ◦C, 150 days) were evaluated by the AIS system at 905–1600 nm, and the exact relationships of
absorption and scattering properties with SSC and soluble sugars contents were explored. The changes
of μa, μ′s, SSC and soluble sugars contents showed a similar pattern at the two experimented
temperatures during storage. Three prominent absorption peaks at 980, 1169 and 1485 nm were noticed
for the spectra of μa. In addition, μa and μ′s were positively associated with SSC and soluble sugars
contents (r = 0.659–0.936), and their values are greatly relied on the wavelength. Thus, it could be
easily understood that the decreases in SSC and soluble sugar content were accompanied by declines in
μa and μ′s. Additionally, the μa had stronger correlation with these soluble components than with μ′s.
Another important conclusion was that both SSC and μa were more strongly correlated with sucrose
content, with r values of 0.933, 0.934 (at 25 ◦C) and 0.930, 0.927 (at 0 ◦C). Moreover, partial least square
regression (PLS) models for SSC and soluble sugars contents were developed, with the best performance
of Rp

2 = 0.851 and RMSEP = 1.047, which appeared in the model of sucrose based on μa. Furthermore,
due to better measuring bonds of C-H, O-H, C-C at the longer wavelength range, the prediction model
at 905–1600 nm performed better than the models developed in the 400–1050 nm range in the report of
Wei et al. [36]. Thus, these results made the mechanism for detecting SSC of apples based on optical
techniques clear. The strong association between the absorption properties and the sucrose content
provided potential and theoretical support in assessing SSC based on optical techniques.

However, this study was carried out on a relatively limited number of fruit and only on apples
from one cultivar. Further work needs to involve the investigation of exact relationships between
absorption and scattering properties and soluble sugars contents of other varieties of apple flesh,
as well as the correlation of optical properties with other components which contribute to quality,
such as to firmness.
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Abstract: Fresh fruits and vegetables are perishable commodities requiring technologies to extend
their postharvest shelf life. Edible coatings have been used as a strategy to preserve fresh fruits and
vegetables in addition to cold storage and/or controlled atmosphere. In recent years, nanotechnology
has emerged as a new strategy for improving coating properties. Coatings based on plant-source
nanoemulsions in general have a better water barrier, and better mechanical, optical, and microstruc-
tural properties in comparison with coatings based on conventional emulsions. When antimicrobial
and antioxidant compounds are incorporated into the coatings, nanocoatings enable the gradual
and controlled release of those compounds over the food storage period better than conventional
emulsions, hence increasing their bioactivity, extending shelf life, and improving nutritional pro-
duce quality. The main goal of this review is to update the available information on the use of
nanoemulsions as coatings for preserving fresh fruits and vegetables, pointing to a prospective view
and future applications.

Keywords: nanotechnology; wax coating; natural antimicrobials; essential oils; nanocoatings;
post-harvest; bioactive compounds; quality; preservation methods; nanomaterials

1. Introduction

Fruits and vegetables are important sources of minerals, vitamins, and fibers, which
are essential for human’s well-being, and their consumption has been associated with
several beneficial effects on human health. The demand for those benefits has considerably
increased over the years due to consumer preference for natural products and changes
in lifestyle [1]. In this sense, fruits and vegetables are an important component of the
human diet.

After they are harvested, fruits and vegetables continue the respiration process, con-
suming O2 and releasing CO2 and water. Consequently, lipids, proteins, organic acids, and
carbohydrates are metabolized and energy replacement is compromised, as the vegetable
or fruit is separated from the mother plant [2]. Over time, quality characteristics such as
color, flavor, weight, nutritional value, and bioactive compounds continue to deteriorate
as a result of senescence [3]. The water released during the respiration process plays an
important role in the postharvest quality of fresh fruits and vegetables and can result in
loss of nutritional value, soft texture, sagging, wrinkling, and withering [4].

Although waxes were used to preserve citrus fruit in ancient China, it was not until
the twentieth century that edible coatings based on emulsions were developed to preserve
the quality of fresh fruits and vegetables [5]. These emulsions are typically formulated from
oils (vegetable- or animal-derived), waxes (paraffin, carnauba wax, candelilla, or beeswax),
and resins (shellac or wood rosin). Furthermore, polymer-based coating solutions can have
additional functionality when formulated with plant essential oils having antimicrobial
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activity [6]. Due to their hydrophobic nature, oils and waxes have proven to be an efficient
technology for fruits and vegetables preservation post-harvest, as they are able to minimize
water loss and gas exchange and improve and/or preserve the physicochemical properties,
such as color, firmness, fresh appearance, and microbial protection [7–10].

Recently, nanotechnology was introduced as a new tool for making coatings based on
emulsions with improved properties and functionalities. Coatings are made of macro- or
microemulsions (conventional) or nanoemulsions, for which the latter can be considered
a conventional emulsion with very small particles. Droplets in nanoemulsions are on a
nanoscale (particle radius less than 100 nm) dispersed in an aqueous solution [11]. This
changes the physical properties of the coating by further reducing moisture migration,
gas exchange, oxidative reactions, and suppressing pathogenic growth (microorganisms),
product deterioration and enhancing control of physiological disorders [12]. In addition,
coatings based on nanoemulsions have shown to be promising vehicles for several active
compounds, such as oil-soluble vitamins, antimicrobials, flavors, and nutraceuticals, which
may further contribute to maintenance of food product quality attributes [13].

Figure 1 shows a survey of published scientific manuscripts on nanoemulsions as edible
coatings for fruits and vegetables. The number of studies on the topic has increased consid-
erably over the past few years, demonstrating the scientific community’s increased interest
in the topic. However, studies concerning in vivo biological efficiencies are limited [14] and
applications on fruits and vegetables are even fewer. Thus, more research is essential to
determine this technology’s potential for future application on a commercial scale. In this
context, the objective of this review is to update the available information on the use of
nanoemulsions as coatings for preserving fresh fruits and vegetables.

Figure 1. The distribution of publications related to ‘nanoemulsion as edible coating for fruits and
vegetables’ (2005–2021): ScienceDirect databases. Data for 2021 is as of September 2021.

2. Edible Coatings—An Overview

The first reports of the use of coatings on fruits appeared in the 12th century in China,
where wax was applied to citrus (lemons and oranges) to reduce mass loss and preserve
the fruit [15]. However, it was only in 1922 that the commercial scale application of waxes
began in order to increase postharvest conservation of fruits and vegetables, thus reducing
postharvest losses [16].
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Currently, edible coatings are used as a strategy to increase the shelf life and posthar-
vest quality of many fresh fruits and vegetables during storage [17,18]. Edible coatings
are defined as thin layers applied on the fruit surface, forming clear films produced from
food-grade materials and adding to, or as a substitute for, the waxes naturally present on
the fruit surface. As these films become part of the food and are consumed as such (for
fruits where the peel is consumed), the materials used in their composition must be GRAS
(Generally Recognized as Safe), that is, be non-toxic and safe for food [19].

Edible coatings are formulated from various biopolymers such as polysaccharide,
lipid, and protein compounds, or by combining materials resulting in improved proper-
ties (Table 1). They act as an obstacle to water vapor, gases, and solutes [20] as shown
in Figure 2.

Table 1. Summary of diverse structural materials frequently used for edible coating.

Material Main Matrices Positive Points Negative Points References

Polysaccharide Starch, chitosan, alginate, cellulose, and
its derivatives, and pectin

Good gas and mechanical
barrier properties

Poor moisture barrier due to
hydrophilic nature [21,22]

Lipid Animal, vegetable waxes and resins,
vegetable oil, and fatty acids

Good moisture barrier properties
with a shiny appearance

Poor mechanical and gas
barrier properties [18,23,24]

Protein
Gelatin, casein, whey protein, zein, soy

protein, myofibrillar protein, and
quinoa protein

Good gas barrier properties
without anaerobic conditions

Brittle and susceptible
to cracking [25]

Composite Combination of polysaccharide and/or
protein with lipids

Good moisture and gas
barrier properties

Formation of
non-homogeneous emulsion [26–29]

Figure 2. Main functions of edible coatings on fruits and vegetables.

The mechanism of action for coatings on fruit is similar to packaging with a modified
atmosphere; the coating produces a physical barrier that modifies gas exchange between
the interior of the fruit and the surrounding atmosphere, increasing the concentration
of CO2 and decreasing O2 [30]. This environment can effectively decrease respiration
rate, conserve stored energy, delay microbial growth, and therefore, extend the useful
life of the fruit [31]. The coating efficiency depends on the coating thickness formed
on the fruit surface, since there is a negative correlation between thickness and coating
permeability [32]. Another important point is related to low permeability coatings, based
on resins such as shellac, for example, which can restrict gas exchange almost entirely,
leading to the accumulation of CO2 within the fruit, and the production of compounds
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resulting from the fermentation process that can cause off-flavor, such as acetaldehyde and
ethanol, thus affecting fruit quality [18,33].

In addition to maintaining quality and postharvest conservation of fruits and veg-
etables, the coating materials can also act as carriers of compounds such as food coloring,
flavoring, antimicrobials, antioxidants, antagonistic microorganisms, among others [34,35].
In this sense, several natural bioactive compounds have been incorporated into edible coat-
ing materials such as essential oils [36–38], plant extracts [39,40], vitamins [34], antagonistic
microorganisms [41,42], and antibrowning or firming agents in fresh cut fruit. [43,44].

3. Methods to Apply Edible Coatings

The effectiveness of coatings in preserving fresh fruits and vegetables is influenced
by the application method, which will be chosen according to the nature of the food
to be coated, the surface attributes, the rheological properties of the solution, and the
main purpose of the coating [45]. The adhesion of coatings to food surfaces is essential
for performance of their intended function [16,46]. Wettability is used to quantify the
interfacial interaction that occurs between the food surface and the coating. This variable
must be taken into account when assessing the performance of the coating solution on the
food surface [31].

Dipping (Figure 3a), spraying (Figure 3b), and hand coating (Figure 3c) techniques
are the most common methods for applying edible coatings to fresh fruits and vegetables.
Other techniques such as fluidized bed and foaming are also available; however, these
techniques are rarely used on commercial and laboratory scales [45].

Figure 3. Dipping (a), spraying (b), and (c) hand coating techniques to apply edible coatings.

On a laboratory scale, immersion is one of the main methods used for coating fruits
due to its simplicity, without dependence on equipment, and uniformity of film obtained.
In this method, the entire surface of the food is submerged in the film-forming solution at
a constant speed, allowing full surface coverage, ensuring complete surface wetting [47].
After application, the excess solution is drained to eliminate the overload of film-forming
solution on the fruit surface [48]. Finally, the food is dried with the excess solvent and liquid
being evaporated to leave the film in contact with the food surface. Drying can take place at
room temperature or using a heated air tunnel after draining the solution. This technique
allows the application of coating solutions with a wide viscosity range [46]. A negative
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point of this technique is the possibility of cross-contamination from fruit to fruit during
the immersion process due to the accumulation of residues and microbial organisms [45].

To avoid this problem, products that will be coated must be properly cleaned and
sanitized, and the coating solution replaced frequently [15]. According to Raghav et al. [16],
in general, fruits and vegetables are immersed for 5–30 s in the coating solution.

In turn, the spraying technique, most popular in packing houses, provides a homo-
geneous and attractive coating. In addition, it avoids the possibility of contaminating the
coating solution [49]. This process increases the liquid surface through the formation of
drops and distributes them over the food surface [45]. During spray application, the fruit
or vegetable is placed on a plate or rotating rollers at a coordinated speed, under dispersing
nozzles activated manually or automatically. This procedure is repeated until the desirable
coating thickness is achieved. A drawback of this technique is that viscous solutions cannot
be sprayed as they clog the equipment [50].

Another method to apply a filmogenic solution is by gloved hands to the fruit surface.
Fruits can be coated by spreading a uniform amount of coating solution by hand while
wearing latex gloves. It is appropriate on a laboratory scale to avoid solution contamina-
tions and to minimize waste of experimental coating solutions during screenings. However,
a negative aspect consists of the non-homogeneous film thickness formed on the entire
fruit surface [18,35].

4. Nanomaterials in Edible Coatings

In recent years, nanotechnology has been used as an important tool to increase the
storage period for food products. The application of nanoscale particles provides different
and improved properties compared to particles with larger size. Related to foods, nanotech-
nology has a wide spectrum of uses in films and coatings due to the improved features
they impart [51].

Figure 4 shows the advances in the development of nanosystems incorporated with
food-grade ingredients, which makes it feasible to explore functional modifications in food
coating materials that include nanoemulsions, polymeric nanoparticles, nanostructured
lipid transporters, nanotubes, nanocrystals, nanofibers, and others [52]. Nanosystems,
when incorporated into matrices based on hydrocolloids (proteins or carbohydrates), give
rise to nanocomposites, which are the combination of two or more materials, one of which
is on a nanoscale, in order to improve coating properties [52,53].

 
Figure 4. Nanomaterials in edible coatings.
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The main changes due to use of nanosystems in nanocomposite coatings refer to the
water barrier, optical and microstructural mechanical properties, and the antimicrobial and
antioxidant effects. Nanoparticles in coatings potentiate these activities when antimicrobial
or antioxidant compounds are incorporated in the coating, by enabling their gradual
and controlled release over the period of fruit storage, sometimes under different storage
conditions, hence improving bioavailability of these compounds over time [52,54]. The
improvements in these properties are important to guarantee food quality maintenance
as well as to reduce the development of decay microorganisms (bacteria, filamentous
fungi, and yeasts) and action of free radicals that deteriorate food and reduce shelf life [55].
Another advantage of adding active agents to nanosystems is that a smaller proportion of
these substances is necessary to obtain good activity; therefore, the use of these compounds
in low concentrations does not negatively affect food sensory properties [12].

5. Fundamentals of Nanoemulsions

Emulsions are generally made of two immiscible liquids, commonly oil and water,
forming a relatively stable mixture. Generally, emulsions are systems that contain a dis-
persed and continuous phase and can be classified according to the three-dimensional
organization of the oil and water phases. Oil-droplets dispersed within an aqueous
phase is named oil-in-water (O/W) emulsion, whereas water-droplets dispersed in the
oil phase is classified as water-in-oil (W/O) emulsion, and they are the most common
emulsions [14,56,57]. Figure 5 shows the schematically structures of O/W (Figure 5A) and
W/O (Figure 5B) emulsions, emphasizing the micelle structures dispersed in the continu-
ous phase.

Figure 5. Schematic representation of (A) oil-in-water (O/W) and (B) water-in-oil (W/O) emulsions,
representing micelle structure dispersed in continuous phase for each system.

Emulsions are classified into three main classes according to thermodynamic stability,
stable mechanisms, and physical properties: macroemulsion or conventional emulsion,
nanoemulsion, and microemulsion. Conventional and nanoemulsions are thermodynami-
cally unstable, while the microemulsion is stable. The droplet mean radius for conventional
emulsions are bigger, which distinguishes them from nanoemulsions with a radius of less
than 100 nm [11,57,58]. The droplet size in nanoemulsions is a key-point that influences
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their capability to improve the bioavailability of added hydrophobic substances, such
as carotenoids [58], and increase antimicrobial essential oil properties [59] or oil com-
pounds [60]. The nanoemulsion classes will be further discussed in this article, with the
focus of nanoemulsions as edible nanocoatings.

5.1. Nanoemulsions and Production Methods

The small size of particles in nanoemulsions allows potential advantages over conven-
tional emulsions, such as greater stability concerning particle aggregation and gravitational
separation, in addition to high optical transparency, modification of the physical properties
of the coating, and increased bioavailability of bioactive-loaded lipid droplets [57]. Free
nanoemulsion-based delivery systems increased the bioaccessibility of vitamins (D) and
carotenoids (β-carotene and curcumin) [58,61]; however, studies have demonstrated that
bioactive-loaded nanoemulsions prepared with a biopolymer mixture can be trapped in
the matrices and decrease bioaccessibility.

Nanoemulsions need energy for their formation, which is provided by mechanical
equipment or physical and chemical properties of the system. Procedures using mechanical
energy are called high energy methods and use microfluidizers, high-pressure homoge-
nizers, and ultrasonic homogenizers. The methods that employ the system’s physical and
chemical properties are categorized as low energy, such as spontaneous emulsification,
phase inversion temperature, and emulsion inversion methods [54,57].

When high-energy methods are employed, the surfactants help break oil-droplets
inside the homogenizer by decreasing interfacial tension, thus promoting smaller droplets
and preventing droplet aggregation. A high shear rate is necessary to break the droplet to
form nano-droplets, and is generally achieved by high-pressure homogenizers, as the use
of high energy generates forces that can break the droplets in the dispersed phase [56,57].
Those methods are well established in the food industry and can be adapted for nanoemul-
sion production. On the other hand, for low energy methods, surfactants promote small
droplet spontaneous formation due to their ability to generate extremely low interfacial
tensions under specific conditions. Therefore, the surfactants utilized are extremely impor-
tant because the emulsion pH stability, ionic strength, heating, cooling, and storage are
mainly determined by the amphiphilic molecule chosen [56,57].

The amphiphilic material, such as surfactants, phospholipids, proteins, and polysac-
charides, reduces the interfacial tension and maintains droplet stability. Emulsions (O/W
or W/O) (Figure 6A,B) are the most stable systems; however in unusual regimes, multiple
emulsions such as W/O/W and O/W/O (Figure 6C,D) may be formed and are usually ex-
tremely unstable to coalescence [14,54,56]. Most fruits and vegetables contain a high-water
volume; therefore, among emulsions the O/W type (Figure 6A) is the most explored for food
systems due to the possibility of loading the oil-droplets with lipophilic key-compounds
surrounded by water [14,54].

 
Figure 6. Representation of most common emulsion (A) oil-in-water (O/W) and (B) water-in-oil (W/O),
and multiple emulsions (C) water-in-oil-in-water (W/O/W) and (D) oil-in-water-in-oil (O/W/O).
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5.2. Surfactants

Surfactants can be classified according to their electrical characteristics as ionic, non-
ionic, and zwitterionic. Most foods surfactants are ionic, such as esterified monoglycerides,
which are mainly negatively charged and can form nanoemulsions using low or high
energy. Non-ionic surfactants also can be used for both methods and have low toxicity
and irritability, including compounds such as Tween® (condensate of sorbitol fatty acid
esters and ethylene oxide) and Span® (a family of fatty acids sorbitan). On the other
hand, zwitterionic surfactants contain two or more ionizable groups with opposite charges,
and consequently, they can have a negative, positive, or neutral charge depending on
the pH solution. For example, this group includes lecithin, a phospholipid widely used
in foods [57,62].

One of the main aspects of an emulsion formulation is the choice of surfactant. The
hydrophilic–lipophilic Balance (HLB) system was developed, which represents the bal-
ance of the size and strength of the polar and non-polar groups [62]. It demonstrates
molecule properties as amphiphilic compounds using a numerical scale, assigning higher
HLB values as the substance is more hydrophilic [62]. However, the HLB system only
considers the properties of the surfactant itself. For this reason, the hydrophilic–lipophilic
deviation (HLD) system is another approach to the behavior exhibited by surfactant–
oil–water and usually more suitable in formulations [57,63]. In addition, proteins, poly-
mers with amphiphilic properties, and combinations of polymers and surfactants can act
as emulsifiers [64].

Studies have demonstrated the importance of modulating nanoemulsions composition
and structure to achieve higher digestion and absorption in the gastrointestinal tract and
to efficiently deliver compounds such as vitamins and nutraceuticals [54,58,65,66]. There-
fore, the choice of emulsifier is of extreme importance since it can improve carotenoids
bio-accessibility, for example. In a study performed by Yao et al. (2019) [65], the authors
demonstrated the relationship between carotenoids bio-accessibility from spinach and
co-ingesting with excipient nanoemulsions: nanoemulsions containing different ratios of
medium or long-chain triglycerides in the oil phase composition decreased β-carotene bioac-
cessibility when the ratio of medium-chain triglycerides was increased. The findings were
credited to the formed micelle’s ability to hold the carotenoids in their hydrophobic domains.

6. Plant-Based Nanoemulsions as Edible Coatings on Fruits and Vegetables Postharvest

6.1. Coatings Based on Essential Oil Nanoemulsions

One of the main features can be in the form of antimicrobial nanoemulsions, for exam-
ple, nanoemulsions based on plant essential oils, which are associated with biopolymers
such as alginate, chitosan, and starch, among others. It has been shown that when essential
oils are encapsulated in nanoemulsions, they have less impact on the sensory proper-
ties of the food, masking the taste or smell of the core material (coating), yet providing
better biological activity of essential oils due to the increase in the surface area [67]. In
this way, it is possible to use low doses of bioactive material, increasing the transport
of active ingredients through biological membranes, thus intensifying the bioavailability
of bioactive compounds, in addition to less interaction with other components of the
food matrix. Other advantages are the low mass transport of compounds into and out
of the coating, less impact on optical, barrier, and microstructural properties and greater
coating stability [68,69].

Essential oils have received special attention as active ingredients applicable in food
coatings, due to their potent antimicrobial and antioxidant activities [70]. Essential oils are
volatile aromatic substances of low molecular weight (for example, phenolic compounds,
such as monoterpenes, flavonoids, and phenolic acids) produced by plants (for exam-
ple, cinnamon, thyme, lavender, ginger, palmarosa, lemongrass, mint, citrus fruits, and
fennel) or their isolated components (for example, eugenol, geraniol, menthol, limonene,
carvacrol, and linalool) that can reduce microbial growth in food, and have been studied
as natural antimicrobials in food for decades [71]. However, their volatile nature, low
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water solubility, and strong aroma limit their applications in foods. In this sense, using
nanotechnological approaches is a promising strategy to enable the application of essential
oils as natural antimicrobials in foods, overcoming their limitations and increasing their
antimicrobial activity [52].

Table 2 presents the main types of nanoemulsions as edible coatings classified by
matrix type and their impact on fruit and vegetable shelf life.

Table 2. Main types nanoemulsions as edible coatings and their impact on fruit and vegetable shelf life.

Matrix
Bioactive Substance or

Lipid Compound
Production
Technique

Functionality Fruit or Vegetable Reference

Modified chitosan
Lemon, mandarin,
oregano, or clove

essential oils

High-pressure
homogenization (HPH)

Increase the antimicrobial
activity of the essential oil

and improve the homogeneity
and stability of the emulsion

Arugula leaf
(Eruca sativa) [72]

Chitosan
Carvacrol, bergamot,
mandarin, and lemon

essential oils

High-pressure
homogenization

Increase the antimicrobial
activity of essential oils

Green beans
(Phaseolus vulgaris) [73]

Sodium alginate Basil essential oil Ultrasound Increase the antimicrobial
activity of essential oil

Okra (Abelmoschus
esculentus) [74]

Pullulan Cinnamon essential oil Ultrasound
Improve the distribution of

oil in the matrix and increase
its antimicrobial activity

Strawberry
(Fragaria × ananassa) [75]

Carnauba wax Lemongrass essential oil Dynamic high pressure

Increase the antimicrobial
activity of the essential oil

and improve the homogeneity
and stability of the emulsion

Plums
(Prunus salicina) [76]

Carnauba wax Lemongrass essential oil
High shear probe and

high-pressure dynamic
processing (DHP)

Increase the antimicrobial
activity of essential oil

Grape berry (Vitis
labruscana Bailey) [77]

Candelilla wax Extract of tarbush High-speed stirrer
Improved the wettability of
the nanocoating on the Fuji

apple surface

Fuji apple (Malus
domestica ‘Fuji) [78]

Quinoa
protein/chitosan Thymol 1200 rpm agitation

Increase the antimicrobial
activity of the active

compound and improve
dispersion in the matrix

Strawberry
(Fragaria × ananassa) [79]

Sodium alginate Lemongrass essential oil Microfluidization

Improve the stability of the
emulsion and increase the

antimicrobial activity of the
essential oil

Fresh-cut Fuji apples
(Malus domestica ‘Fuji) [59]

Hydroxypropyl
methylcellulose

Carnauba wax
nano-emulsion

High-pressure
homogenization (HPH)
and mechanical stirring

Reduce gas permeability and
moisture loss

‘Redtainung’
Papaya

(Carica papaya)
[28]

Sodium alginate Citral Ultrasound

Improve the dispersion of the
active compound in the
matrix and increase its
antimicrobial activity

Fresh cut pineapples
(Ananas comosus) [60]

Carnauba wax Oleic acid and
Carnauba wax

High-pressure
homogenization (HPH)

Improve optical properties,
and emulsion stability

‘Nova’ mandarins
(Citrus reticulata) and

‘Unique’ tangors
(C. reticulata C. sinensis)

[18]

Chitosan Cellulose nanocrystal and
oleic acid

Ultra turrax
homogenizer

Increase coating stability at
high humidity, adhesion on

fruit surface and delayed
ripening of pears

Bartlett pears
(Pyrus communis) [80]

Edible coatings based on nanoemulsions of essential oils have been studied as an al-
ternative to prolong fresh fruit and vegetable shelf life. For example, a coating based on the
nanoemulsion of lemon essential oil and chitosan increased the shelf life of arugula leaves
by 7 days compared to a coating of chitosan or lemon oil alone [72]. Likewise, coatings
based on modified chitosan and carvacrol nanoemulsions completely inhibited the growth
of Escherichia coli on fresh green beans during the 11-day period under refrigeration [73].
Gundewadi et al. [74] also reported that the nanoemulsification of basil essential oil in
an alginate coating was more effective than its respective microemulsion and presented
better coating stability. In addition, when applied to okra fruits, nanoemulsion was more
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efficient in preserving texture, color, and sensory characteristics compared to control fruits.
The essential oil of nanoemulsified basil showed greater antifungal activity against fungal
pathogens than microemulsions. Chu et al. [75] developed a pullulan coating with a cinna-
mon essential oil nanoemulsion for strawberry storage. The nanoemulsion-based coating
was more effective than other coatings in reducing loss of mass, firmness, total soluble
solids, acidity, and controlling the growth of fungi and bacteria during fruit storage.

In another study, Prakash, Baskaran, and Vadivel [60], evaluated the effect of a coating
based on sodium alginate and citral nanoemulsion on the quality of fresh cut pineapples.
Coatings based on nanoemulsions were effective at reducing microbial growth during
storage. In addition, at a concentration of 0.2% of citral nanoemulsion, the coating reduced
the presence of Salmonella enterica and Listeria monocytogenes after artificial inoculation [60].
The coating based on nanoemulsions of lemongrass essential oil, Tween® 80 and alginate
was more effective at preserving the characteristics of minimally processed Fuji apples than
their respective conventional emulsions. The nanoemulsion coating inhibited the growth
of artificially inoculated E. coli on fruits faster than conventional emulsions [59].

6.2. Coatings Based on Plant-Based Wax Nanoemulsions

Commercial coatings based on approved waxes must meet state/national fruit and
vegetable additive regulations and be considered safe for consumption. However, to im-
prove the characteristics of wax-based coatings, they are combined with synthetic chemicals
to prevent microbiological deterioration and to ensure homogeneous stability of the coating
during product storage. Commercial coatings are typically formulated using oxidized
polyethylene wax (a by-product of the petroleum industry), carnauba wax (from the leaves
of the carnauba palm, Copernicia cerifera), candelilla wax (from the candelilla shrub, Euphor-
bia cerifera), and shellac (from the insect bug Kerria lacca) as matrices, combined with water
and other agents such as oleic acid, morpholine, ammonia, polydimethylsiloxane antifoam,
and others [81].

The compounds combined with waxes used as emulsifying, moisturizing, and an-
timicrobial agents in commercial coatings, are mostly synthetic chemical products and
could be a concern for human health [82]. As an example, morpholine is a base acting as a
counterion to facilitate fatty acids emulsification in waxes. In the presence of nitrite/nitrate,
morpholine can form N-nitrosomorpholine, a potent mutagen and carcinogen [83,84]. N-
nitrosomorpholine was not found on coated fruit surface, but the possibility of its formation
in the gut from reaction of morpholine with dietary nitrates was considered; it was found
at concentrations less than the safe dose of 4.3 ng/kg body weight/day, not enough to raise
concerns [85]. Ammonia could be used as a replacement for morpholine [86], but its highly
volatile and irritant nature makes it less easy to use than morpholine.

Consumers are increasingly concerned about the safety and quality of food, driving
the demand for so-called “environmentally friendly coatings”, that is, coatings based on
natural products of plant origin that do not present any harm to the consumer’s health
if consumed. The use of waxes and compounds of animal origin has been limited by
vegan and vegetarian consumers, consumers who are allergic to animal products (such
as chitosan) and religious beliefs that do not encourage the consumption of animals [87].
Therefore, the demand for plant-based wax-based coatings is an important market for fresh
fruits and vegetables, and nanotechnology is a promising tool to meet this demand by
improving the properties of these coatings, especially wax-based ones, reducing the need
of synthetic additives.

Nanotechnology has been successfully used to produce plant-based waxes nanoemul-
sions, such as carnauba wax [18] and candelilla wax [78] without the addition of morpholine.
Wax-based nanoemulsions can have improved barrier properties due to the small size of
the droplets, promoting greater homogeneity compared to conventional emulsions, greater
transparency, improved physico-chemical properties (optical, mechanical, and barrier) and
greater stability in comparison with conventional emulsions [18,54,78]. In addition, these
nanoemulsions can be used for the development of nanocomposite coatings, in combina-
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tion with hydrocolloid components (polysaccharides and proteins) in order to improve the
water barrier properties of these compounds and minimize the impact of the incorporation
of lipid compounds in the matrix hydrocolloids [29].

Lipid nanoemulsions made from plant-based waxes have shown greater effectiveness
as edible coatings than conventional emulsions on fresh fruits and vegetables preservation
(Table 2). The carnauba wax nanoemulsion coating showed less water loss, conferred gloss,
and caused less ethanol production than shellac in coated ‘Nova’ mandarins (Citrus reticu-
lata) and ‘Unique’ tangors (C. sinensis) [18]. In addition, the coating based on carnauba wax
nanoemulsion exhibited less changes in the fruit internal atmosphere and volatile profile,
and consequently, better flavor compared to the conventional carnauba wax emulsion and
commercial shellac [18].

Lipid nanoemulsions produced from waxes, such as carnauba or candelilla, have been
shown to be suitable vehicles for carrying bioactive compounds, such as plant extracts
and essential oils [78,88]. They can improve the physical stability of the active substances,
and improve the bioactivity of these compounds, and due to the prolonged and slow
diffusion, they reduce the impact of these substances on the sensory properties of fruits
and vegetables [88]. De Léon-Zapata et al. [78] developed candelilla wax nanoemulsions
added with tarbush extract and evaluated its effect on the preservation of Fuji apples. The
combination of extract and nanocoating reduced the size of the droplets and improved
the zeta potential and optical properties of the coating. When applied to Fuji apples,
the nanocoating effectively reduced physico-chemical and microbiological changes and
delayed fruit senescence in comparison with the control treatment.

In another study, a nanoemulsion of carnauba wax combined with lemongrass es-
sential oil nanoemulsion was applied to plums [76]. The coatings were able to inhibit
the growth of S. typhimurium (S. enterica) and E. coli O157: H7 inoculated plums during
storage, and did not significantly affect their taste and appearance (brightness). In addition,
nanoemulsion coatings were effective at reducing weight loss, ethylene production and
respiration rate. Fruit coated with nanoemulsions showed greater firmness and increase
in phenolic compounds content during storage in comparison with uncoated fruits [76].
A similar result was observed in another study carried out by these authors with grape
berries. The coating based on carnauba wax and lemongrass essential oil nanoemulsion
inhibited the growth of S. typhimurium and E. coli O157: H7 inoculated fruit. Lemongrass
in nanoemulsions did not affect berry taste and improved their brightness. Coatings based
on nanoemulsions were also able to reduce weight loss and maintain firmness, phenolic
compounds, and antioxidant activity in berries. The coatings demonstrated the potential
to reduce microbiological contamination of grape berries by foodborne pathogens and
prolong their shelf life. [77].

7. Trends in Materials Based on Nanoemulsions with Potential for Application in the
Preservation of Fruits and Vegetables

New coating materials based on nanoemulsions with potential for application in fruits
and vegetables have been developed in the last two years with the aim of contributing
even more to the preservation of these products. One way to develop these functionalized
materials is to combine composites with different properties to develop a functionalized
coating. For example, de Oliveira Filho et al. [89] developed a functionalized coating com-
bining arrowroot starch (biopolymeric matrix), carnauba wax nanoemulsion (to improve
the water barrier properties of the coating), cellulose nanocrystals (to improve mechanical
properties and stabilize the emulsion), and essential oils (to confer antimicrobial activity).
The combination of compounds resulted in a coating material with excellent water barrier,
mechanical, thermal, optical, microstructural, and antimicrobial properties against fungi
that attack fruits during post-harvest.

Another increasingly explored trend in the development of new coatings based
on nanoemulsions with better stabilities is the use of solid particles to form Pikering
nanoemulsions, that is, nanoemulsions stabilized with solid particles such as cellulose
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nanocrystals [90], starch nanocrystals [91], γ-Al2O3 nanoparticles [92], cyclodextrin [93],
among others.

Pickering nanoemulsions have excellent stability due to irreversible adsorption that oc-
curs between solid particles at the oil–water interface due to the high adsorption energy [94].
Another characteristic of these nanoemulsions is the ability to release active ingredients en-
capsulated under specific conditions, such as pH and temperature [93]. Almasi, Azizi, and
Amjadi [95] compared two coating materials based on pectin, one with marjoram essential
oil encapsulated in a whey protein/inulin stabilized Pickering nanoemulsion, and the other
with marjoram essential oil nanoemulsified with Tween 80. Coatings based on pectin with
Pickering nanoemulsions presented mechanical and water barrier properties superior to
those based on standard nanoemulsion. In another study, López-Monterrubio et al. [96]
developed highly efficient β-carotene nanoemulsions stabilized by a complex formed by
hydrolyzed whey protein and pectin. The nanoemulsions showed good stability during
the 30-day storage period with low formation of clumps.

Deng et al. [80] developed coatings based on chitosan and Pickering nanoemulsion
of oleic acid stabilized with cellulose nanocrystals and evaluated their effects on the
postharvest conservation of green D’Anjou and Bartlett pears (Pyrus communis L.). The
coating formulated with 5% cellulose nanocrystals showed strong adhesion to the fruit
surface, showing greater gas barrier property compared to the commercial Semperfresh™
product, and presented a more homogeneous matrix, being effective in delaying ripening
and increased the shelf life of pears during storage.

Although the above new materials have been little studied in food systems, the results
described in the literature are very encouraging.

8. Potential Toxicity, Limitations, and Regulatory Aspects of Nanoemulsions

Nanoemulsions, due to the nanometric size of the droplets, may partially remain
intact during digestion, representing potential safety risks related to the compounds used
for their production (such as surfactants). They can be of concern in metabolic or hormonal
dysregulation due to their rapid absorption compared to conventional emulsions, their
ability to increase the bioavailability of bioactive agents to a toxic level, and the possibility
of increased absorption by epithelial cells which can cause changes in the functionality of
the gastrointestinal tract [97]. However, as they have a high surface area, nanoemulsions
can also be quickly digested by enzymes from the gastrointestinal tract, reducing the
possible toxic effect that can occur due to their accumulation in organ cells [98].

In vitro studies were performed using cell cultures, usually models of normal cells
such as fibroblasts, to investigate potential toxicity of nanoemulsions. Kaur et al. [99]
reported that nanoemulsions based on tocopheryl polyethylene glycol succinate (TPGS),
lemon oil, Tween-80, and water did not show toxicity in Hep G2 cells. In another study,
Marchese et al. [100] observed that bergamot essential oil nanoemulsions showed cytotoxic
activity against Caco 2 cells at high concentrations. A limitation of these studies is the fact
that authors have not previously exposed the nanoemulsions in simulated conditions of
the gastrointestinal tract before contact with the cells.

Knowledge about the potential toxicity of nanoemulsions in vivo is still limited and
should be investigated [97]. The effect of nanoemulsions based on antimicrobial com-
pounds, such as essential oils, on the gastrointestinal tract is also poorly reported in the
literature. This effect must be carefully studied, as antimicrobial compounds can influence
the intestinal microbiota or epithelial cells of the gastrointestinal tract.

In a recent study, Hort et al. [101] evaluated the toxicity of Miglyol and egg lecithin
nanoemulsions using an in vivo model (male Wistar rats). The nanoemulsions were orally
administered to rats for 21 days at lipid concentrations of 200, 400, or 800 mg/kg of
body weight. The results of biochemical, hematological, oxidative stress, and genotoxicity
parameters showed that nanoemulsions could be considered safe for oral administration,
but high doses by the parenteral route could cause toxic effects.
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The few studies suggest that nanoemulsions formulated with GRAS ingredients do
not exhibit strong cytotoxic effects. The nanometer size of the droplets suggests that they
are rapidly transformed into monoglycerides and free fatty acids in the small intestine,
which are normal digestion products and should not have toxic effects [57].

As for regulatory aspects, essential oils and other antimicrobial agents are mainly
regulated by the European Food Safety Authority (EFSA) in Europe and the Food and Drug
Administration (FDA) in the United States [102]. However, for nanoemulsions there is no
international authority that makes this regulation. The FDA addresses the regulation of
nanotechnology products as guidance for industries. The European Council and Parliament
have regulated food nanotechnology as new food products or food ingredients [103].

9. Conclusions and Future Perspectives

The use of substances obtained from plant-based natural sources has emerged as a
trend in the fresh fruit and vegetable market for coating applications. The application
of these compounds on a nanoscale has advantages allowing a wider use in relation to
particles on larger scales. Recent studies indicate that nanoemulsions play an important
role in the development of a new generation of coatings with improved properties for the
preservation of fresh fruits and vegetables. This emerging technology makes it possible
to improve the physical stability and performance of active substances within an edible
coating, bringing the possibility of increasing the quality and/or nutritional value of fruits
and vegetables. Although the evidence published to date suggests that nanoemulsions
applied as edible coatings can extend the life of different fruits and vegetables, there are
other important aspects to explore before considering them on a commercial scale in future
trends, such as the bioavailability of bioactive compounds incorporated in the nanoemul-
sions, potential toxicity and digestibility, for example. Most of the tested nanoemulsion
coatings have antimicrobial properties; however, it can also be possible to produce and
apply edible coatings with health-promoting substances.
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