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1 | INTRODUCTION

Abstract

The objective of the present work was to evaluate the effect of tea tree essential oil
(Melaleuca alternifolia; TTEO) on postharvest rot by Botrytis cinerea as well as on the
physical-chemical quality and volatile profile of ‘San Andreas’ strawberries. The fruits
were treated by fumigation with TTEO at concentrations of O (control), 100, 300, and
600 ul LY. The TTEO application reduced the development of gray mold, decreas-
ing the strength for flesh penetration and causing a red color in the most opaque
epidermis. The TTEO reduced the total phenolic compounds content and peroxidase
enzyme activity. As the TTEO dose increased, the oil volatiles characteristic was in
greater quantities than the characteristic aromas of strawberries. The application of
the TTEO reduced the development of the disease; however, there were undesirable
changes in the physical-chemical quality of the fruits as well as in the volatile profile.
Practical application: This study analyzed the effects of treatment with tea tree es-
sential oil fumigation in ‘San Andreas’ strawberry as a way to reduce postharvest rot
gray mold and preserve fruit quality. Tea tree essential oil reduced the development
of the gray mold, increasing the strength for flesh penetration and causing a red color

in the most opaque epidermis.
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a growing concern and pressure from consumers to reduce the use

of agrochemicals due to the possible harmful effects on the environ-

Strawberries are highly perishable products, with reduced posthar-
vest life, mainly due to the incidence of rot. Among the pathogens,
fungi Botrytis cinerea (gray mold), Rhizopus stolonifer (soft rot), and
Colletotrichum (anthracnose) species are highlighted (Parvez and
Wani, 2018). However, B. cinerea fungus is the main cause of rot
during the strawberries postharvest. It infects the fruit through the
flower and usually develops after harvest when the fruit is ripe.

The most recommended management of gray mold is using
fungicides in pre-harvest, in flowering (Petrasch et al., 2019).
Nevertheless, there are no products registered for the control of B.

cinerea in postharvest (Parvez and Wani, 2018). In addition, there is

ment and human health. Thus, essential oils are a form of alternative
disease control, pre- or postharvest.

The use of essential oils has proven to be attractive, mainly due
to its volatility, possibility of application by fumigation, production
of safer foods, wide acceptance by consumers, less environmental
impact, and biodegradable properties (Heredia et al., 2018). The
application of essential oils is an interesting method for the control
of postharvest diseases, due to their bioactivity in the vapor phase,
making them useful as possible fumigants (Arrebola et al., 2010).

Several studies have demonstrated positive effects of using

essential oils from plants as a disease control method Vilaplana
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et al. (2018). Pazmino observed that the essential oil of thyme
(Thymus vulgaris) applied in postharvest can control Colletotrichum
musae in organic bananas, with no negative effect on the physical-
chemical and sensory qualities. Chaemsanit et al. (2018) showed
that the application of peppermint oil (Mentha piperita L.) provided
14 days without rot caused by Penicillium and Rhizopus in dragon
fruits and maintained the firmness, the titratable acidity, and the
total phenolic compounds (CFT) content in the fruits.

The tea tree (Melaleuca alternifolia) is originally from Australia,
and its essential oil extracted from the leaves is rich in terpinen-
4-ol, giving the oil antifungal and antibacterial properties (Russell
and Southwell, 2002). Shao et al. (2013) tested the vapor application
from tea tree essential oil (TTEO) to strawberries and reported a re-
duction in gray mold (Botrytis cinerea) and soft rot (Rhizopus stoloni-
fer) in artificially infected fruits. However, although there is a lot of
evidence on the positive effect of using the essential oil on disease
control, including TTEO, changes in physical-chemical attributes
may occur, especially on the volatile compounds that contribute to
the fruit’s aroma. Therefore, to reduce postharvest losses and obtain
safer fruits, alternative methods, such as the use of essential oils, are
sought for the control of pathogens in strawberries without altering
the sensory characteristics of the fruit.

The objective of this work was to evaluate the TTEO postharvest
effects on rot caused by Botrytis cinerea as well as on the physical-
chemical quality and volatile profile of ‘San Andreas’ strawberries.

2 | MATERIALS AND METHODS

The experiment was carried out with ‘San Andreas’ strawberries
(Fragaria x ananassa) from a commercial production area located
in the municipality of Lages in Santa Catarina (27°46'W; 50°12'S;
930 m altitude). The fruits were harvested at commercial maturity
for consumption, with 75% of the surface having a bright red color.

The fruits were sanitized with a solution of sodium hypochlorite
at 150 ul L for 5 min, rinsed with distilled water, and dried under
ambient temperature for 2 hr (Borges et al., 2013). Subsequently,
each fruit was inoculated with a 5 ul aliquot of a spore suspension
(10° spores ml™) of Botrytis cinerea on one side of the fruit in lesions
with a depth of 3 mm previously performed with a 2-mm diameter
tip (Shao et al., 2013).

The fruits were treated by fumigation with TTEO at concentra-
tions of O (control), 100, 300, and 600 pl L'%. The treatments con-
sisted of four replications, with each sample unit consisting of 15
fruits inoculated with B. cinerea for assessing incidence and severity
and 20 fruits not inoculated for quality assessments. TTEO from the
Ferquima Ind. E Com. de Oleos Essenciais company was used. For
fumigation, the fruits were placed in 30-L containers with airtight
closure. The TTEO was added to a kitasato flask, which was attached
to the hermetic container with the fruits, and the air was circulated
between the kitasato and the hermetic container with the aid of a
nebulizer (G-TECH, NEBBCOM V model) for 12 hr, forcing the TTEO
to volatilize.
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After the treatments were applied, the fruits were kept under
ambient condition (23 + 3°C and RH of 80% + 2%) for 1.5 days,
when the inoculated ones were evaluated for the incidence and se-
verity of rot every 12 hr. Non-inoculated fruits were evaluated at
the end of the 2 days for the following attributes: rot incidence and
severity, strength for flesh penetration, soluble solids (SS), titrat-
able acidity (AT), epidermis color [“hue” angle (h°), lightness (L), and
chroma (C)], respiratory and ethylene production rates, CFT content,
peroxidase enzyme activity (POD), and volatile compounds profile.
The variables SS, AT, epidermis color and CFT, strength for flesh
penetration, and rot incidence were analyzed as described by Soethe
et al. (2016). Rot incidence and severity were assessed as described
in Anami et al. (2020).

Respiratory (CO, kg™ s™ nmol) and ethylene production (C,H,
kgtst nmol) rates were quantified by a gas analyzer and gas chro-
matograph, respectively. Fruits of each replication were placed in
1.05-L containers with airtight closure. Respiratory and ethylene
production rates were obtained by the difference in the concentra-
tions of CO, and C,H,, respectively, inside the container immedi-
ately after its closure and after 0.5 hr. For the CO, analysis inside
the containers, an O, and CO, gas analyzer (Schelle®) was used. For
the ethylene analysis, three samples of the free space atmosphere of
these containers were collected with 1.0 ml plastic syringes, which
were injected into a gas chromatograph (Perkin Elmer®, Clarus 580
model) equipped with a 3-m long Porapak N® column (80-100 mesh)
and flame ionization detector. The column, detector, and injector
temperatures were 90, 240, and 120°C, respectively. The flows of
nitrogen, hydrogen, and synthetic air were 70, 45, and 450 ml/min,
respectively.

With the data on incidence and severity of rot due to gray mold,
the areas under the disease progress curve of incidence (AACPDi)
and severity (AACPDs) were calculated from the formula described
by Shaner and Finney (1977).

The POD enzyme activity was determined according to the
method described by Hammerschmidt et al. (1982), with modifica-
tions. In 0.5 g of the fresh sample (previously macerated in liquid
nitrogen), 5 ml of 0.100 M potassium phosphate buffer (pH 7.0;
Vetec) containing 1 mM of insoluble polyvinylpyrrolidone (PVPP;
Vetec) and 1 mM of ethylene diamine tetra-acetic acid (EDTA; Synth)
for every 100 ml of buffer, homogenized in ultraturrax (Heidolph,
Silent Cruscher M model) and 0.1% triton (v/v; Vetec), were added
for 1 min. The extract was kept at rest for 15 min at 8°C and then
centrifuged at 12,880 g for 10 min at 4°C in a centrifuge (Hitachi,
CR22N model). A 1-mL volume of the supernatant was used for the
enzymatic experiment. Immediately after adding 2 ml of a reaction
mixture containing potassium phosphate buffer (Vetec): guaiacol
(Vetec): H,0, (Vetec; 5:0.0125:0.0163 ml), the enzymatic activity
was defined as the increase in absorbance per minute, quantified at
a wavelength of 470 nm in microplate reading (PerkinElmer, EnSpire
model), and the result was expressed in optical density (DO).mg™* of
minute™ proteins.

To obtain the samples to analyze volatile compounds, the fruits

of each replication were longitudinally cut in four parts, in which a
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portion was separated to compose the sample for these analyses.
The samples were processed with a vertical crusher (Philips Walita,
RI1364 model) and stored in falcon tubes in a freezer (Consul,
CVUBSOEB). An aliquot of 1 g of the sample was taken, mixed with
1 g of NaCl (Anhydrol) and 5 ml of distilled water, and placed inside
20 ml vials sealed with screw caps and silicone septum coated with
PTFE (Agilent Technologies). To extract volatile compounds from the
space above the liquid sample inside the vial (head space), the sam-
ples were subjected to microextraction in solid phase (HS-SPME)
using a fiber coated with divinylbenzene/carboxene/polydimeth-
ylsiloxane sorbent (DVB/CAR/PDMS; 1 cm long, 50/30 um thick,
Supelco, StableFlex™). The vials containing the samples were sub-
merged in a water bath at 35°C for 5 min. Then, the SPME fiber was
exposed to the space of each sample for 30 min under constant ag-
itation and a controlled temperature of 35°C. After the fiber was
exposed to the space, it was injected into the chromatograph with a
desorption time of 5 min. The volatile compounds were quantified by
a gas chromatograph (GC; Perkin Elmer, Clarus® 680 model) coupled
to a mass spectrometer (Perkin Elmer, Clarus® SQ 8 S model). The
GC was equipped with a Perkin Elmer Elite-5MS capillary column,
30 m x 0.25 mm a.i., with a thickness of 0.25 pm. The total running
time was 37 min, and the temperature program was as described
by Boishebert et al. (2006). The injector and detector temperatures
were 250°C, and helium gas was used as the carrier gas at a flow rate
of 1.5 ml/min. The identification of the compounds was based on the
chromatograph library, which indicated the likelihood of the sample
compound similarity with the data contained in the software. The
semi-quantification of the compounds was performed with 2 pl of a
standard C7-C40 n-alkanes (Sigma-Aldrich), read in the same config-
urations as the sample run, and the area of each compound was cal-
culated from the nearest n-alkane one (Ruiz-Hernandez et al., 2018).
The experimental design used was completely randomized. The
data were submitted to variance analysis. The AACPDs, AACPDi, PC
and the volatile compound linalol data were submitted to the regres-
sion analysis and the quality data to the analysis of polynomial or-
thogonal contrasts, with the SAS statistical program (SAS Institute,
2002).

3 | RESULTS AND DISCUSSION

The increase in the TTEO concentration reduced the AACPDi and
AACPDs from B. cinerea in ‘San Andreas’ strawberries (Figure 1). For
AACPDI, at 100 and 600 pl L' TTEO doses, there were reductions
of 64% and 95%, respectively, compared to the control (Figure 1a).
For AACPDs, at 100, 300, and 600 pl ! TTEO doses, there were
reductions of 23%, 41% and 45%, respectively, compared to the con-
trol (Figure 1b). This results from the direct action of TTEO on the
pathogen because in vitro experiments showed that 100 and 500 pl
L'! doses resulted in 55% and 91% of pathogen control, respectively,
compared to control and showed a total inhibition of the pathogen
with doses above 1,000 pl L'! (data not shown). Other authors have

also found that the application of TTEO reduces the incidence and
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FIGURE 1 Areabelow the disease progress curve (AACPD) for
incidence (a) and severity (b) of Botrytis cinerea in ‘San Andreas’
strawberries subjected to 0, 100, 300, and 600 pl L 'doses of
melaleuca (Melaleuca alternifolia) essential oil and maintained for
36 hr under ambient conditions (23 + 2°C/60 + 5% RH)

severity of various diseases. Shao et al. (2013) applied 0.9 g/L of
TTEO to strawberries and found a 55% reduction in incidence and
a 5 mm reduction in the diameter of the lesion caused by B. cinerea.
Wei et al. (2018) found a 43% reduction in incidence and 7 mm reduc-
tion in the diameter of the lesion caused by B. cinerea in strawberries
treated with 0.9 g/L of TTEO. Kong et al. (2020) demonstrated that
the application of 2 ml/L of TTEO in grapes reduced the diameter of
the lesion caused by Aspergillus ochraceus. Therefore, it is evident
that the TTEO essential oil has a fungicidal effect against some path-
ogens. For TTEO, the major compound is terpinen-4-ol, with an anti-
fungal, anti-inflammatory, and antiviral effect (Yadav et al., 2017). Its
antifungal property is related to changes in the permeability of the
fungi membrane (Yadav et al., 2017). Li et al. (2017) related the anti-
fungal activity to the effects exerted by the TTEO on the content of
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TTEO doses (ul Respiratory Ethylene

LY rate production rate SS AT
0 1,305.7 38.9 710 1.43
100 1,128.5 23.3 6.95 1.34
300 867.4 9.80 6.68 1.21
600 402.6 5.80 7.35 1.35
Linear * * ns *
Quadratic ns ns *x ns
CV. (%) 25.8 57.6 7.10 1.43

Note: Data submitted to the analysis of polynomial orthogonal contrasts.
Abbreviation: ns, not significant.
* **Significant at 0.1% and 1% error probability, respectively.

total lipids and ergosterol as well as to the different levels of inhibi-
tion observed in the pathogen respiratory metabolism.

Respiratory and ethylene production rates decreased with the
increase in the TTEO dose, with a reduction of 70% and 85%, respec-
tively, in the 600 pl L' dose when compared to the control (Table 1).
Mohammadi et al. (2021) found results similar to those obtained in
the present work when applying basil (Ocimum basilicum L.) essen-
tial oil on strawberries. The results also corroborate those found by
Mohammadi et al. (2016), in which there was a lower respiratory rate
in cucumbers treated with Zataria multiflora essential oil. Strawberry
is a non-climacteric fruit, that is, after harvest it tends to decline in
respiratory rate and ethylene production. However, the TTEO effect
on respiratory and ethylene production rates cannot be considered
an inhibitory action on cell metabolism. If this TTEO effect were the
result of a delay in cellular metabolism, a reduction in the evolution
of other processes related to the fruit ripening in response to the
TTEO would also be expected, like reduction content of SS and in-
creased AT and flesh firmness, which did not happen.

Fruits treated with the 600 pl L'* TTEO dose had a higher SS
content (Table 1). In turn, the AT decreased with a higher TTEO dose.
Tabaestani et al. (2013) obtained similar results when applying cumin
essential oil (Cuminum cyminum L.) to tomatoes, where they found an
increase in the SS content and a reduction in the AT. On the other
hand, Barreto et al. (2016) found that the application of Origanum
vulgare L. essential oil to cherry tomatoes increased the content of
SS and AT. The high content of SS and the low AT in ‘San Andreas’
strawberries characterize the ripening of the fruit, considering that
organic acids can be converted into sugars (Perkins-Verazie, 1995).

The strength for flesh penetration decreased linearly with the
increase in the TTEO dose (Table 1). The reduction in the firmness of
the fruit also shows that the TTEO application accelerated their rip-
ening, considering that this reduction is related to the degradation of
the cell wall. One of the physiological processes that interfere in the
postharvest of strawberries is transpiration, which causes physiolog-
ical deterioration such as loss of mass, wilting, reduction of stiffness,
turgid and fruit succulence (Rodov et al., 2010). Strawberry fruit has

a large exposed surface for transpiration in relation to its weight,
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TABLE 1 Respiratory rates (CO,

kg™ s* nmol), ethylene production (C,H,
kg™ s pmol), soluble solids (SS; °Brix),
titratable acidity (AT; citric acid %), and

Strength
for flesh
penetration

1.23 strength for flesh (N) penetration in
1.25 ‘San Andreas’ strawberries subjected
1.07 to tea tree essential oil (TTEO) doses

’ and maintained for 36 hr under ambient
0.83 conditions (23 + 2°C/RH of 60 + 5%)
ns
1.23

TABLE 2 Epidermis color [brightness (L), chroma (C), and hue
angle (h°)], content of total phenolic compounds (CFT; mg EAG
100 g™* PF), and peroxidase enzyme activity (POD; DO mg™* of
min~! protein) in ‘San Andreas’ strawberries subjected to tea tree
essential oil (TTEO) doses and maintained for 36 hr under ambient
condition (23 + 2°C/60 + 5% RH)

TTEO doses

(WL L c h° CFT POD
0 34.2 39.4 35.7 135.4 2.93
100 36.2 42.4 37.4 158.6 1.46
300 36.5 34.4 38.4 122.6 1.04
600 36.5 31.2 40.8 106.6 0.06
Linear ns * * * *
Quadratic ns ns ns ns ns
CV. (%) 34.2 39.4 35.7 6.85 63.0

Note: Data subjected to the analysis of polynomial orthogonal contrasts.
Abbreviation: ns, not significant.
*Significant at 0.1% error probability.

and, in addition, epidermis is very thin and unprotected, which fa-
cilitates the loss of water and limits your shelf life. However, several
studies did not observe the effect of the essential oils application on
the flesh firmness of many fruit species. Sun et al. (2014) observed
that the application of carvacrol maintained the firmness of blueber-
ries after seven days. On the other hand, Vieira et al. (2018), when
applying different essential oils to “Fuji” apples, did not find any vari-
ation in the fruit firmness, and Asghari et al. (2009) found that there
was no change in firmness in “Selva” strawberries when cumin es-
sential oil (Cuminum cyminum L.) was applied. These works show that
type of fruit, essential oil, dose, duration, and application conditions
influences the results.

In item L, the color of the epidermis did not show any difference
among the TTEO applied doses; the C decreased and h® increased
with a higher TTEO dose (Table 2). Consequently, the TTEO applica-
tion resulted in fruits that were less red and more opaque in color.

The development of the red color in strawberries after harvest is
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TABLE 3 Volatile compounds (area, %) identified in ‘San Andreas’ strawberries subjected to tea tree essential doses (TTEO) and
maintained for 36 hr under ambient condition (23 + 2°C/60 + 5% RH)

TTEO doses (uL LY

Compound 0

Esters
(E3)-Hexenyl acetate 0.37 £0.37
(Z2) Hexen-1-ol acetate 5.63+4.48
2-Methylbutyl acetate 5.11+2.23
2-Ethylhexyl acetate 0.15 +0.15
Ethyl acetate 1144 + 14.71
Hexyl acetate 3.37 £+ 0.48
Isobutyl acetate 3.87 +2.13
Isopentyl acetate 1.89 + 0.40
Isopropyl acetate 0.65+0.31
Methyl acetate 776 +1.25
Tiglyl acetate 0.68 +0.41
Ethyl butanoate 472 +2.29
Methyl butanoate 13.52 + 5.95
Isopropyl butyrate 0.60 + 0.53
Butyl ethanoate 1.35+1.27
Ethyl hexanoate 1.79 + 1.96
Methyl hexanoate 1141+ 2.20

Alcohols
(E2)-Hexen-1-ol 3.68 +1.24
1-Hexanol 6.29 +5.75
2-Ethyl Hexanol 5.49 + 2.99
Ethanol ND

Aldehydes
(E)-2-Hexenal 0.46 +0.12
Decanal 0.12+0.14
Fenchone ND

Acids
Butanoic acid 0.77 +0.32

Terpenes
a-Phellandrene ND
4-Terpinenil acetate ND
Eucaliptol ND
Linalol 8.09 +4.43
m-Cimeno ND
Terpinen-4-ol ND
Terpineno ND
Terpineol ND

100

ND
3.58 +2.33
ND
ND
1.96 +2.14
1.76 +2.15
ND
ND
ND
2.53 +3.00
ND
ND
2,75+ 1.64
ND
ND
ND
ND

ND
ND
ND
ND

ND
ND
ND

ND

ND

ND

7.20 +5.37
347 +1.77
299 +2.60
52.40 + 30.01
1.47 +1.30
19.89 + 11.30

300

ND
ND
ND
ND
14.42 +7.02
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
2.59 +1.37

ND
ND
0.40 +0.47

ND

ND

ND

18.71 +8.48
0.82 +0.41
11.61 + 5.95
31.92 +31.18
5.65+3.26
12.49 +5.28

600

ND
ND
ND
ND
5.37 +2.28
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
240+ 1.78

ND
ND
1.71+0.25

ND

1.63 +£0.30
1.62 +0.20
19.43 +2.33
1.07+0.21
2312 +4.11
15.24 +12.29
12.36 +2.88
16.06 + 4.57

Note: National Center for Biotechnology Information. PubChem Compound Summary. https://pubchem.ncbi.nlm.nih.gov/compound/. Accessed in

August, 2020.
Abbreviation: ND, not detected.

a normal process related to the increase in anthocyanin synthesis
and the advancement of fruit ripening. On the other hand, softening

and discoloration are common changes that accompany the ripening

and senescence of the strawberry (Hu et al., 2012), effects that
were observed in the fruits treated with TTEO (Tables 1 and 2). Wei
et al. (2018) found redder strawberries when applying the TTEO.
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However, Asghari et al. (2009) observed that the application of
cumin essential oil (Cuminum cyminum L.) maintained the color char-
acteristics of “Selva” strawberries. Dehestani-Ardakani and Mostofi
(2019), when applying Thymus essential oil to “Shahroudi” grapes,
also found a color maintenance on the fruits. Vieira et al. (2018)
found no difference in the epidermis color of “Fuji” apples when ap-
plying essential oils of rosemary, citronella, cinnamon, and cloves.
From the results obtained by different authors, it is evident that
there is an effect depending on the type of essential oil used as well
as the susceptibility of the fruit structure to the action of the oils.
For example, given that the strawberry is a fruit with a very thin and
sensitive epidermis, it is more conducive to changes in its structure
when the TTEO is applied.

The CFT content decreased linearly in ‘San Andreas’ strawberries
with the increase in the TTEO dose (Table 2). Sellamuthu et al. (2013)
also found an increase in the CFT content in avocados with the ap-
plication of thyme essential oil. However, Cindi et al. (2016) found an
increase in the CFT content in response to the application of thyme
and cinnamon essential oils in two peach cultivars. The increase in
the CFT content in strawberries can be attributed to the accumula-
tion of anthocyanins and, consequently, to the development of the
fruit's reddish color (Dhital et al., 2018). However, this did not occur
in the current work, according to the epidermis color data presented
(Table 2), which showed that TTEO may have impaired the develop-
ment of a secondary metabolism.

POD enzyme activity decreased with a higher TTEO dose
(Table 2). POD is directly involved in the induction of the fruit
defense mechanisms, as it creates a lignin or suberin physical
barrier in response to the interaction of pathogens, injuries, and
environmental restrictions (Passardi et al., 2004). Thus, consider-
ing the data obtained with the POD and CFT activity, the TTEO
application did not induce the defense mechanism of strawberries.
However, Shao et al. (2013), when applying 0.9 g/L of TTEO to
“Hongyan” strawberries, found a higher POD activity compared
to control fruits.

The volatile compounds profile identified in ‘San Andreas’ straw-
berries show that, regardless of the dose, the TTEO application sup-
pressed some of the fruit volatile compounds (Table 3). Most of the
esters showed a reduction in the relative area or were suppressed
with the TTEO application (Table 3). In addition, methyl butanoate
and ethyl acetate were the esters with the largest relative area found
in the control fruits. Among the esters detected in them, ethyl ace-
tate is one of the main components of strawberry volatiles (Dong
et al., 2013). Esters promote characteristic fruity and floral aromas
in the fruits (Oz et al., 2016; Yan et al., 2018).

The volatile alcohols were also mostly suppressed in TTEO-
treated fruits, except for ethanol that was found only in fruits treated
with 300 and 600 pl L'? of the TTEO (Table 3). Anami et al. (2020)
found that fruits in an advanced ripening stage contained a higher
concentration of ethanol, indicating fermentative metabolism.
Ethanol is one of the compounds responsible for off flavor (Yan
et al., 2018), and in this case, it is probably related to the advance-

ment in the fruit ripening process.
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FIGURE 2 Volatile compound linalool (area, %) identified in
‘San Andreas’ strawberries maintained for 36 hr under ambient
conditions (23 + 2°C/60 + 5% RH) in response to applied tea tree
essential doses (TTEO)

Among the terpenes, linalool was found in all fruits regardless of
the dose, whereas it decreased with a higher TTEO dose (Figure 2).
Terpenes, such as linalool, nerolidol, and geraniol, are important in the
strawberry aroma composition (Oz et al., 2016), with linalool being
among the most important compounds for the strawberry flavor and
aroma, giving it a fruity floral essence (Azodanlou et al., 2003).

In TTEO-treated strawberries, the terpenes with greater rel-
ative participation were terpinen-4-ol, terpineol, eucalyptol, and
m-cymene (Table 3). Terpinen-4-ol is a monoterpene alcohol found
in several plants and the major TTEO component (Wei et al., 2020;
Yang et al., 2013). According to the results, in the treated fruits, re-
gardless of the TTEO dose used, the TTEO characteristic volatiles are
in greater amount than those aromas characteristic of strawberries.

Although the results demonstrate, the potential for using the
TTEO as an alternative for gray mold control in ‘San Andreas’ straw-
berries, its use also decreased the fruit quality, especially by reduc-
ing their strength for flesh penetration and the CFT content and
changing their color and aroma. Increase in TTEO dose suppressed
volatile compounds characteristic of strawberry and were identified
volatile compounds of TTEO in strawberry fruit. It is possible that
this deleterious effect is due to the way in which the TTEO is applied
and time of exposure to the oil vapor. Additional studies to evaluate
the treatment time as well as other forms of TTEO application in
postharvest and the fields could to determine if it is possible to main-
tain the positive effects of the TTEO in terms of pathogen control

without changing the fruit quality.

4 | CONCLUSION

The tea tree essential oil application in postharvest via fumigation

reduces the development of rot caused by Botrytis cinerea. However,
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it causes undesired changes in the physicochemical quality of the
fruits as well as in volatile compounds profile.
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1 | INTRODUCTION

| Auri Brackmann?

Abstract

The objective of this work was to evaluate the effect of the application of technolo-
gies complementary to controlled atmosphere (CA) storage, 1-methylcyclopropene
(1-MCP), ethanol vapor (Eth), and nitric oxide (NO), on the quality of “Cripps Pink”
apples. The treatments evaluated were control (without complementary technology),
1-MCP (1 pl LY, Eth (6 ml/kg), and NO (10 and 20 pl L'?), applied before the fruits
were stored in a CA (1.2 kPa O, + <0.1 kPa CO, at 1.5 + 0.2°C and 94 + 2% RH).
Fruit treated with 1-MCP showed lower respiration and ethylene production rates,
superficial scald and mealy fruit, greener peel and higher flesh firmness, and titrat-
able acidity. All treatments additional to CA led to a lower respiratory rate and higher
total phenolic compound content and total antioxidant activity than the control. NO
(10 and 20 ul L) treatment prior to CA storage reduced the respiratory rate and su-
perficial scald compared to the control.

Practical application: This study analyzed the effects of pretreatment with
1-methylcyclopropene (1-MCP), ethanol vapor, and NO fumigation before controlled
atmosphere storage of “Cripps Pink” apples as a way to preserve fruit quality. 1-
MCP treatment maintained better quality than the other treatments. NO treatment
showed intermediate results of quality maintenance because reduced superficial
scald and resulted in the highest total phenolic compound content and antioxidant

activity in organic “Cripps Pink” apple.

Commercially, the most common way to store apples is in a con-
trolled atmosphere (CA). The low partial pressure of O, (<2.0 kPa)

The “Cripps Pink” apple is a very attractive fruit, with a reddish-pink
color, consistently crunchy white flesh, and accentuated juiciness and
aroma (Fioravanco et al., 2011), and has thus become a very import-
ant commercial variety worldwide. However, the increasing demand
for quality, added to the concentrated production of apples in a short
period of the year, implies the need for adequate storage of the fruit to

provide the consumer market with a quality product for a longer period.

and high partial pressure of CO, (>1.0 kPa) reduce ethylene produc-
tion and respiration, thus preserving the physicochemical character-
istics and inhibiting or reducing the occurrence of some physiological
disorders (Gupta et al., 2009). However, to extend the storage pe-
riod and maintain the quality of apples, research is constantly being
carried out using different technologies associated with CA storage
(Both et al., 2014).
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1-methylcyclopropene (1-MCP), a potent inhibitor of the action
of ethylene, has been used effectively to control the ripening and
senescence of fruits such as apples, bananas, mangoes, pears, to-
matoes, and kiwis (Piriyavinit et al., 2011). The beneficial effect of
1-MCP in maintaining the quality of the fruit stems derives from
its inhibitory effect on the action of ethylene, delaying the loss of
firmness of the flesh (Akbudak et al., 2009) and reducing the oc-
currence of physiological disorders, such as superficial scald (Soethe
et al., 2016). However, this technology is costly and has some dis-
advantages such as its negative impact on the aroma of the fruits
(Thewes et al., 2015) and favoring the development of some post-
harvest rot (Watkins, 2006). Additionally, 1-MCP has restricted use
in organic apple production.

Treatment with ethanol vapor (Eth) had a positive effect by de-
laying the ripening of “Royal Gala” apples, and reducing the loss of
flesh firmness and ethylene production (Weber et al., 2016), and is
an alternative to 1-MCP. Eth application is a simple and easy treat-
ment (Asoda et al., 2009), and as it is naturally produced by plants,
it can be used in organic production systems. However, there is no
information on the use of Eth application in “Cripps Pink” apples
stored in a CA.

Nitric oxide (NO) is another alternative for maintaining the qual-
ity of stored fruits, as it reduces oxidative stress (Yin et al., 2012)
and ethylene synthesis (Manjunatha et al., 2012), and can prevent
the manifestation of physiological disorders and delay the ripening
of stored apples. In addition, NO reduces the incidence of posthar-
vest rot (Abdollahi et al., 2013). However, the effect of NO is de-
pendent on its concentration and the species of fruit (Manjunatha
et al.,2012). NO is also naturally produced by plants and can be used
in the storage of apples of organic production systems.

It is possible that Eth and NO could be used as complementary
technologies to better maintain the quality of CA-stored “Cripps
Pink” apples. Thus, the objective of this work was to evaluate the
effect of the application of technologies complementary to CA stor-
age, 1-MCP, Eth, and NO, on the quality of “Cripps Pink” apples.

2 | MATERIALS AND METHODS

2.1 | Plant material, experimental design, and
treatments

The experiment was carried out with “Cripps Pink” apples from a
commercial orchard located in the municipality of Vacaria, RS (50°42'
W; 28°33' S; 955 m altitude), in 2017/2018. At harvest, “Cripps Pink”
apples had a peel background color (h°), titratable acidity (TA; %
malic acid), soluble solids (SS; °Brix), and flesh firmness (N) of 107.5,
0.512, 13, 8, and 82.3, respectively.

The evaluated treatments consisted of control (without pre-
treatment prior to storage in CA), 1-MCP (1 ul L'Y), Eth (6 ml/kg of
fruit) and NO (10 and 20 pl LY. The treatments (1-MCP, Eth, and
NO) were applied one day before CA storage. Eth dose was defined
based on preliminary tests (unpublished data). The doses of NO
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evaluated were established based on the results obtained in other
fruits (Hendges et al., 2016; Singh et al., 2009).

The 1-MCP application was carried out according to the meth-
odology described in Brackmann et al. (2010). SmartFresh was the
commercial product used for 1-MCP treatment, being solubilized in
water at ambient conditions within a sealed container. Thereafter,
the solution was transferred to a petri dish, which was placed in an
airtight chamber together with the fruits and left exposed for 24 hr.

For the application of Eth, the volume of liquid ethanol (6 ml/kg)
was added to the interior of mini-chambers with airtight closure, and
the fruits were exposed for 24 hr in ambient conditions (20 + 3°C
and RH of 63 + 5%).

For the treatments with NO, the gas (NO 1,000 ul L'? + N, bal-
ance) was added to the interior of the hermetic mini-chambers until
pre-established concentrations were achieved (10 and 20 pl LY,
with exposure for 2 hrin an environment with 1 kPa of O, + <0.1 kPa
of CO, and 20 + 3°C (Hendges et al., 2016).

After treatment, the fruit was stored in a CA (1.2 kPa O, +
<0.5 kPa CO,; the temperature of 1.5 + 0.2°C and relative humid-
ity of 94 + 2%). The establishment of CA conditions, monitoring,
and maintenance were carried out according to the methodology
described in Brackman et al. (2010). The O, partial pressure was
reduced using N, from a nitrogen generator that uses the pressure
swing adsorption principle to sweep and dilute the O, inside the
chambers. The O, was reduced to 5.0 kPa on the first day of storage
and 1.0 kPa-day* on the following five days through fruit respiration
and N, flushing until the preestablished partial pressure for each
treatment was reached. The partial pressures of CO, in the cham-
bers were obtained by their accumulation from fruit respiration. The
replacement of O, consumed by the fruit was carried out by injecting
cold atmospheric air with an automatic control system. The excess
CO, produced by fruit respiration was absorbed by the circulation
of the gas in the chamber through a CO, absorber with calcium hy-
droxide. The CA conditions were measured daily by an O, and CO,

analyzer (Schelle, Germany).

2.2 | Measurements

At harvest, apples were evaluated for peel background color, TA, SS,
and flesh firmness. After 6 months of storage in the CA plus 7 more
days in ambient conditions to simulate the marketable period, fruits
were evaluated for respiratory rate and ethylene production, peel
background color, flesh firmness, TA, SS, SS/TA ratio, peel greasi-
ness, superficial scald, rot, mealy fruit, flesh browning, total phenolic
compound (TPC) content, and total antioxidant activity (TAA).

For the quantification of the production of ethylene (nmol C,H,
kg™ s and of respiration (nmol CO kg™ s rates, the fruits of
each repetition were packed in 4.1 L containers, with air-tight clos-
ing, for 30 min. After this period, the ethylene was quantified by
gas chromatography, a plastic syringe of 1.0 ml was used to collect
three samples of air from the atmosphere of the free space from

these containers, which were injected in a gas chromatographer
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(Clarus 580, Perkin Elmer, USA), equipped with a Porapak N column
of 3 m of length (80-100 mesh) and flame ionization detector. The
temperatures of the column, the detector, and the injector were
70, 250, and 130°C, respectively. The flows of nitrogen, hydrogen,
and synthetic air were 70, 30, and 300 ml/min, respectively (Weber
et al., 2016). The respiratory rate was quantified with an electronic
gas analyzer (O, and CO,) (Schelle, Germany), with the circulation
of CO, in a closed circuit (Weber et al., 2016).

The pell background color was measured in terms of lightness
(L), chroma (C), and angle hue (h°), in an area with the least red color-
ation, with the aid of a colorimeter (CR 400, Konica Minolta, Japan)
(Weber et al., 2016).

The flesh firmness (N) was determined in two opposing regions,
in the equatorial portion of the fruit, with a small portion of the peel
previously removed, with the aid of a motorized penetrometer (Glss
Manufacturing Ltd., South Africa), equipped with an 11-mm diame-
ter tip (Weber et al., 2016).

The TA (% of malic acid) was determined in a sample of 5 ml of
juice from the fruits, previously extracted from transversal slices,
taken from the equatorial region of the apples, and shredded in
an electric centrifuge. This sample was diluted in 45 ml of distilled
water and titrated, with an automatic titrator (Titro Line Easy, Schott
Instruments, Germany), with a sodium hydroxide solution of 0.1 N
until pH 8.1. The SS content (%) was determined through a digital re-
fractometer (PR 201, Atago, Japan), using the juice extracted from
the apple as mentioned for TA. From the results of SS and TA the SS/
TA ratio was calculated (Soethe et al., 2016).

The incidence (%) of rot, mealy fruit, flesh browning, and super-
ficial scald was evaluated by counting the fruits with symptoms and
comparing them with the total number of fruits. To flesh browning
evaluation, the fruits were cut transversely in the equatorial region
(Weber et al., 2016).

The peel greasiness was evaluated in accordance with the meth-
odology described by Yang et al. (2017), subjectively by rubbing fruit
against the hand and scoring the degree of greasiness as none (0),
slight (1), moderate (2), or severe (3).

TPC and TAA were evaluated in the peel and flesh (Stanger
et al.,, 2018). The peel (1 mm thick) was removed from the en-
tire surface with the aid of a sharp blade. The flesh sample was
obtained by removing a longitudinal slice, of around 1 cm, from
the middle part of the fruit, discarding the endocarp region, and
conserving each side of the slice. The flesh samples were pro-
cessed with the aid of a vertical grinder (model RI1364), manu-
factured by Philips Walita (Varginha, Brazil), and the peel samples
were macerated in a mortar with liquid nitrogen. The extract for
the quantification of TPC was obtained as described by Rufino
et al. (2007), adapted from Larrauri et al. (1997). In this procedure,
10 g of flesh and 5 g of peel were used. The sample was placed
in a Falcon tube (Zollstr, Switzerland) with the addition of 20 ml
of methanol/distilled water (50:50, v/v), followed by homogeni-
zation in an Ultraturrax disperser (model D-91126) manufactured
by Heidolph (Schwabach, Germany), and left to rest for 60 min at

room temperature. The samples were then centrifuged in a Hitachi

z=ifst P-wiLey- 1>

centrifuge, model C22R (Tokyo, Japan) at 12,880 g for 20 min at
4°C. The supernatant was transferred to a 50 ml volumetric flask
and 20 ml of acetone/distilled water (70:30, v/v) was added to the
residue of the first extraction, followed by homogenization, and
the sample was then left to rest for 60 min at 20°C. The sam-
ples were again submitted to centrifugation, under the same con-
ditions. The second supernatant was transferred to a volumetric
flask containing the first supernatant and the volume was made
up to 50 ml with distilled water. The TPC content was determined
with the use of a modified version of the Folin-Ciocalteu spectro-
photometric method, as described by Roesler et al. (2007). In this
procedure, 2.5 ml of a mixture of Folin-Ciocalteu reagent/distilled
water (25:75, v/v) was added to 0.5 ml of a known dilution of the
hydroalcoholic extract, in triplicate, in a test tube, followed by ho-
mogenization in a test tube shaker manufactured by Arsec, model
ATS-100 (S3o Paulo, Brazil), maintaining the sample for 3 min at
20°C for the reaction. In the next step, 2.0 ml of sodium carbon-
ate solution (100 g L'Y) was added and the samples were shaken
again and left to rest for 1 hr protected from light. The absorbance
was determined at 765 nm with a UV-vis microplate reader (Perkin
Elmer, model EnSpire, Waltham, USA). The TPC content was calcu-
lated from the calibration curve obtained with Gallic acid and the
results were expressed in grams of gallic acid equivalent per kg on
a fresh weight basis.

The TAA was determined based on the capacity of the ex-
tract to sequester 2.2"-azinobis (3-ethylbenzothiazoline-6-su
Iphonic acid) radicals (ABTS method) (Rufino et al., 2007) and
1.1-diphenyl-2-picrylhy-drazyl radicals (DPPH method) (Brand-
Willians et al., 1995). The sample preparation was the same as that
used for TPC. For the ABTS method, the radicals were generated
from the reaction of the stock solution of ABTS (7 mM) with potas-
sium persulfate (140 mM) kept in the dark for 16 hr, at 20°C. Before
the analysis, the radicals were diluted with ethyl alcohol until an ab-
sorbance of 0.70 + 0.05, at 734 nm, was obtained. Three different
dilutions of the hydroalcoholic extract were prepared, in triplicate,
in test tubes. Aliquots (30 pl) of each dilution of the extract were
transferred to test tubes with 3.0 ml of the ABTS radicals and ho-
mogenized in a tube shaker. The readings were taken on a UV-vis
spectrophotometer at 734 nm, after 6 min of reaction. Ethyl alcohol
was used as the blank to calibrate the spectrophotometer. From the
absorbance values obtained for the different extract dilutions, a lin-
ear equation was obtained. Curves for standard solutions of Trolox
were constructed and the TAA results were expressed in Trolox
equivalent antioxidant capacity per kg on a fresh weight basis. For
the DPPH method, the radical (0.06 mM) was prepared through di-
lution in methanol on the day of the test. An aliquot (0.1 ml) of the
hydro alcoholic extract was transferred to the test tubes with 3.9 ml
of the DPPH radical, in triplicate, and the sample was homogenized
in a tube shaker. The absorbance measurement was carried out at
515 nm, after 30 min of reaction with the addition of the sample.
Methyl alcohol was used as the blank to calibrate the spectropho-
tometer. Curves for standard solutions of Trolox were constructed

and the TAA results were expressed on a fresh weight basis.
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2.3 | Statistical analysis

The experimental design used was completely randomized. Each
treatment consisted of four replicates of 30 fruits. The values in %
were first transformed using the arc sine formula [(x + 0.5)/100]Y2,
The data were submitted to analysis of variance and averages of the

treatments were compared by LSD test (p < .05).

3 | RESULTS AND DISCUSSION

“Cripps Pink” apples treated with 1-MCP had the lowest respira-
tory rate and level of ethylene production (Table 1). This reduction
of respiration and ethylene production in “Cripps Pink” apples by 1-
MCP was also observed by Williamson et al. (2018). These results
also corroborate those obtained in “Royal Gala” apples (Brackmann
et al., 2010). The use of 1-MCP reduces ethylene production and res-
piratory activity, delays the peak of ethylene production, and main-
tains fruit quality (Steffens et al., 2008). By inhibiting the action of
ethylene, 1-MCP suppresses respiration and autocatalytic synthesis
of ethylene (Williamson et al., 2018).

The application of NO and Eth did not affect ethylene produc-
tion, but reduced the respiratory rate of the fruit (Table 1). These
results confirm those obtained in other apple cultivars (Brackmann
et al., 2017; Weber et al., 2020). There was also no positive effect
of these treatments on ethylene production in “Galaxy” apples
after CA storage plus 7 days of shelf-life (Brackmann et al., 2017).
A reduction in the respiratory rate following exposure to NO was
also observed in “Galaxy” apples (Brackmann et al., 2017). Eth, in
turn, also reduced the respiratory rate of stored “Braeburn” apples
(Weber et al., 2020). Although NO and Eth had no effect on ethylene
production after storage, it is possible that caused a lower ethylene
production rate during storage, which could explain the lower respi-
ratory rate, in an indirect action of the Eth and NO on the respiratory
process. NO reduce ethylene biosynthesis due to the stoichiomet-
ric decrease of ACC to 1-(malonylamino) cyclopropane-1-carboxylic
acid and to the formation of a stable ternary complex “ACC—ACC
oxidase—NO,” which hinders the oxidation of ACC to ethylene
(Manjunatha et al., 2012). Eth reduce ethylene production by ACC

TABLE 1 Respiratory rate (ymol de CO, kg™ s7%) and ethylene production (nmol C,H, kg
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oxidase activity suppression (Weber et al., 2016). However, NO can
have also decreased cellular respiration through the reversible inhi-
bition of cytochrome oxidase (Pandey et al., 2019), as a direct action
on the respiratory process.

1-MCP treatment resulted in a less yellow peel than control
and NO treatments, without differing from Eth treatment (Table 1).
Castro et al. (2007) demonstrated that the postharvest application
of 1-MCP maintains a greener background color in “Pink Lady” ap-
ples. This is due to the lower degradation of chlorophyll since the ac-
tivity of the enzyme chlorophyllase is increased by ethylene (Wang
et al., 2015). NO-treated (10 and 20 pl L'Y) apples had a similar peel
background color to the control.

1-MCP and Eth treatment resulted in higher flesh firmness than
the other treatments (Table 1). COCCI et al. (2014) also found a pos-
itive effect of 1-MCP on the maintenance of flesh firmness in “Pink
Lady” apples. Regarding the Eth effect, our results corroborate those
of Weber et al. (2016), who observed that ethanol resulted in higher
flesh firmness in “Royal Gala” apples during storage. The loss of flesh
firmness in apples is a natural process of ripening and is induced by
ethylene. Khan and Singh (2007) found that 1-MCP inhibited the
activity of the enzymes polygalacturonase, pectinamethylesterase,
and endo-1,4-p-D-glucanase, maintaining higher flesh firmness in
“Tegan Blue” plums. Eth reduces also the activity of enzymes related
to cell wall degradation (Weber et al., 2016).

NO treatment of “Cripps Pink” apples had no effect on flesh firm-
ness (Table 1). There was also no effect of NO on the maintenance
of flesh firmness in “Galaxy” apples after CA storage (Brackmann
et al, 2017) and “Cripps Pink” apples cold stored (Steffens
et al., 2021). The effect of NO on ripening-related events, such as a
reduction in flesh firmness, has been attributed to the reduction of
ethylene synthesis in treated fruits (Palma et al., 2019). However, as
previously mentioned, there was no effect of NO on ethylene pro-
duction (Table 1).

Fruit treated with 1-MCP had a higher TA value than fruit in the
other treatments (Table 2). Cocci et al. (2014) also found that 1-MCP
reduced the loss of acidity in “Pink Lady” apples. Only the treatment
with NO (10 pl L' reduced the SS content in relation to the con-
trol (Table 2). However, all the treatments provided fruits with rates
of SS above the minimum limit desired (13%) so that “Cripps Pink”

1571, peel background color (h°) and flesh

firmness (N) in the “Cripps Pink” apples submitted to technologies complementary to CA storage after 6 months of storage plus 7 days of

shelf life.
Respiratory rate Ethylene production Peel background color Flesh firmness

Tratamentos (nmol CO, kgts?) (mmol C,H, kgts? (h°) (N)

Control 56.5A 0.70 AB 98.1B 71.5C

1-MCP (1 pl I 40.3C 0.06 C 99.8 A 78.2 A
Ethanol (6 ml kg™) 50.0B 0.82 A 98.5 AB 749 8B

Nitric oxide (10 pl ) 41.3C 0.56 B 98.4B 71.3C

Nitric oxide (20 pl L'} 47.6B 0.70 AB 98.4B 714C

C.V. (%) 7.3 18.1 0.9 3.5

*Averages followed by different letters in the columns differs between themselves by the LSD test (p < .05).
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TABLE 2 Soluble solids (SS; %),
titratable acidity (TA; % malic acid), SS/
TA ratio, superficial scald and mealy fruit
in the “Cripps Pink” apples submitted

to technologies complementary to CA
storage after 6 months of storage plus

7 days of shelf life

Tratamentos

Control

1-MCP (1 pl LY
Ethanol (6 ml kg™)
Nitric oxide (10 pl L)
Nitric oxide (20 ul L)
CV. (%)

=ifst - wiLey- 1

TA (% malic SS/TA Superficial Mealy
SS (°Brix)  acid) ratio scald (%) fruit (%)
13.6 A 0.16 B 83.0A 18.3A 16.4 A
13.5A 0.17 A 759 B 0.0C 0.0B
13.4 AB 0.15B 87.5A 10.7 AB 10.8 A
13.1B 0.15B 84.3A 8.0B 91A
13.3 AB 0.16 B 82.0A 9.8B 9.6 A

1.8 4.8 4.5 271 441

*Averages followed by different letters in the columns differs between themselves by the LSD test

(p <.05).

TABLE 3 Total phenolic compound (TPC; mg EAG 100 g’1 of
fresh mass) and total antioxidant activity (TAA, pMol Trolox g tof
fresh mass) in the “Cripps Pink” apples submitted to technologies
complementary to CA storage after 6 months of storage plus 7 days
of shelf life

TPC TAA
Tratamentos (mg EAG100g!)  (uMol Trolox g™?)
Control 180.0C’ 6.2C
1-MCP (1 I LY 250.3 A 10.1 AB
Ethanol (6 ml kg™) 2299 B 89B
Nitric oxide (10 pl L) 235.5 AB 10.2 AB
Nitric oxide (20 ul L) 248.9 AB 11.4A
CV. (%) 5.8 11.3

*Averages followed by different letters in the columns differs between
themselves by the LSD test (p < .05).

apples be marketed as “Pink Lady” (Pink Lady, 2020). 1-MCP-treated
fruit had a lower SS/TA ratio (Table 2), which is desirable for this
cultivar, as it has a more acidic flavor than the cultivars Gala and Fuji
(Fioravanco et al., 2011). This result is due to the higher TA (Table 2).
The behavior observed in this study can be explained by the lower
ethylene production and respiratory rate, which physiologically
characterize the lower metabolic activity of apples treated with
1-MCP (Table 1). It is possible to attribute the effect of 1-MCP on
the lower respiratory activity of 1-MCP-treated fruit. In the present
study, there is no positive effect of NO on the maintenance of TA,
as well as observed in “Galaxy” (Brackmann et al., 2017) and “Cripps
Pink” apples (Steffens et al., 2021).

1-MCP-treated fruit did not present superficial scald (Table 2).
This result corroborates the results obtained by Farneti et al. (2015),
who found that the superficial scald on “Cripps Pink” apples was re-
duced with 1-MCP. Ethylene plays a fundamental role in the mani-
festation of superficial scald in apples, by stimulating the synthesis
and oxidation of a-farnesene (Karagiannis et al., 2018). NO (10 and
20 pl LY also reduced superficial scald in relation to the control,
showing intermediate results (Table 2). Superficial scald manifests as
aresult of oxidative stress. The effect of NO on superficial scald may
be related to the action of NO by reducing oxidative stress, through
the induction of enzymes such as superoxide dismutase, peroxidase,
and catalase (Manjunatha et al., 2010, 2012).

1-MCP reduced the incidence of mealy fruit, while the other
treatments additional to CA did not differ from the control (Table 2).
This result corroborates the results obtained in another study,
where 1-MCP also reduced mealy fruit in “Gala” apples (Steffens
et al., 2008). This disorder may be related to a higher internal con-
centration of ethylene and a higher rate of production of ethylene by
the fruit (Brackmann et al., 2014). The occurrence of mealy fruit is re-
lated to the relative strength of the cell wall compared to the binding
strength of the median lamella. When the binding force that holds
together one cell to another is less than the force that maintains the
integrity of the cell wall of individual cells, cell separation occurs and
these intact cells give the sensation of a floury texture. This is be-
cause the protopectin molecules (insoluble pectin) are transformed
into soluble pectins in the middle lamella, decreasing the cohesive
strength between cells (Prasanna et al., 2007).

Decay incidence and peel greasiness did not show differences
between treatments evaluated (data not shown). Fruit treated with
1-MCP, Eth, and NO (10 and 20 pl L’l) had a higher content of TPC
than the control. The 1-MCP application resulted in the highest
TPC content, however, without differing from the NO treatment,
which in turn did not differ from the Eth treatment (Table 3). Ma
et al. (2019) also observed higher values of TPC in the peel of “Fuji”
and “Jonagold” apples treated with 1-MCP. The higher TPC content
in the peel of 1-MCP-treated apples can be explained by delayed
fruit senescence and consequently lower oxidative stress. The ef-
fect of 1-MCP on the TPC content is controversial, with reports of
positive (Ma et al., 2019) and negative (Hoang et al., 2011) effects.
Regarding the effect of Eth, broccoli had a higher TPC content fol-
lowing the application of Eth (Xu et al., 2012). Palma et al. (2019) re-
ported that NO treatment can increase TPC content.

Pretreatment with 1-MCP, Eth, and NO (10 and 20 ul LY led
to higher TAA than the control treatment. The highest value was
obtained with 20 pl L'! of NO, without differing significantly from
1-MCP to 10 ul L of NO (Table 3). According to Rotili et al. (2013),
TAA in fruits is due to the action of a variety of compounds that
are degraded or synthesized during storage, in response to bi-
otic and abiotic stresses, especially phenolic compounds. A pos-
itive correlation was observed between the content of TPC and
TAA, which is consistent with results obtained in other studies
that found TPC to be the main contributor to TAA in apple peel
(Stanger et al., 2017, 2018).

85USD17 SUOWILLOD BAIERID B|qedl[dde au) Ag peuenob a1e DI VO 88N JO S3INJ J0} AR.GIT BUIIUO AB]IM UO (SUORIPUOD-PUR-SLLLBHW0D" A2 |1 ARRIq 1BUIIUO//SHNY) SUORIPUOD PU SWLB L U3 885 *[E202/TT/0Z] U0 AXig18uliuo A1 ‘BuleRD Blues p opels3 0p apepsiRAIN - OS3AN AQ TZTIT ddyTTTT 0T/10pu00 A im A RIq Ul U0 IS} 1//:SdNY WOy popeojuMoq ‘T ‘ZZ0Z ‘67SrSr.T



6 fB rnal ol
598 | \WiLEY- o

It is important to mention that, after applying the complemen-
tary treatments evaluated in the present study, all fruits were stored
in the same CA chamber. Thus, the fruits were exposed to the same
concentration of ethylene in the storage environment. It is possi-
ble that this exposure may have masked the effect of the Eth and
NO treatments since they have no effect on the action of ethylene.
However, 1-MCP, in turn, acts by inhibiting the action of ethylene,
thus making the fruitless responsive to the action of ethylene pres-
entin the storage environment. Therefore, the effects of Ethand NO
on some quality attributes, such as flesh firmness, peel background
color, TA, and physiological disorders, may be greater than the ob-

served in the present study.

4 | CONCLUSIONS

Eth (6 ml/kg of fruit), in addition to CA storage, maintains flesh firm-
ness and leads to higher values of TPCs and TAA in the peel tissue of
the “Cripps Pink” apple.

As a pretreatment to CA storage, NO (10 and 20 pl L'Y) reduced
the respiratory rate and superficial scald and led to a higher TPC
content and TAA in peel tissue of “Cripps Pink” apples, compared
with the control.

1-MCP treatment maintained quality better and delayed ripen-
ing longer than the other treatments, as it reduces respiratory and
ethylene production rates. It also led to higher flesh firmness and
TA and a better SS/TA ratio and inhibited the development of su-
perficial scald and mealy fruit. In addition, 1-MCP-treated “Cripps
Pink” apples had a higher content of TPCs and greater TAA in the
peel tissue.
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Abstract

Although controlled atmosphere (CA) is an effective technology for preserving postharvest fruit quality, in plums, the stor-
age of fruits under improper concentrations of CO, and O, can favor the occurrence of physiological disorders such as flesh
browning and induce the formation of off-aroma. In this study, the physicochemical quality and aromatic profile of ‘“Laetitia”
plums stored in cold store (CS) (21 kPa O, + 0.03 kPa CO,; 1.7 0.1 °C and 94 +2% RH), or in a controlled atmosphere
(CA) with low (LO, 2 kPa), ultra-low (ULO1, 1.0 kPa, or ULO2, 0.7 kPa), and extremely low (ELO, 0.5 kPa) oxygen asso-
ciated with 1.2 kPa CO, for 50 days at 1.7 +0.1 °C and 94 +2% RH, followed by 3 or 5 days of shelf life were assessed.
Plums stored in CA showed lower respiration and ethylene production rates. In general, plums stored in CA +ELO and CA
+ ULO had greater flesh firmness. The soluble solid content was lower in fruits stored in CS and CA +LO at 5 days of shelf
life. Plums stored in CA + ULO showed a lower incidence of flesh browning and had higher flesh color. Fruits stored in CA
+ULO2, CA +ELO, CA +ULOI, or CA +ULO2 had higher hexanal and 1-hexanol concentrations, respectively. Therefore,
storage of “Laetitia” plums in CA 4+ ULO maintains organoleptic quality, reduces pulp browning, and increases the aldehyde
and alcohol concentrations, which contribute to the fruit’s aromatic profile.

Keywords Prunus salicina Lindl. - Aldehydes - Anaerobic respiration - Flesh browning - Off-flavor

Introduction

The “Laetitia” plum (Prunus salicina Lindl. (Rosales:
Rosaceae)) is one of the main Japanese plum cultivars grown
in temperate regions of Brazil due to its high fruit productiv-
ity and quality (Fioravango et al., 2015). “Laetitia” plums
have high levels of antioxidant, anti-inflammatory (Yu et al.,
2021), anticarcinogenic, antimicrobial, antiallergic, and anti-
mutagenic compounds (Bahrin et al., 2022; Xu et al., 2024)
that help maintain health and prevent disease in humans

> Tiago Miqueloto
tiagomiqueloto @ gmail.com

Department of Agronomy, Santa Catarina State University —
UDESC, Lages, SC, Brazil

Department of Education, Research, and Extension, Federal
Institute of Santa Catarina — IFSC,, Sao Miguel Do Oeste,
SC, Brazil

(Fanning et al., 2014; Muzzaffar & Sidiq, 2022). Despite the
high fruit productivity and quality, the post-harvest conser-
vation period of “Laetitia” plums has been extremely short,
which limits their availability and consumption during the
crop’s off-season periods.

Plums are climacteric fruits that exhibit rapid matura-
tion and senescence when exposed to environmental condi-
tions (Farcuh et al., 2018). To overcome these limitations
and extend the conservation and marketing period, the fruits
are normally stored in cold chambers with refrigeration sys-
tems and relative humidity control, a conservation method
widely known as cold storage (CS). Although CS reduces
fruit metabolism and the senescence process (Huang et al.,
2020; Liu et al., 2019), low storage temperatures (< 5 °C)
can favor the appearance of physiological disorders that
impair the internal appearance and flavor of the fruits (Feng
et al., 2024; Zhang et al., 2016).

Among the physiological disorders that affect the conser-
vation period and quality of “Laetitia” plums, flesh browning
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(FB) has been commonly observed in fruits stored in cold
storage for a long time (Steffens et al., 2018), with symp-
toms mainly appearing during the shelf life of the fruits
(Candan et al., 2011). The occurrence of FB is associated
with an imbalance between the formation of reactive oxygen
species (ROS) and antioxidant compounds that act in their
elimination (Mishra et al., 2011; Srivastava & Dubey, 2011).
Reactive oxygen species are derived from molecular oxygen
(Heyno et al., 2011; Mittler et al., 2022), naturally formed
during cellular respiration (Tripathy & Oelmiiller, 2012).
When not annulled by the fruit’s defense system (antioxidant
system), ROS degrade cell walls and structures, causing FB
(Veltman & Peppelenbos, 2003). Notably, the concentration
of ethylene produced by the fruits is directly related to the
manifestation of FB, since an increase in this physiological
disorder is the result of a significant increase in ethylene
production (Candan et al., 2008; Steffens et al., 2013).

In this context, using a controlled atmosphere (CA) can
be an important alternative to reduce the occurrence of FB
and extend the storage period and conservation of plum
fruits. In addition to the isolated use of CA, the control of the
gas partial pressures (especially O, and CO,) has also been
investigated as a measure to reduce the respiration and eth-
ylene production rates in climacteric fruits inside the storage
chambers (Liu et al., 2022; Serban et al., 2019). Notably, the
CA condition used for fruit storage depends on the cultivar
(Bodbodak & Moshfeghifar, 2016), and therefore, there is a
range of O, and CO, values exclusive to each type of fruit.
In a previous study, Steffens et al. (2018) reported a 12%
reduction in the FB incidence in “Laetitia” plums stored in
a CA with 1 kPa O,+ 1 kPa CO, for 55 days compared to
the fruits stored in CS (21 kPa O, + CO, < 0.03 kPa). In this
sense, the use of CA with O, partial pressures close to or
less than 1 kPa associated with a storage period of less than
55 days could reduce the FB incidence in “Laetitia” plums.
However, the use of ultra-low (from 0.7 to 1.0 kPa) and
extremely low (< 0.7 kPa) O, partial pressures (Berghetti
et al., 2020; Both et al., 2017; Fernandes et al., 2021), asso-
ciated with high CO, partial pressures, can increase the
occurrence of physiological disorders, as the ATP supply
for the functioning of the antioxidant system is compromised
(Pan et al., 2017; Veltman et al., 2003) and accumulation of
anaerobic metabolism products can reach cytotoxic levels
(Melo et al., 2021).

Furthermore, the storage condition can modify the con-
centration of bioactive compounds in fruits (Yang et al.,
2012). In general, storing fruits under conditions that pro-
mote greater oxidative stress is linked to a reduction in
the concentration of antioxidant compounds, followed by
an increase in the incidence of FB and loss of fruit quality
(Dolhaji et al., 2018). These storage conditions can modify
consumers’ acceptability of fruits due to changes in taste and
aroma (Pott et al., 2020). Taste expresses the relationship
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between sugars and acids, but it is the aroma (volatile profile)
that defines the exclusive flavor (an interaction between taste
and orthosanal and retrosanal smell perceptions (Dietrich,
2009)) of the fruits (Pott et al., 2020). Aroma development
naturally occurs during fruit ripening due to metabolic path-
way activation (Pott et al., 2020). However, the variations in
oxygen and carbon dioxide partial pressures and the storage
temperature in CA chambers can modify the fruit aromatic
profile, as previously observed in “Fuji” apples (Lumpkin
et al., 2015), dragon fruit (Ho et al., 2020), “Golden” papaya
(Gomes et al., 2016), “Garden Blue” blueberry (Yan et al.,
2020), and “Eureka” lemon (Ma et al., 2019). In this study,
the effect of storage at CA with low, ultra-low, and extremely
low oxygen levels on the ripening process, postharvest phys-
icochemical quality, and aromatic profile of “Laetitia” plum
was assessed. The results of this study will contribute not
only to verifying the storage conditions that affect the ripen-
ing process and physicochemical quality of “Laetitia” plum,
but also to characterize changes in fruit aromatic profile fol-
lowing CA storage. Such insights are crucial for optimizing
storage protocols to preserve fruit quality, enhance aroma,
and ensure consumer satisfaction, thereby supporting market
competitiveness and consumer preference.

Material and Methods
Harvest, Sample Composition, and Treatments

“Laetitia” plum fruits were harvested at commercial ripeness
(20-40% of the epidermis covered in red—index obtained
from visual analysis of the fruits) in a commercial orchard
(18-year-old) grown on “Capdeboscq” rootstock in the spac-
ing 5X 1 m and Y conducted system located in the munici-
pality of Lages, Santa Catarina, Brazil (27° 49’ 00" S, 50°
19" 35" W, 930 m height). After harvesting, the “Laetitia”
plum fruits were placed into plastic boxes (56 X36 X31 cm
in length, width, and height, respectively) and transported
to the laboratory in a cold storage box truck at 15 °C for
15 min for initial analysis, selection, and storage. “Laetitia”
plum fruits without injuries, defects, wounds, or mechanical
damage were selected, homogenized, and grouped for sam-
ple composition. The initial analysis showed that the plum
fruit had 74.0 N pulp firmness, 1.7% malic acid (titratable
acidity), 11% soluble solids content, and 64.5 and 81.1 hue
angle values of the most and least red sides of the fruits,
respectively.

“Laetitia” plum fruits were stored in cold storage (CS,
21 kPa O, + 0.03 kPa CO,, temperature 1.7 0.1 °C, and
94 +2% relative humidity), and a controlled atmosphere
(CA) with low O, (AC +LO, 2 kPa O,), ultra-low O, (CA
+ULOL, 1.0 kPa O,), ultra-low O, (CA +ULO2, 0.7 kPa
0O,), and with extremely low O, (CA +ELO, 0.5 kPa O,)
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associated with 1.2 kPa CO, for 50 days. These storage con-
ditions were defined based on the study carried out by Stef-
fens et al. (2018). Each treatment consisted of four replicates
of 25 fruits. During storage, the partial pressures of CO, and
O, inside the chambers were monitored daily using a GA7-II
portable gas analyzer (Schele Electronic Co., Germany) and
adjusted as needed.

Physicochemical Assessments of Fruits

After storage, the fruits were removed and kept in a climate-
controlled room at 20 2 °C and 60 + 5% relative humidity
for 3 and 5 days of shelf life (Steffens et al., 2014). The plum
fruits were initially weighed and placed in airtight plastic
containers for 30 min to determine the CO, produced by the
fruit using a GA7-II electronic gas analyzer (Schele Elec-
tronic Co., Germany). Fruit weight, container volume, and
CO, values were used to calculate the respiration rate (nmol
CO, kg~! s71). The ethylene production rate was quantified
using a Clarus 580 gas chromatograph (PerkinElmer Inc.,
USA). Fruit weight, container volume, and ethylene concen-
tration were used to calculate the fruit ethylene production
rate (nmol kg_1 s7h.

The red color index (RCI) was determined based on vis-
ual analysis of the surface of the fruits covered with red
color, assigning grades from 1 to 4 for fruits with 0-25%,
26-50%, 51-75%, and 76-100% of the red-pigmented sur-
face, respectively.

The epidermis and pulp colors of the fruits were deter-
mined with a colorimeter model CR 400 (Konica Minolta
Inc., Japan), using the hue angle (4£°) and lightness (L*)
parameters. The strength for compression of the fruits was
analyzed using a TAXT-plus® electronic texturometer (Sta-
ble Micro Systems Ltd., UK), equipped with a platform-type
tip, model P/75, 75 mm in diameter, in which it exerted a
compression force up to a deformation of 5 mm on the sur-
face of the fruits. Flesh firmness was determined with an
electronic penetrometer (GUSS Manufacturing Ltd., South
Africa) equipped with an 8-mm diameter probe at two oppo-
site sides in the equatorial region of the fruits after remov-
ing a small portion of the epidermis. For the titratable acid-
ity, samples of 5 mL of fruit juice were obtained from the
grinding and centrifugation of transverse slices of the pulp
taken from the equatorial region of the fruits. Samples were
diluted in 45 mL of distilled water and titrated with a 0.1 N
sodium hydroxide solution up to pH 8.1 using an automatic
TitroLine Easy® titrator (Schott Instruments GmbH, Mainz,
Rheinland-Pfalz, Germany). The soluble solids content (%)
was determined using readings in a digital refractometer
model PR201a (Atago Ltd., Tokyo, Japan), using the juice
from slices of crushed and centrifuged fruits.

The rot and the fresh browning were assessed by count-
ing the number of rotten fruits and those that had internal

regions of the pulp with any type of browning, respectively.
Both variables were determined by the proportion of affected
fruits. The rotten fruits were removed from the samples and
excluded from the evaluation.

The acetaldehyde, ethanol, and ethyl acetate concentra-
tions (uL L™!) were quantified by gas chromatography. For
this purpose, 20 mL of juice from the “Laetitia” plum fruits
was extracted, placed into 40 mL vials (suitable for head-
space analysis), and stored in a freezer until the analysis.
For the assessment, samples were thawed and placed in a
thermostat bath at 70 °C for 60 min. Afterward, samples
of the headspace atmosphere of the containers were col-
lected using 1 pL plastic syringes and injected into a Clarus
580 gas chromatograph (PerkinElmer), using an Elite-Wax
polar column (30 mx 0.25 mm % 0.25 pm in length, internal
diameter, and film thickness, respectively) and flame ioniza-
tion detector (GC-FID). Analyses were performed using a
heating ramp with an initial temperature of 30 °C with an
increase in temperature of 2.5 °C min~"! to 35 °C, maintained
for 2.20 min, then 10 °C min~"! to 45 °C, maintained for 1.30
min, followed by 40 °C min™" up to 70 °C.

The quantification of the total phenolic content of the
pulp was performed from the solution obtained from 3 g of
pulp with 10 mL of ethanol (Labsynth Produtos para Labo-
ratérios Ltda., Diadema, SP, Brazil) acidified with 0.01%
HCI (adapted from Roesler et al., 2007). After homogeni-
zation, the solution was kept in a dark environment for 60
min for the reaction. Then, the samples were centrifuged
at 10,000 rpm for 10 min using a model 5810R centrifuge
(Eppendorf Group, Hamburg, Germany), filtered, and placed
in 50-mL Falcon tubes. In a dark environment, 1 mL of
extract, | mL of Folin—Ciocalteau reagent (Sigma-Aldrich
Co., St. Louis, USA) at proportion 1:3, 2 mL of sodium
carbonate (Vetec Quimica Fina Ltda., Duque de Caxias, RJ,
Brazil) at concentration 20%, and 2 mL of distilled water
were added to each tube followed by homogenization. The
readings were performed in a microplate reader, model
EnSpire (PerkinElmer do Brasil Ltda., Sao Paulo, Brazil),
at a wavelength of 700 nm. The results were expressed in
milligrams of gallic acid equivalents per 100 g of fresh mass
of the sample (mg EAG 0.1 kg™!).

The total antioxidant activity was determined based on
the ability of the extract to scavenge 2,2-azinobis radicals
(3-ethylbenzothiazoline- 6-sulfonic acid) (ABTS method)
(Rufino et al., 2007a) and 1,1-diphenyl- 2-picrylhydrazyl
(DPPH method) (Rufino et al., 2007b). For the ABTS
method, the radical was generated from the reaction of
the stock solution of ABTS (Sigma-Aldrich Brasil, Ltda.,
Cajamar, Brazil) 7 mM with potassium persulfate (140
mM), kept in the dark at 20 °C for 16 h. Before analysis,
the radical was diluted with ethyl alcohol until an absorb-
ance of 0.70 +0.05 was obtained using a wavelength of
734 nm. From the hydroalcoholic extract (50% methyl
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alcohol solution and 70% acetone solution), 30 uL ali-
quots of each extract dilution were transferred into test
tubes with 3.0 mL of the ABTS radical and homogenized
in a tube shaker. Readings were performed after 6 min of
reaction in an EnSpire microplate reader (PerkinElmer)
using a wavelength of 734 nm. The straight-line equation
was calculated from the calibration curve derived from
the dilutions generated from the standard Trolox solution
and the AAT results by the ABTS method were expressed
in micrograms of Trolox equivalent per gram of fresh
mass of the samples (ug Trolox 0.001 kg~! FM).

For the DPPH method, the radical (0.06 mM) was pre-
pared on the day of the evaluation and diluted in metha-
nol. For this purpose, a 0.1 mL aliquot of the hydroalco-
holic extract was transferred into 10-mL Falcon tubes,
containing 3.9 mL of the DPPH radical (Sigma Aldrich),
in triplicate, with subsequent homogenization in a tube
shaker. The absorbance measurement was performed at a
wavelength of 515 nm, after 30 min of reaction with the
addition of samples. Curves with standard Trolox solu-
tions were constructed, and the results were expressed in
micrograms of Trolox equivalent per gram of fresh mass
of the samples (ug Trolox g~! FM).

Aromatic Profile Characterization

To assess the volatile compounds produced by the fruit
extracts, a solid phase microextraction fiber (SPME,
Sigma-Aldrich Co., MO, USA) containing divinylb-
enzene/carboxene/polydimethylsiloxane (DVB/CAR/
PDMS) (50/30, Supelco, Sigma-Aldrich Co.) was used.
For this purpose, 2 g of fruits from each sample was
weighed using an analytical balance (0.0001 g precision),
and 3 g of NaCl +2 mL of Mili-Q water was added in a
40-mL vial-type tube. The tubes were kept under mag-
netic stirring at 40 °C for 30 min (10 min of incubation
+ 20 min of extraction). Thermal desorption of volatiles
occurred immediately after the adsorption. The fiber was
exposed to a Clarus 680 gas chromatographic injector
(PerkinElmer Inc., MA, USA), equipped with an Elite
5MS apolar capillary column (30 m X 0.25 mm X 0.25 pum
in length, internal diameter, and film thickness, respec-
tively) coupled to a Clarus SQ8S mass spectrometer
(PerkinElmer Inc., MA, USA). The analyses were carried
out using a heating ramp with an initial temperature of 30
°C with an increase in temperature of 1 °C min~! up to
49 °C, and then 10 °C min~" up to 180 °C for 2 min. The
identification of the compounds was carried out through
the probability of similarity with the data available in the
library (NIST software) of the equipment.
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Experimental Design and Data Analysis

The experiment was carried out in a completely randomized
design with four repetitions of 25 plum fruits. The data
obtained were initially submitted to Bartlett (Bartlett, 1937)
and Shapiro—Wilk (Shapiro & Wilk, 1965) tests to verify
the variance homogeneity and the residue normality, respec-
tively. As all data met the assumptions of the normal model,
they were submitted to variance analysis (ANOVA), and the
means were compared by Tukey’s test (P < 0.05). All these
analyses were performed with the statistical software “R,”
version 4.0.3 (R Development Core Team, 2020).

Results and Discussion
“Laetitia” Plum Physicochemical Characterization

The ethylene production rate was lower in fruits stored in CA
+ELO compared to other treatments at three days of shelf
life (Table 1.). Previous studies have also observed lower
ethylene production rates in “Laetitia” (Steffens et al., 2014,
2018) and “Angeleno” (Erbas et al., 2018) plums stored
under CA compared to those kept in CS. This process occurs
due to the reduction in the partial pressure of O, inside the
CA storage chambers, which induces a decrease in the oxi-
dation of 1-aminocyclopropane- 1-carboxylic acid (ACC) to
ethylene by the ACC oxidase enzyme (Ludwig et al., 2020).
This results in a lower ethylene production rate and fruit
ripening delays during both storage and shelf life periods
(Teixeira & Ferreira, 2003).

In general, the respiration rate was lower in plums stored
in CA compared to those kept in CS for both shelf life
periods (Table 1.). These results are consistent with those
observed by Ho et al. (2020), who reported a reduction in the
respiration rates of dragon fruits under hypoxic conditions.
This reduction in the respiration rate of fruits is associated
with a decrease in O, concentration inside storage chambers
(Thompson, 2014). Therefore, the reduction in fruit metabo-
lism under CA conditions can slow down senescence (Yahia
et al., 2019) and extend the storage and marketing period of
fruits. On the other hand, restrictive O, partial pressures can
shift the pathway from aerobic respiration to fermentation,
leading to the formation of acetaldehyde, ethanol (Saquet &
Streif, 2006), and ethyl acetate (Victor et al., 2017), which
are toxic to cells (Taiz et al., 2017). In this study, ethyl ace-
tate and ethanol concentrations were higher in CA +ELO
compared with other treatments during both shelf life peri-
ods. Acetaldehyde concentration was higher in plums stored
in CA +ELO than those stored in CA +LO and CS at 3 days
of shelf life, and it was higher in CA + ELO and CA +ULO2
compared to CS at 5 days of shelf life (Table 2). Although
the CA +ELO treatment reduces the general metabolism
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Table 1. Respiration and ethylene production rates (nmol CO 2 kg
—1 s — 1), the color of the epidermis on the less and more red sides
of the fruit (h°), red color index (RCI), and strength for compression
of the fruit (N) of “Laetitia” plums stored under cold storage (CS, 21
kPa O 2 +0.03 kPa CO 2; 1.7 £0.9 °C and 96 +2% relative humid-

ity), or in a CA with different O 2 partial pressures (CA +LO, 2 kPa
0O 2; CA +ULO1, 1.0 kPa O 2; CA +ULO2, 0.7 kPa O 2; and CA
+ELO, 0.5 kPa O 2) associated with 1.2 kPa CO 2 for 50 days fol-
lowed by 3 and 5 days of shelf life (20 +2 °C and 65 +5% relative
humidity)

Storage conditions Respiration rate!  Ethylene produc-  Epidermis color! Red color index' Strength for
tion rate! Less red side Redder side corpplression of the
fruits
Three days of shelf life
CS 2433 +22.1a 526+36a 26.7+0.7b 18.5+0.6b 40+0.1a 21.5+0.8d
CA +LO 188.9+14.8b 5.1+0.8b 43.1+24a 209 +1.5ab 38+0.1a 27.7+13c¢
CA +ULO1 1699 +15.8b 57+23b 49.6+7.7a 21.5+0.8a 38+02a 43.8+3.0b
CA +ULO2 1902 +17.6 b 58+£25b 46.5+19a 21.6+19a 38+02a 494 +33a
CA +ELO 2062 +13.7b 0.7+02c 51.8+79a 234+21a 38+0.1a 458 +19ab
Fy s 10.4081 175.8622 14.9753 6.7869 1.9941 114.3400
P-value 0.0003 < 0.0001 < 0.0001 0.0025 0.1472 0.0021
Five days of shelf life
CS 402.5+278a - 21.2+12c¢ 162+2.1c - 17.5+£22b
CA+LO 359.5+352ab - 26.1 £1.2bc 22.1+2.1ab - 21.0£2.1b
CA +ULO1 2952 +11.1b - 27.4+22b 19.4 £2.0 bc - 294 +46a
CA +ULO2 314.8 £52.0b - 29.7+1.4ab 19.9 £2.2 bc - 34.1+48a
CA +ELO 299.8 £20.1b - 3477 +t44a 26.1 £3.8a - 359+15a
Fy s 7.8705 - 16.1870 8.7696 - 22.8751
P-value 0.0013 - < 0.0001 0.0007 - < 0.0001

Data (mean + SD) followed by the same letter, in a column, do not differ statistically from Tukey’s (P < 0.05)

Table 2 Ethyl acetate (uL L), acetaldehyde (uL L~!), and ethanol
(uL L") concentrations in “Laetitia” plums stored under cold storage
(CS, 21 kPa O,+ 0.03 kPa CO,; 1.7 +0.9 °C and 96 +2% relative
humidity), or in a CA, with different O, partial pressures (CA +LO,
2 kPa O,; CA +ULOL, 1.0 kPa O,; CA +ULO2, 0.7 kPa O,; and
CA +ELO, 0.5 kPa O,) associated with 1.2 kPa CO, for 50 days of
storage followed by 3 and 5 days of shelf life (20 +2 °C and 65 +5%
relative humidity)

Storage conditions Ethyl acetate' Acetaldehyde' Ethanol!

Three days of shelf life

CS 55+x1.77b 0.60+0.06c 1495=+17.1¢
CA +LO 69+2.11b 0.69+0.10bc 240.8 +46.4b
CA +ULO1 55+0.62b 1.08+0.07ab 233.1+113b
CA +ULO2 69+0.73b 1.09+0.20ab 283.0+199b
CA +ELO 121 +1.26a 148 +0.33a 10029 +318.2a
Fy s 14.8300 13.7341 64.6400
P-value < 0.0001 < 0.0001 < 0.0001

Five days of shelf life

CS 1.80+£0.60c 0.18+0.10b 212.7+24.4b
CA +LO 586 +£0.64b 0.40+0.12ab 200.0+14.3b
CA +ULO1 402+0.51b 040+0.11ab 1943 +46.7b
CA +ULO2 540+0.57b 047 +0.13a 201.1+350b
CA +ELO 858 +1.65a 0.59+0.09a 508.1+121.7a
Fy s 30.1890 7.7671 19.7242
P-value < 0.0001 0.0013 < 0.0001

'Data (mean +SD) followed by the same letter, in a column, do not
differ statistically from Tukey’s (P < 0.05)

of fruits, it increases stress due to the significant rise in the
concentration of fermentative metabolism products.

Although the RCI was similar between treatments, /° val-
ues for the less red side of the fruit epidermis were higher
in plums stored in CA compared to those stored in CS at 3
days of shelf life (Table 1.). At 5 days of shelf life, plums
stored in CA +ELO exhibited higher /° values than those
stored in CA + ULO1, CA +LO, and CS. For the redder
side of the fruit epidermis, plums stored in CA +ELO, CA
+ULO?2, or CA +ULOI had higher /° values compared to
those stored in CS at three days of shelf life. At 5 days of
shelf life, plums stored under CA +ELO exhibited higher
h° values in relation to those stored in CS, CA +ULOI, or
CA +ULO?2. This indicates that a lower O, partial pressure
has a greater ability to delay color changes in fruit during
marketing. As “Laetitia” plum ripen, the color of the epi-
dermis changes from green to red due to the degradation of
chlorophyll and the accumulation of carotenoid and antho-
cyanin (Saltveit, 2019; Liu et al., 2020). This color change is
regulated by ethylene (Li et al., 2024). Under CA conditions,
the process occurs more slowly due to the reduced ethylene
production rate (Table 1.).

“Laetitia” plums stored in CA + ELO, CA + ULO2,
and CA + ULOL1 exhibited higher compression strength
compared to those stored in CA +LO and CS (Table 1.).
Additionally, the flesh firmness was higher in plums stored
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Table 3 Flesh firmness (N), titratable acidity (% of malic acid), solu-
ble solids content (%), flesh browning (%), and flesh color (L*, light-
ness) and rot (%) of “Laetitia” plums stored under cold store (CS, 21
kPa O,+ 0.03 kPa CO,; 1.7 +£0.9 °C and 96 +2% relative humidity),
or in a CA, with different O, partial pressures (CA +LO, 2 kPa O,;

CA +ULOI, 1.0 kPa O,; CA +ULO2, 0.7 kPa O,; and CA +ELO,
0.5 kPa O,) associated with 1.2 kPa CO, for 50 days of storage fol-
lowed by 3 and 5 days of shelf life (20 +2 °C and 65 +5% relative
humidity)

1

Storage conditions Flesh firmness Titratable acidity' Soluble solids' Flesh browning' L Rot!

Three days of shelf life

CS 7.1+0.1d 0.54+0.1b 10.4 +0.6 a 80.5+9.5a 49.7+£0.6b 222+14.1a
CA +LO 9.4+0.7c 0.79 £0.1 ab 99+04a 769 +£6.1a 49.1+£2.2b 242+110a
CA +ULO1 173 £0.8b 1.15+0.1a 102 +£03a 233+192b 56.6+1.1a 8.0+39a
CA +ULO2 18.5+1.0ab 1.14 £0.1a 104 £0.1a 345+115b 56.7+0.7a 122 +104 a
CA +ELO 19.6 £0.6 a 0.92 £0.1 ab 99+0.1a 80.4 £3.8a 498 +£1.2b 128 £5.8a
Fy s 242.72 40912 1.5437 24.064 34.744 2.0372
P-value < 0.0001 0.0019 0.2401 < 0.0001 0.0082 0.1417

Five days of shelf life

CS 6.4+0.5¢ 0.46 +£0.1a 53+0.8b 95.8+83a 40.1 £3.1cd 38.2+15.5ab
CA+LO 63+0.2c¢ 0.48 +£0.1a 52+05b 91.9+73a 347+2.5d 521+172a
CA +ULO1 11.1 £0.8b 0.45+0.1a 69+04a 55.6+9.8b 523+27a 16.9 +12.1 bc
CA +ULO2 123 +1.3ab 0.45+0.1a 72+0.6a 479+99b 47.1+22ab 143 +22bc
CA +ELO 140+1.2a 0.46 +£0.1a 6.5+04a 85.1+6.5a 41.8 +1.9bc 102+75¢
Fy s 62.3110 0.7741 11.0601 26.7180 27.5640 8.6273
P-value < 0.0001 0.5752 0.0002 < 0.0001 < 0.0001 0.0008

Data (mean + SD) followed by the same letter, in a column, do not differ statistically from Tukey’s (P < 0.05)

in CA +ELO and CA 4+ ULO2 compared to those stored
in CA +LO and CS (Table 3). These results corroborate
those reported by Singh and Singh (2013), who observed
greater firmness in fruits stored in CA with lower O, par-
tial pressure. Despite the reduction in the strength for com-
pression and flesh firmness at 3 to 5 days of shelf life, the
response pattern for both variables was similar, indicating
that lower O, partial pressures are more effective in delay-
ing the loss of fruit consistency.

Higher titratable acidity was observed in plums stored
under CA +ULO1 and CA +ULO2 compared to those
stored in CS (Table 3). This is due to the reduction in
the consumption of organic acids, which results from
decreased activity of the Krebs cycle (Ampofo-Asiama
et al., 2014). Similar observations have been made in
“Jubileum,” “Victoria,” and “Opal” plums (Wang &
Vestrheim, 2003), peaches (Santana et al., 2011), apples
(Jeziorek et al., 2010), tomatoes (Majidi et al., 2012), and
dragon fruit (Ho et al., 2020). Although titratable acid-
ity was higher in “Laetitia” plums stored in CA +ULOI1
and CA + ULO2 compared to CS, the CA +ELO and CA
+LO conditions were similar to the other storage condi-
tions at 3 days of shelf life (Table 3). However, as the shelf
life progressed from 3 to 5 days, the effectiveness of the
O, partial pressures in maintaining higher titratable acid-
ity in fruits stored under CA + ULOI and CA +ULO2
diminished, with acid values becoming similar across all
treatments (Table 3).
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In the present study, although there were no significant
differences between treatments at the 3-day shelf life, the
soluble solid content of fruits stored in CA + ULO1, CA
+ULO2, or CA +ELO at 5 days was similar among these
treatments and higher than those stored in CS and AC +LO
(Table 3). Therefore, low O, partial pressures can delay the
sugar degradation in “Laetitia” plums for up to 5 days of
shelf life. This statement is supported by Petre et al. (2022)
who reported a delay in sugar degradation in “Stanley” and
“Bluefree” plums stored in CA with low O, partial pressures.

Flesh browning was similar in fruits stored under CS, CA
+LO, and CA +ELO conditions, regardless of the shell life
period assessed (Table 3, SM — Fig. 1 A-J). This suggests
that the O, partial pressure in CA 4+LO was not low enough
to restrict the formation of free radicals, despite reducing
ethylene production. Conversely, CA + ELO may have
limited energy availability for the synthesis of antioxidant
compounds and the maintenance of cellular metabolism (Li
et al., 2016), even though it might have reduced ROS forma-
tion. It is worth noting that although there was an increase
in the flesh browning from 3 to 5 days of shelf life in all
treatments, plums stored in CA +ULO1 and CA +ULO2
exhibited 43% less flesh browning compared to those stored
under other conditions.

ROS are typically neutralized naturally by the fruit’s
defense system (antioxidant system), which includes both
enzymatic and non-enzymatic antioxidant processes (Karup-
panapandian et al., 2011). However, during fruit storage at
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Table 4 Total phenolic content (g GAE kg™! fresh weight) and total
antioxidant activity (g GAE kg™! fresh weight) quantified by ABTS
and DPPH methods in the pulp of “Laetitia” plums stored under cold
stored (CS, 21 kPa O,+ 0.03 kPa CO,; 1.7 +0.9 °C and 96 +2%
relative humidity), or in a CA with different oxygen partial pressures
(CA +LO, 2 kPa O,; CA +ULOI, 1.0 kPa O,; CA +ULO?2, 0.7 kPa
0O,; and CA +ELO, 0.5 kPa O,) associated with 1.2 kPa CO, for 50
days of storage followed by for 5 days of shelf life (20 +2 °C and 65
+ 5% relative humidity)

Storage conditions Total phenolic ABTS! DPPH!
content!

CS 1186 +54 a 427 +122a 81.2+6.1a

CA+LO 106.1 +9.3 a 505+14.6a 84.8+54a

CA +ULO1 90.0+12b 136 +£5.1b 648 +3.5b

CA +ULO2 76.6 +6.4 ¢ 7.8 +1.6b 664 +3.0b

CA +ELO 88.3 +53 bc 146 +42b 57.7+5.0b

F 29.055 18.175 23.242

df 15 15 15

P-value < 0.0001 < 0.0001 < 0.0001

'Data (mean +SE) followed by the same letter, in a column, do not
differ statistically from Tukey’s (P < 0.05)

low temperatures, the antioxidant system may lose its effec-
tiveness. As a result, ROS can cause irreversible damage to
cellular structures (Topalovic et al., 2013) and contribute
to the development of physiological disorders (Antoniolli
et al., 2016; Sogvar et al., 2020; Wang et al., 2016). Ali
et al. (2016) observed lower concentrations of total phenolic
content and total antioxidant activity, as measured by the
DPPH method, in lychee fruits that exhibited greater flesh
browning. In contrast, Meng et al. (2009) found higher con-
centrations of phenolic compounds in peaches with more
pronounced flesh browning. In the present study, plums
showing higher flesh browning incidence and a redder epi-
dermis (with lower A° values in fruits stored in CS or CA
+LO) also had higher total phenolic content and total anti-
oxidant activity (Table 4). This response can be attributed
to the specific fruit component used for quantifying antioxi-
dants. In this study, the epidermis has a higher concentration
of antioxidants compared to the pulp. Additionally, in plums,
anthocyanins while being antioxidants (Khoo et al., 2017)
also contribute to the red color intensity of the epidermis
(Xiang et al., 2023). It indicates that fruits with a redder epi-
dermis have a higher anthocyanin concentration. The higher
antioxidant concentration observed in plums with greater
flesh browning and lower /° values is associated with the
highest anthocyanin contents in the fruit epidermis. How-
ever, it is important to note that flesh browning begins at
the center and progresses toward the fruit’s ends. Although
the plum epidermis contains high antioxidant levels, these
may not directly mitigate ROS formed in the central part of
the fruits.

For 3 days of shelf life, plums stored under CA +ULO1
or CA +ULO2 had higher flesh color (L*-values) compared
to those stored in other treatments. At 5 days of shelf life,
plums stored in CA + ULO1 had higher L*-values than those
stored in CA +LO, CA +ELO, or CS (Table 3). Although
flesh browning typically becomes more pronounced during
storage and continues to develop over the shelf life period
(Lurie et al., 2011), the fruits can continue to be appreci-
ated by consumers, as long as the flesh browning is at low
levels, characterized by L*-values above 50.5 (Corréa et al.,
2011). In this context, plums stored under CA +ULO1 or
CA +ULO2 would likely be preferred by consumers, as
they exhibited average L*-values of 54.4 and 51.9 for 3 and
5 days of shelf life, respectively (Table 3).

Rocha-Pimienta et al. (2020) found a strong correlation
between flesh browning in “Angeleno” and “Larry Ann”
plums and the development of fungal rot, primarily caused
by Alternaria spp. and Cladosporium spp. Although these
authors noted that cold damage can promote the growth
of opportunistic microorganisms, in the present study, the
occurrence of rot was not linked to cold damage. This is
evident as the treatments with greater flesh browning did not
align with those exhibiting higher rot incidence (Table 3).

“Laetitia” Plum Aromatic Profile

In “Laetitia” plums stored in CS or CA with different O,
concentrations, a total of seven aldehydes were identified
(Table 5). Among them, 3-methyl butanal, decanal, and
nonanal were present in all storage conditions, with their
concentrations remaining similar across treatments. How-
ever, the E- 2-hexenal concentration was higher in plums
stored under CA +ULO1, CA + ULO2, and CA +LO than
those stored in CS. Hexanal levels were higher in fruits
stored under CA +ULO2 and CA +LO compared to the
other treatments, while acetaldehyde concentrations were
higher in plums stored under CA +ELO relative to those
stored in CS, CA +LO, and CA + ULOI1. Horvat et al.
(1992) identified E- 2-hexenal as the primary aromatic
constituent among aldehydes in freshly picked plums. In
this study, reducing the O, partial pressure increased the
concentrations of hexanal and E- 2-hexenal, indicating that
low oxygen levels enhance the concentration of this key
aroma compound in plums. Similar results were observed in
“Royal Gala” apples, where reducing the O, partial pressure
increased the concentrations of E- 2-hexenal and benzalde-
hyde (Both et al., 2014).

Among the alcohols, 2-ethyl- 1-hexanol, 1-hexanol,
3-hexen- 1-ol, and ethanol were the most relevant aromatic
compounds. Their concentrations (except for 2-ethyl-
1-hexanol) varied according to the storage conditions
(Table 5). Plums stored in CA + ULO1 or CA + ULO2
had higher concentrations of 3-hexen- 1-ol and 1-hexanol
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Table5 Aromatic profile and volatile compound concentration (g

kg™! of fresh mass expressed in the equivalent of N-alkanes C;-C4)
in “Laetitia” plums fruit stored under cold storage (CS, 21 kPa O, +
0.03 kPa CO,), or in a CA (1.7 +£0.9 °C and 96 +2% relative humid-

ity) with different oxygen partial pressures (CA +LO, 2 kPa O,; CA
+ULOL, 1.0 kPa O,; CA +ULO2, 0.7 kPa O,; and CA +ELO, 0.5
kPa O,) associated with 1.2 kPa CO, for 50 days of storage followed
by for 5 days of shelf life (20 +2 °C and 65 + 5% relative humidity)

Compound Storage conditions’ P-value
Cold storage (CS)  Controlled atmosphere (CA)
2kPa O, 1.0kPa O, 0.7 kPa O, 0.5 kPa O,

Aldehydes

3-methyl butanal 0.0130 £0.0040 a  0.0140 £0.0032a 0.0110 £0.0021a 0.0131 £0.0020a 0.0120 £0.0011a  0.0152
Acetaldehyde 0.0120 £0.0020b  0.0130 £0.0010b  0.0110 £0.0020b  0.0160 +£0.0031 ab 0.0250 +£0.0020a  0.0021
Decanal 0.0008 +£0.0001 a  0.0008 +£0.0001 a  0.0007 £0.0001 a  0.0008 +£0.0002a  0.0007 £0.0001 a  0.0001
E- 2-hexenal 0.0480 £0.0100b  0.0861 £0.0012 ab 0.0931 +£0.0202a 0.1210 £0.0202a 0.1051 £0.0323a  0.0007
E- 2-octenal 0.0140 £0.0010a  0.0152 £0.0011a ND ND ND 0.0059
Hexanal 0.1030 £0.0150b  0.1291 £0.0041 b  0.1400 £0.0121 b  0.1880 +£0.0271 a  0.1902 £0.0071 a  0.0001
Nonanal 0.0011 £0.0001 a  0.0010 £0.0001 a  0.0010 £0.0001 a  0.0012 £0.0001 a  0.0012 £0.0003 a  0.0050
Alcohol

2-ethyl- 1-hexanol 0.2050 £0.0140a  0.2090 £0.0201 a  0.2153 £0.0180a  0.2040 £0.0600a  0.2121 +£0.0212a 0.1014
1-butanol 0.0311 +£0.0019a 0.3167 +£0.0007a  0.0339 +0.0056 a  0.0316 +0.0021 a  0.0312 +0.0010a  0.0001
1-hexanol 0.2461 +£0.0269b  0.2286 +£0.0155b  0.3902 +0.0898 a  0.4051 +£0.0446a 0.3033 +£0.0293 ab 0.0029
1-octen- 3 -ol 0.0560 £0.0300a 0.0612 £0.0071a  0.0520 £0.0020a  0.0520 £0.0021 a  0.0531 £0.0051 a  0.7297
2-methyl- 1-propanol 0.0100 £0.0010a  0.0093 £0.0010a  0.0070 £0.0061 a  0.0081 £0.0010a  0.0100 £0.0010a  0.0293
3-hexen- 1 -ol 0.1450 £0.0300b  0.1391 £0.0203b  0.2732 +£0.0101a  0.2510 £0.0505a 0.1960 +0.0100 ab 0.0027
3-methyl- 1-butanol 0.0290 £0.0050a  0.0182 +£0.0032b 0.0180 +£0.0051 b 0.0170 £0.0031 b 0.0170 £0.0030b  0.0206
Ethanol 0.8240 +£0.1500 bc  0.5191 £0.0900d  0.6200 +£0.0822 cd 1.1500 +£0.1802b 3.1370 £0.3712a  0.0001
Z- 2-hexen- 1 -ol 0.0480 £0.0200b  0.0400 +£0.1523b  0.0340 £0.0202b 0.0371 £0.0202b 0.0921 £0.0212a 0.0014
Esters

Ethyl acetate 0.0380 +0.0080b  0.0230 +0.0050b  0.0471 +0.0303 ab 0.0500 +0.0101 ab 0.0900 +0.0411a  0.0015
Hexyl acetate 0.0028 £0.0010b  0.0025 £0.0010b  0.0022 +£0.0010b  0.0041 +£0.0010 ab 0.0050 +0.0010a  0.0039
Butyl butanoate 0.0018 +0.0001 a  0.0017 +£0.0002a  0.0021 +£0.0003 a  0.0019 +0.0003 a  0.0018 +0.0004 a  0.0518
Ethyl butyrate 0.0520 +£0.0002 ab 0.0560 +£0.0012a  0.0520 +£0.0015 ab 0.0460 +0.0021 ab 0.0341 +£0.0017b  0.0138
Hexyl butanoate 0.0010 £0.0006 a2 0.0011 +£0.0001 a  0.0010 £0.0002a  0.0011 £0.0006 a  0.0011 +0.0001 a  0.0535
E- 3-hexenyl acetate 0.0110 £0.0060 ab 0.0180 +0.0021 a  0.0090 £0.0010b  0.0100 +0.0012b  0.0121 +0.0030 ab 0.0154
Ethyl hexanoate 0.0080 +£0.0010 ¢ 0.0180 +£0.0021 a  0.0080 +£0.0020c  0.0120 +0.0020b  0.0110 +£0.0011 bc  0.0001
Ethyl octanoate 0.0017 +£0.0010 ab 0.0014 +0.0020b  0.0014 +0.0040b  0.0021 +£0.0010a  0.0019 +£0.0021 ab 0.0067
Z- 2-ethyl butanoate 0.0190 £0.0020a  0.0201 +£0.0022a 0.0211 £0.0020a 0.0190 £0.0061 a  0.0210 +0.0031 a  0.8626
Z- 3-hexenyl acetate 0.0030 £0.0020 b  0.0020 +£0.0001 b  0.0021 +£0.0001 b  0.0020 +£0.0001 b  0.0080 +£0.0020a  0.0001
Ketones

6-methyl- 5-hepten- 2-ona  0.0150 +£0.0060a  0.0051 +£0.0030b  0.0050 +£0.0010 b  0.0070 +£0.0022b  0.0061 +0.0020b  0.0048
Terpenes

Linalool 0.0009 £0.0001 a  0.0009 +£0.0001 a  0.0009 +£0.0001 a  0.0009 +£0.0001 a  0.0009 +£0.0001 a  0.7367

ND not determined

'Data (mean + SD) followed by the same letter, in a line, do not differ statistically by Tukey’s test (P < 0.05)

compared with those stored in CS or CA +LO. However,
no significant differences were observed in the concen-
trations of 1-butanol, 1-octen- 3-ol, and 2-methyl- 1-pro-
panol across the different storage conditions. On the other
hand, the highest ethanol concentrations were recorded
in plums stored in CA 4+ ELO compared to other treat-
ments. Ethanol, a key aroma-active volatile compound,
is naturally synthesized by fruits during maturation and
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ripening through ethanol metabolism (Lv et al., 2021).
However, storing fruits in a controlled atmosphere with
extremely low O, concentrations can significantly increase
ethanol production (Bui et al., 2019), leading to over-accu-
mulation and the development of undesirable alcoholic
off-flavors (Huan et al., 2021). Although ethanol can serve
as a substrate for the synthesis of ethyl esters (Liu et al.,
2012; Wang et al., 2019), high ethanol concentrations can
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competitively inhibit the formation of other esters (Dixon
& Hewett, 2000), including those derived from 1-hexanol
(Qin et al., 2014; Tang et al., 2015; Ties & Barringer,
2012), 1-butanol, and 2-methyl- 1-butanol (Thewes et al.,
2017). This can lead to a significant increase in ethyl-
acetate concentration, which is an undesirable aromatic
compound in fruits (Maoz et al., 2019). In the present
study, the high ethanol concentration observed in “Laeti-
tia” plums stored in AC + ELO did not inhibit the syn-
thesis of ethyl esters. These compounds (ethyl butyrate,
ethyl hexanoate, ethyl octanoate, and Z- 2-ethyl butanoate)
were present in all fruits stored in CA in concentrations
equivalent to or higher than those stored in CS (Table 5).
On the other hand, ethyl-acetate concentration was higher
in CA 4+ ELO compared to CA +LO and CS. Ethyl-acetate
is an unwanted aromatic compound (Maoz et al., 2019) as
it reduces the fruit flavor quality (Almenar et al., 2006;
Huan et al., 2021; Januszek & Satora, 2021; Pérez & Sanz,
2001).

Ester formation is also linked to ethylene production,
as this plant hormone regulates the activity of alcohol acyl
transferase (AAT), the enzyme responsible for convert-
ing alcohols to esters (Defilippi et al., 2005). The storage
of “Laetitia” plums under CA with extremely low oxygen
may inhibit ethylene production by reducing 1-carboxylic-
I-amaminocyclopropane oxidase (ACC oxidase) activity
(Thewes et al., 2017). In this context, ester formation can
be limited by reducing AAT activity. Despite the reduced
ethylene production in CA +ELO, the ester concentrations
(butyl butanoate, hexyl butanoate, E- 3-hexenyl acetate, and
Z- 3-hexenyl acetate) were quantitatively similar and either
higher or comparable to those in other storage conditions
(Table 5), suggesting that AAT activity was not significantly
reduced in CA +ELO.

Although a ketone (6-methyl- 5-hepten- 2-one) and a ter-
pene (linalool) were detected in the present study (Table 5),
their concentrations were extremely low and did not sig-
nificantly impact the aromatic profile of the “Laetitia” plum
fruits. Therefore, our results indicate that storing “Laetitia”
plums in CA with varying O, levels is an effective method
for maintaining post-harvest quality. This approach helps
to increase the concentrations of key aromatic compounds
such as aldehydes (E- 2-hexenal and hexanal) and alcohols
(1-hexanol and 3-hexen- 1-ol), which are crucial for defin-
ing the fruit’s aroma (Wang et al., 2020). However, stored
plums in CA +ELO showed increased internal browning
and ethyl acetate concentration, which leads to off-flavor. Lai
et al. (2024) observed that internal browning affects the vola-
tile emission and concentrations in pineapples, noting that
internal browning can regulate volatile compound synthesis
through lipoxygenase. Therefore, our results suggest that the
metabolic pathways for volatile compounds in plums were
altered by reduced oxygen concentrations. Furthermore, the

internal browning was comparable between plums stored in
CS and CA +ELO, indicating that the observed changes in
volatile compounds and their concentrations are linked to
altered metabolic pathways rather than solely the storage
conditions.

Conclusion

Storage of “Laetitia” plum fruits stored under a CA (1.7
+0.9 °C and 96 +2% relative humidity) with ultra-low O,
(1.0 kPa O, and 0.7 kPa O,) and extremely low O, (0.5 kPa
0,) associated with 1.2 kPa CO, delaying the fruit ripening
process.

Storage of “Laetitia” plum fruits stored in a CA with 1.0
kPa O, or 0.7 kPa O, associated with 1.2 kPa CO, maintains
consistency, acidity, and sugar concentration and mainly
reduces the flesh browning in fruits, at 50 days of storage
followed by 5 days of shelf life.

Storage of “Laetitia” plums fruit stored in a CA with
ultra-low O, (0.7 kPa O,) increases the aldehyde (hexanal
and E- 2-hexenal) and alcohol (1-hexanol and 3-hexen- 1-ol)
concentrations, which are considered important compounds
to the formation of the aroma of plum fruits. Furthermore,
the controlled atmosphere with extremely low O, (0.5 kPa
0,) associated with 1.2 kPa CO, leads to off-aroma forma-
tion in “Laetitia” plums.
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ARTICLE INFO ABSTRACT
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Melaleuca alternifolia
Penicillium expansum Link

This study evaluated the effects of tea tree essential oil (TTO) on blue mold severity, volatile compound profiles,
and postharvest quality of ‘Fuji’ apples during cold storage. Two experiments were conducted using laboratory-
extracted TTO from Brazil and commercial TTO from Australia, applied by vaporization at various concentra-
tions. Both types of TTO affected major volatile compounds, including terpinen-4-ol, y-terpinene, and o-terpi-
nene. The laboratory-extracted TTO had higher of 1,8-cineole, while commercial TTO had more p-cymene. TTO
reduced blue mold severity up to 115 pL L~! (laboratory) and 99 pL L™ (commercial). Ethylene production

decreased with laboratory-extracted TTO up to 64 pL L™}, while commercial TTO decreased ethylene production.
Laboratory TTO increased the respiratory up to 41 pL L~! before declining, whereas commercial TTO continu-
ously decreased the respiratory. Higher concentrations of laboratory TTO decreased flesh firmness and lightness.
TTO types altered the apples' volatile profiles, reducing ‘Fuji’ apple aromas.

1. Introduction

The ‘Fuji’ variety of apples are prone to rot, leading to potential post-
storage losses of up to 20 % (Argenta et al., 2015). Among the various
rots affecting apple storage, blue mold, attributed to the fungus Peni-
cillium expansum Link., is of significant concern (Luciano-Rosario et al.,
2020) and is prevalent in nearly all apple-producing regions globally.
Infestation of fruits can occur both in the field and during postharvest
handling (Darolt et al., 2016). These lesions initially manifest as watery
and soft, with a light brown hue and greenish conidia, which detri-
mentally impacts fruit quality and plays a substantial role in post-
storage losses (Buonsenso et al., 2023).

Prior research has demonstrated the efficacy of essential oil (EO)
fumigation in inhibiting antifungal activity and mitigating disease
development during post-storage (Banani et al., 2018; Schiavon et al.,
2023). EOs exhibit broad-spectrum activity against pathogenic
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microorganisms, albeit with varying minimum inhibitory concentra-
tions based on the pathogen (Antunes & Cavaco, 2010) and the botanical
source of the EO extraction (Vieira et al., 2018). Comprising diverse
chemical constituents, EOs collectively offer antioxidant, antimicrobial,
antifungal, and insecticidal properties, effectively controlling the pro-
liferation of diverse microorganisms (Buonsenso et al., 2023; Chouhan
et al., 2017). While the precise mechanisms by which EOs act on fungi
are not fully understood, their efficacy stems from the synergistic action
of their chemical components (Banani et al., 2018; Bhavaniramya et al.,
2019). EOs disrupt fungal pathogens by damaging cell membranes,
enhancing fluidity and permeability, impeding respiration, altering ion
transport, inducing cellular leakage (Fadli et al., 2012; Neto et al.,
2019), as well as modifying cell morphology and arresting growth (Tao
et al., 2014). However, the use of essential oils may influence the
organoleptic attributes of fruits, potentially altering flavor after refrig-
erated storage. Therefore, determining optimal fruit exposure duration
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and application methods for EOs is crucial for mitigating such alter-
ations (Schiavon et al., 2023).

The EO derived from Melaleuca alternifolia is renowned and exten-
sively researched for its antimicrobial properties. This antimicrobial
efficacy is attributed to a blend of compounds including 1,8-cineole,
terpinen-4-ol, terpinolene, a-terpinene, y-terpinene, and sesquiterpene
alcohols (Sharifi-Rad et al., 2017), with their concentrations varying
based on geographic location and the environmental and ecological
conditions in which the plants are exposed (Oliveira et al., 2020). This
study aims to assess the impact of volatile compounds present in TTO on
reducing the severity of blue mold caused by P. expansum, examining the
volatile compound profile, and their influence on the postharvest quality
of ‘Fuji apples stored under refrigeration.

2. Material and methods

In the 2018/2019 growing season, ‘Fuji’ apples were harvested from
a commercial orchard situated in Vacaria, RS, Brazil (28°30'44" S and
50°56'02" W). After harvest, the apples were transported to the Labo-
ratory of Physiology and Postharvest Technology, Lages (SC), Brazil, for
sample preparation, EO application, and analyses. Two distinct experi-
ments were conducted: one utilizing commercial TTO and the other
employing laboratory-extracted TTO. The laboratory-extracted TTO was
acquired through steam distillation, while the commercial TTO, origi-
nating from Australia, was sourced from “Ferquimica Industria e
Comércio de Oleos Essenciais”, Brazil.

2.1. Botanical material and essential oil distillation

The botanical material for TTO extraction from Melaleuca alternifolia
plants cultivated in Santa Rosa do Sul (SC), Brazil, was collected in the
morning during autumn. The plant material was dried in a controlled
environment (23 £ 2 °C, 65 + 5 % RH) for seven days. After defoliation,
the leaves were used to extract the essential oil using a steam distiller
(Solab, model SL-76, Brazil). The distillation process began with a
gradual temperature increase from 0 °C to 115 °C. The essential oil was
then stored in amber glass bottles until application.

2.2. Applied treatments and pathogenic inoculation

The initial essential oil concentrations for both the commercial TTO
and the extracted TTO were set at 0 (control), 50, 100, and 150 pL L
After application, it was found that not all of the essential oil had
evaporated. Therefore, the non-evaporated amount was subtracted from
the initial value to the determine the actual concentrations applied.
Treatments included different concentrations of laboratory-extracted
TTO (0, 43, 85, and 124 pL L1 and commercial TTO (0, 49, 78, and
126 pL L1), which were applied to fruit through vaporization under
ambient conditions (23 + 1 °C, 65 + 5 % RH) for 24 h. Each experi-
mental treatment comprised four sets of 15 fruit that were inoculated
and four sets of 15 fruit that remained non-inoculated. The fruit desig-
nated for inoculation underwent perforation at the equatorial region on
two opposing sides using a TA.XT-Plus® electronic texture analyzer
from Stable Micro Systems Ltd., Surrey, United Kingdom, fitted with a 2
mm diameter tip set to penetrate to a depth of 4 mm. Subsequently, the
fruit were inoculated with 10 pL of a suspension containing 10° spores
mL ™! of P. expansum. This spore suspension was meticulously prepared
using sterilized distilled water and 0.05 % Tween® 20. The spore count
was determined utilizing a Neubauer chamber (hemacytometer). The
treatments were administered to the fruit 24 h after post-inoculation
with P. expansum.

2.3. Analysis of the profile of volatile compounds in essential oil

The TTO compounds were analyzed for their volatile compound
profile using a GC-MS system (Perkin Elmer, USA) comprising a gas
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chromatograph (GC, model Clarus 680 GC) coupled to a mass spec-
trometer (MS, model Clarus SQ 85). For the analysis of volatile com-
pounds, 1 mL aliquot each of the extracted and commercial TTOs were
placed in 40 mL vials sealed with screw caps and PTFE-coated silicone
septa (Agilent Technologies, Germany). The samples underwent pre-
extraction incubation (equilibration) with stirring for 10 min at 30 +
1 °C. Subsequently, 100 pL of gas from the vial headspace was injected
into the chromatograph. The column used was an HP5, with helium as
the carrier gas flowing at 1 mL min~'. The temperature protocol
involved an initial 30 °C for 5 min, followed by a heating ramp of 2 °C
min~! up to 120 °C, maintaining this temperature for three minutes,
resulting in a total run time of 34 min. Compound identification was
achieved through comparison with the chromatograph library within
the software, which provided a probability of similarity for each com-
pound detected.

2.4. Storage and evaluation of fruits

Following the application of treatment, all fruit was stored for 30
days under refrigerated conditions (0.5 + 0.2 °C, 90 + 5 % RH). Eval-
uation of the inoculated fruit occurred upon removal from the chamber
and continued every two days in order to monitor the diameter of the
blue mold rot lesion up to seven days under ambient conditions (23 +
1 °C, 65 + 5 % RH). Non-inoculated fruit were assessed after 7 days
under ambient conditions for ethylene production and respiration rates,
epidermal color attributes [hue angle (h°), lightness (L*), and chroma
(Q)1, flesh firmness, titratable acidity (TA), total soluble solids (TSS),
and volatile compounds profile.

2.5. Severity of rot

The data on blue mold lesion diameter were used to compute the area
under the disease progress curve (AUDPC), following the methodology
outlined by Vale et al. (2004). The AUDPC was calculated using the
formula:

AUDPC = X [(Si+Si+1)/2" (Ti+1—Ti)] (€))

where Si represents the disease severity, specifically the average rot
diameter at the i-th observation; Si + 1 denotes the disease severity, or
the average rot diameter at the subsequent evaluation (i + 1); Ti cor-
responds to the time in days of the i-th observation; and Ti + 1 signifies
the days of evaluation for i + 1. The value of Si was determined by
summing the average rot diameters and dividing by the total number of
lesions present on the fruit.

2.6. Fruit quality analysis

Ethylene production (nmol kg™! s™!) was measured using a gas
chromatograph (PerkinElmer®, Model Clarus 580, USA). Each set of
fruit was placed in 4.1 L containers with airtight seals for 30 min, after
which samples were taken from the inside of the container, with the aid
of syringes, and analyzed according to the methodology described by
Steffens et al. (2021).

Respiration rate of the fruit (nmol kg~! s71) was quantified by an
electronic gas analyzer (Schelle, Germany), with the circulation of CO4
in a closed circuit. Each set of fruit was placed in 4.1 L containers with
airtight seals for 30 min, after which samples were taken from the inside
of the container, with the aid of syringes, and analyzed according to the
methodology described by Steffens et al. (2021).

The epidermal background color was assessed for lightness (L*),
chroma (C), and hue angle (h°) values using a colorimeter (Model CR
400, Konica Minolta, Japan). These measurements were conducted at
the equatorial region of the fruit, on the reddest side.

Flesh firmness (N) was assessed using an electronic penetrometer
(GUSS Manufacturing Ltd., South Africa) fitted with an 11 mm diameter
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tip. Measurements were taken after the removal of the epidermis in the
central portion of the fruit (Steffens et al., 2021).

Titratable acidity (TA) values (% malic acid) were derived from a 5
mL juice sample obtained through fruit processing in a centrifuge. This
sample was diluted in 45 mL of distilled water and titrated with a 0.1 N
NaOH solution to reach pH 8.1, using an automatic titrator (model
TitroLine® Easy, Schott Instruments, Mainz, Rhineland-Pfalz, Germany)
(Alali et al., 2018).

Total soluble solids (TSS; %) Sontent was determined using a digital
refractometer (model PR201a, Atago®, Japan) with a portion of the
juice obtained during fruit processing (Siqueira et al., 2018).

2.7. Volatile compounds of fruits

The volatile compounds present in the fruit were analyzed using the
solid-phase microextraction (SPME) technique and a GC-MS system
(Perkin Elmer, USA). For this analysis, 1 g of fruit sample (comprising
peel and flesh), 1 g of NaCl, and 5 mL of deionized water were mixed in a
40 mL vial, which was then sealed with a screw cap and a PTFE-coated
silicone septum (Agilent Technologies, Germany). The sample was
incubated for pre-extraction by stirring for 10 min at 30 + 1 °C. Sub-
sequently, a SPME fiber (CAR/PDMS) mounted on a holder exposed the
gas phase of the sample for 25 min. The fiber was then desorbed for 10
min at 250 °C in the chromatograph injector. The chromatographic
conditions were identical to those used for characterizing the volatile
compounds of TTO. Compound identification was based on comparison
with the chromatograph library, providing a probability of similarity for
each compound compared to the data stored in the software.

2.8. Experimental design

The experimental design was completely randomized. The data were
subjected to variance analysis. The AUDPC and quality attributes data
were analyzed using regression analysis in the SAS statistical program
(Statistical analysis system, 2013).
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3. Results
3.1. Essential oil volatile compound profile

The analysis of the chemical composition of TTO revealed the pres-
ence of 25 components in varying proportions, with terpinen-4-ol, 1,8-
cineole, y-terpinene, a-terpinene, and p-cymene being the most abun-
dant constituents (specific data not provided). In comparing commercial
and laboratory-extracted TTO samples, similar relative concentrations
were observed for terpinen-4-ol (15.7 % commercial, 16.3 % extracted),
y-terpinene (20.2 % commercial, 17.4 % extracted), and a-terpinene
(19.1 % commercial, 20.4 % extracted). However, the relative concen-
tration of 1,8-cineole was notably higher in the laboratory-extracted
TTO (12.9 %) compared to the commercial TTO variant (1.3 %). In
contrast, p-cymene exhibited a higher relative concentration in the
commercial TTO (14.4 %) compared to the laboratory-extracted form
(0.3 %). In a study by Puvaca et al. (2021), terpinen-4-ol was identified
as the major component at 38.5 %, followed by y-terpinene (14.0 %),
a-terpinene (2.4 %), o-terpineol (2.2 %), 1,8-cineole (2.2 %), and p-
cymene (4.3 %).

3.2. Severity of rot

The application of both TTOs resulted in a decrease in blue mold
severity, reaching a reduction of up to 8.7 % with the laboratory-
extracted TTO at a concentration of 99 pL L! (Fig. 1A), and 8.4 %
with the commercial TTO at 115 pL L1 (Fi g. 1B).

3.3. Physicochemical analyses

The ethylene production rate decreased with the application of
laboratory-extracted TTO up to a concentration of 64 pL L™}, followed
by a gradual increase at higher doses (Fig. 2A). In contrast, the com-
mercial TTO provided a decrease in the ethylene production rate in ‘Fuji’
apples with increasing concentrations applied (Fig. 2B).

The experiment with the laboratory-extracted TTO application
showed an increase in the respiratory rate up to the concentration of 41
puL L1, followed by a sharp decrease at higher TTO concentrations,
resulting in the lower respiratory rate (137.13 nmol kg~ s 1) at 124 pL
Lt (Fig. 2 C). In contrast, the commercial TTO caused a decrease in the

B
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Fig. 1. Area under the disease progress curve (AUDPC) for blue mold in ‘Fuji’ apples subjected to the application by vaporization for 24 h of laboratory-extracted
TTO at doses of 0, 43, 85, and 124 uL L' (A) and commercial TTO at doses of 0, 49, 78, and 126 pL L~! (B). Fruit was maintained under refrigerated storage for 30
days (0 £ 1 °C, 90 + 5 % RH) followed by seven days at room temperature (23 + 1 °C, 65 + 5 % RH). Vertical bars correspond to the standard error of the mean. RZ%
coefficient of determination. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Ethylene production (A and B) and respiratory (C and D) rates in ‘Fuji’ apples subjected to the application by vaporization for 24 h of laboratory-extracted
TTO at doses of 0, 43, 85, and 124 pL L~! (A and C) and commercial TTO at doses of 0, 49, 78, and 126 pL L~! (B and D). Fruit was maintained under refrigerated
storage for 30 days (0 & 1 °C, 90 £ 5 % RH) followed by seven days at room temperature (23 & 1 °C, 65 + 5 % RH). Vertical bars correspond to the standard error of

the mean. R% coefficient of determination.

respiratory rate of the fruit as the TTO concentration increased, with the
lowest respiratory rate (197.62 nmol kg ! s™1) at 126 pL L™ (Fig. 2 B).

The hue angle (h°) values were not influenced by the application of
either TTO, nor did the extracted and commercial TTOs influence the
chroma (C) and lightness (L*) values (data not shown). Application of
the laboratory-extracted TTO led to an increase in L* values in the less
red region of apples up to a concentration of 22 pL L1, with a subse-
quent reduction at higher concentrations (Fig. 3A). The commercial TTO
reduced C values in the less red region of the fruit as the applied con-
centration increased (Fig. 3 B).

Fruit subjected to the laboratory-extracted TTO application had a
reduction in flesh firmness as the applied concentration increased, with
values ranging from 66.6 to 60.5 N (Fig. 3 C). In contrast, the application
of different concentrations of commercial TTO did not significantly
affect the flesh firmness of the fruit (data not shown).

No effects of treatment were observed on total soluble solids (TSS)
and titratable acidity (TA) values for both laboratory-extracted and
commercial TTO (data not shown). Schiavon et al. (2023) also found no
significant differences in these parameters with the application of EOs
on apples.

3.4. Volatile compounds of fruits

Treatments with both extracted and commercial TTO affected the
emission of volatile compounds in ‘Fuji’ apples. The laboratory-
extracted TTO increased the relative area of alcohols 1-butanol and 1-
hexanol, while reducing the relative areas the curve of alcohol 2-hexenol
and esters 2-methyl hexyl butanoate and 2-methyl butanoate, regardless
of the applied concentration. Additionally, the esters propyl butanoate,
butyl hexanoate, propyl hexanoate, 2-methyl-butyl-2-methyl butyrate,
2-methyl-ethyl butyrate, 2-methyl-methyl butyrate, and 2-methylpropyl
butyrate were suppressed in fruit treated with the laboratory-extracted
TTO at all concentrations.

In contrast, the commercial TTO reduced the relative area of volatile
alcohols 1-butanol, 2-methyl-1-butanol, 1-hexanol, and 2-hexenol,
aldehyde hexanal, as well as esters 2-methylhexyl butanoate, butyl
butanoate, propyl butanoate, butyl hexanoate, propyl hexanoate, 2-
methyl-butyl-2-methylbutyrate, ethyl 2-methyl-butyrate, methyl 2-
methyl-butyrate, 2-methyl-butanoate, and 2-methylpropyl butyrate at
all evaluated concentrations compared to the control. Specifically, esters
propyl butanoate, propyl hexanoate, 2-methyl-butyl-2-methylbutyrate,
and methyl 2-methyl-butyrate were suppressed even at the lowest
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Fig. 3. Color attributes [lightness (L*) in the experiment with laboratory-extracted TTO and chroma (C) in the experiment with commercial TTO] in the less red
region of ‘Fuji’ apples subjected to the application of laboratory-extracted TTO at doses of 0, 43, 85, and 124 L L' (A) and commercial TTO at doses of 0, 49, 78,
and 126 pL L~! (B). Flesh firmness in ‘Fuji’ apples subjected to the application by vaporization for 24 h of laboratory-extracted TTO at doses of 0, 43, 85, and 124 L
L~ (C). Fruit was maintained under refrigerated storage for 30 days (0 + 1 °C, 90 + 5 % RH) followed by seven days at room temperature (23 + 1 °C, 65 + 5 % RH).
Vertical bars correspond to the standard error of the mean. R%: coefficient of determination. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

evaluated concentration (49 pL L), while esters butyl hexanoate and
ethyl butyrate were suppressed from the concentration of 78 pL. L1, and
ester butyl butanoate was suppressed at the highest concentration (126
pL L.

Both TTOs, whether extracted or commercial, contained terpinen-4-
ol, 1,8-cineol, and a-terpineol regardless of concentration. y-Terpinene
was identified in fruit treated with 43 and 124 pL L™ of the laboratory-
extracted TTO and 49 and 78 pL L™! of the commercial TTO. Although
y-terpinene, p-cymene, and a-terpineol had a low relative contribution
(0.30 to 1.16 %) to the volatile profile, the compounds terpinen-4-ol
(34.2 to 74.1 %) and 1,8-cineole (9.2 to 36.9 %), which are major
components of TTO, showed a relatively high contribution to the aro-
matic profile of apples treated with TTO (Table 1). These results show
that the TTO application via volatilization changed the profile of volatile
compounds that define the apple aroma, causing the presence of off-

odors (TTO aroma) and inhibiting the characteristic aroma of ‘Fuji’
apples.

4. Discussion
4.1. Essential oil volatile compound profile

The differences found between this work and literature may be
attributed to seasonal factors, climatic conditions, parts of the plant used
for distillation, and the distillation method and temperature used in this
process. Even in the same species, distinct intraspecific chemical vari-
ations in leaf terpenes are seen in many plants of the Myrtaceae family,
including Melaleuca alternifolia. Oliveira et al. (2020) noted that while
the concentration of key volatile compounds in TTO can vary based on
geographic location, terpinen-4-ol remains a consistent major volatile
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Table 1
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Profile of volatile compounds in ‘Fuji’ apples subjected to the application by vaporization of laboratory-extracted essential oil of Melaleuca (TTO) at doses of 0, 43, 85,
and 124 pL L' and commercial TTO at doses of 0, 49, 78, and 126 pL L. Fruit was maintained under refrigerated storage for 30 days (0 + 1 °C, 90 + 5 % RH)

followed by seven days at room temperature (23 + 1 °C, 65 + 5 % RH).

Compound Relative area (%)
Laboratory-extracted TTO Commercial TTO
Control 43LL! 85pLL ! 124 pL L' Control 49 pLL ! 78 uLL ! 126 pLL ™!
Alcohols
1-butanol 0.48 + 0.05 1.47 + 0.40 0.87 +0.29 0.98 + 0.07 3.98 + 0.15 1.08 + 0.17 0.77 £ 0.12 0.65 + 0.19
2-methyl-1-butanol 1.42 4+ 0.41 2.61 £0.33 1.26 + 0.60 1.79 + 0.41 8.58 + 0.60 2.37 + 0.36 2.13 + 0.62 1.48 + 0.37
1-hexanol 2.10 + 0.40 7.96 + 0.38 5.23 +1.23 7.91 + 0.75 15.52 + 2.87 8.25 + 0.83 5.04 + 0.34 5.72 +1.24
2-hexenol 291 £ 047 1.48 +£0.27 1.17 £ 0.13 1.20 £ 0.21 10.51 + 1.35 2.48 £ 0.16 242 £0.13 1.88 + 0.52
Aldehydes
Hexanal 9.38 + 3.23 11.23 +5.20 5.32 + 0.85 7.34 + 2.09 29.90 + 2.56 10.31 + 0.99 8.96 +1.28 6.36 + 1.07
Esters
2-methylhexyl butanoate 1.94 £+ 0.10 1.42 + 0.27 0.60 + 0.17 1.14 + 0.42 2.62 + 0.28 1.48 + 0.38 0.96 + 0.30 0.46 £ 0.13
Butyl butanoate - - - - 1.31 £ 0.12 0.52 +0.18 0.42 + 0.19 -
Propyl butanoate 1.81 +0.38 - - - 1.65 + 0.24 - - -
Butyl hexanoate 0.60 + 0.22 - - - 1.10 £ 0.08 0.35 + 0.08 - -
Propyl hexanoate 0.23 £+ 0.04 - - - 0.31 +0.01 - - -
2-methyl-butyl-2-methyl 0.58 4+ 0.24 B B B 0.60 + 0.15 B B B
butyrate
Ethyl 2-methyl-butyrate 6.62 + 1.35 - - - 5.28 + 0.40 0.34 + 0.02 - -
Methyl 2-methyl-butyrate 0.57 + 0.05 - - - 0.49 + 0.09 - - -
2-methyl butanoate 3.25 + 0.38 1.71 + 0.44 0.65 + 0.18 1.04 + 0.15 3.43 £ 0.17 1.40 + 0.26 0.93 + 0.43 0.40 + 0.07
2-methylpropyl butyrate 2.62 + 0.84 - - - 2.68 +0.19 0.31 +0.01 - -
Terpenes
Terpinen-4-ol - 34.22 + 3.59 40.65 + 13.71 60.87 + 6.45 - 60.09 + 4.21 53.47 +10.03 74.11 + 2.95
1,8-cineole - 36.90 + 1.97 37.76 £ 6.57 17.94 + 2.15 - 9.19 + 0.57 17.82 £ 3.31 18.81 + 0.81
a-terpineol - 0.75 £+ 0.15 0.89 + 0.62 0.94 + 0.36 - 1.16 + 0.10 0.98 + 0.45 0.80 +0.12
y-terpinene - 0.52 £+ 0.08 - 0.40 £ 0.11 - 0.30 + 0.04 0.33 £0.10 -
p-cymene - - - 0.56 + 0.02 - 0.64 + 0.01 0.94 + 0.04 -

National Library of Medicine. (2020). PubChem Compound Summary. Retrieved from https://pubchem.ncbi.nlm.nih.gov/compound/. Accessed October 2020.

compound known for its antimicrobial properties and contribution to
TTO's antifungal activity across different plant sources. Keszei et al.
(2010) identified distinct intraspecific variations in Melaleuca alternifolia
plants and 6 chemotypes were identified. These chemotypes, dominated
by compounds such as terpinen-4-ol, terpinolene, or 1,8-cineole, high-
light the diversity within the species. Our work corroborates these
findings, demonstrating that there are different chemotypes in the same
species, with varying compounds and quantities. In our results, 1,8-
cineole was present in higher quantities in the laboratory-extracted
TTO (12.9 %) compared to commercial variant (1.3 %). Conversely, p-
cymene had highest relative concentration in the commercial TTO (14.4
%) compared to the extracted form (0.3 %), along with the other
compounds.

4.2. Severity of rot

Regarding the spread of P. expansum in a study by Li et al. (2017),
similar findings were reported, demonstrating a reduction in size lesions
caused by P. expansum in cherries following treatment with TTO. The
application of EOs through biofumigation has shown promising results
in controlling blue mold in apples. A study by Buonsenso et al. (2023)
reported that the use of oregano and lemon essential oils significantly
reduced blue mold in apples. Similarly, Schiavon et al. (2023) observed
a reduction in gray mold growth in apples treated with thyme. Alves
et al. (2022) reported a reduction in the severity of Botrytis cinerea in
strawberries when treated with TTO at various doses: 23 % at a dose of
100 pL L%, 41 % at 300 pL L%, and 45 % at 600 pL L™}, compared to the
control. This decrease in fungal growth is often associated with
morphological changes and alterations in the hyphal structure of the
pathogen. EOs application can cause changes in the integrity of the cell
membrane (Neto et al., 2019).

Lipids are a universal component of all cell membranes, playing an
important role in membrane stability, fluidity, and permeability (Heaton

& Randall, 2011). Ergosterol, the main sterol present in filamentous
fungi, is necessary for the normal growth and function of the pathogen's
cell membrane, in addition to controlling membrane symmetry, fluidity,
and integrity (Mota et al., 2012). Li et al. (2017) found that lipid and
ergosterol levels in P. expansum were reduced by TTO. They also iden-
tified that the hyphae of treated samples exhibited a loss of linearity,
with a shrunken and distorted appearance, structural changes, broken
plasma detached from the cell wall, plasmolysis, and damaged intra-
cellular constituents. Tao et al. (2014) observed a decrease in total lipid
levels and loss of intracellular material in P. italicum and P. digitatum
when EO was applied, which suggests its cytotoxicity, interrupting
membrane integrity and causing cell leakage.

Buonsenso et al. (2023) suggest that the varying antifungal effects of
EOs in apples can be attributed to the complex components and struc-
tures of the fruit host, interactions between P. expansum and the fruit
microbiome, as well as the concentration of volatiles, storage tempera-
ture, and method of application. The response of blue mold to an
increment in TTO doses was similar between commercial and
laboratory-extracted TTO, which may be related to the similar compo-
sition of most of the predominant volatile compounds in the TTOs. This
suggests that TTO may exert a cytotoxic effect on the pathogen, which
may have affected the integrity of its membrane, its morphology,
changes or even the structure of the hyphae. The main mode of anti-
fungal activity of TTO against B. cinerea appears to be the destruction of
its cell wall, but TTO also inhibits the tricarboxylic acid cycle, pyruvate
metabolism, metabolism of amino acids, membrane-related pathways in
mitochondria, and promotion of sphingolipid metabolism (Wang et al.,
2020; Xu et al., 2021).

4.3. Physicochemical analyses

Other studies have observed the effect of EOs from oregano, thyme,
lemongrass, eucalyptus, and cloves on the reduction of ethylene
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production in other fruits (Pérez-Alfonso et al., 2012; Jhalegar et al.,
2015). EO compounds affect ethylene synthesis regulation through
several mechanisms, varying according to their chemical composition
and concentration (Rabbany & Mizutani, 1996). However, this effect has
been associated with a reduction in the 1-aminocyclopropane-1-carbox-
ylic acid (ACC) content due to the inhibition of the ACC synthase
enzyme, mediated by EO (Navarro-Martinez et al., 2021). This can result
in a decrease in the ethylene production rate, as seen with the applica-
tion of commercial TTO. In relation to the extracted TTO, there may
have been interference from specific compounds within this essential oil
or perhaps potential phytotoxicity, which could have prevented a
reduction in the ethylene production rate at high doses of the EO.

The reduction in respiratory rate followed a similar pattern with the
application of both EOs, which may be attributed to the EOs' effect of
reducing the metabolic rate of the fruits, combined with storage con-
ditions and the set of factors. Fakhar et al. (2014) observed that the
application of Ocimum basilicum EO led to decreased respiration in
plums. Shehata et al. (2020) verified the reduction of respiration in
strawberries with EOs of lemon, orange, and tangerine. Nikkhah and
Hashemi (2020) identified that an EO mixture of thyme, cinnamon, and
rosemary, or just thyme and cinnamon, also reduced the respiratory rate
of in Ziziphus jujuba Mill. fruit during the storage period.

Wang (2003) observed that raspberries subjected to TTO treatment
showed a reduction in L* values. Similarly, Serrano et al. (2005) iden-
tified a decrease in C values in cherries treated with eugenol, eucalyptol,
thymol, and menthol. However, the reduction in the C value was faster
when using eucalyptol. The results observed by Wang (2003) and
Serrano et al. (2005), as well as those of the present study, indicate that
EOs can interfere in the color attributes of the fruit, depending on the EO
used, suggesting either the influence of some specific compound in this
process or the concentration of EO applied.

A study using a metal-organic structure of cyclodextrin loaded with
terpinen-4-ol for controlling gray mold in strawberries found that
treated fruits exhibited a more attractive color compared to the control
(Yu et al., 2024).

Flesh firmness is one of the main attributes that determine fruit
quality, storage capacity, and shelf life (Castillo et al., 2014; Sun et al.,
2014). Shehata et al. (2020) observed that tangerine EO better main-
tained flesh firmness in strawberries compared to the control, while EOs
of lemon and orange had intermediate results. The difference in results
of the EO effect on flesh firmness found in the literature and the present
study may be related to both the composition of the different EOs and
the concentration of specific compounds. Buonsenso et al. (2023)
observed a decrease in the firmness of apple fruits following the appli-
cation of oregano and lemon essential oils. Conversely, Schiavon et al.
(2023) noted an increase in the firmness of apples treated with thyme
essential oil. These findings highlight the diverse effects of essential oils
on fruit firmness, suggesting that the impact varies depending on the
specific type of essential oil used and its interaction with the fruit sub-
strate. Additionally, research has shown that essential oils can influence
various quality characteristics of apples during storage, with treatments
leading to changes in firmness, TA, and SS content, indicating a complex
interplay between essential oils and fruit physiology (Shirzadeh &
Kazemi, 2012; Schiavon et al., 2023).

The difference between laboratory-extracted and commercial TTO in
terms of flesh firmness observed in the present study may be related to
the higher relative concentration of 1,8-cineole in the laboratory-
extracted TTO. This compound has highly toxic properties at elevated
concentrations, which can lead to loss of firmness in fruits treated with
extracted TTO. Furthermore, 1,8-cineole is recognized as one of the
monoterpenes with the highest phytotoxic action (Abd-ElGawad et al.,
2021). Buonsenso et al. (2023) attributed the reduction in firmness to
the release and activity of pectinolytic enzymes.

In contrast, Yu et al. (2024) used a metal-organic structure of
cyclodextrin loaded with terpinen-4-ol for controlling gray mold in
strawberries, resulting in greater fruit firmness compared to the control.
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Buonsenso et al. (2023) also reported a reduction in TA and an increase
in SS content in apples treated with EOs.

4.4. Volatile compounds of fruits

Some studies have suggested that most essential oils do not leave off-
flavors or off-odors in fruit when applied at minimal inhibitory con-
centrations, especially in stored fruit (Taghavi et al., 2018). For
example, Aloui et al. (2014) reported the absence of off-flavors and off-
odors in dates treated with EO of citrus. Similarly, cherries treated with
eugenol, thymol, or menthol showed no contamination with off-odors
and off-flavors, but the presence of off-odors was observed in the fruit
when 1,8-cineole, one of the major compounds of TTO, was applied
(Serrano et al., 2005). EOs of thymol and carvacrol incorporated in wax
did not influence the odor or flavor of lime juice. Although the EO aroma
was identified immediately after the treatments were applied, it dis-
appeared after a few days of storage (Castillo et al., 2014). Fruit
contamination by volatiles from EO likely depends on factors such as the
type of EO, dosage, exposure time, mode of application, species, and
cultivars (Taghavi et al., 2018).

The aromas identified in ‘Fuji’ apples and the inhibition of the fruit's
characteristic aromas are probably linked to the chemical composition
of the TTO and method of application. Regardless of the dose applied,
the fruits presented an aroma characteristic of the EQ. Jiang et al. (2021)
identified that the formation of the infusion complex (IC) resulted in
greater thermal release stability of TTO, allowing for sustained release of
TTO and stability during storage, while preserving antifungal activity
against Monilinia fructicola. These characteristics make the use of TTO to
control brown rot in peaches much more practical for large-scale use and
can be a solution to undesirable aromas in fruits.

5. Conclusions

The application of TTO by vaporization in postharvest treatment
effectively reduced the development of rot caused by P. expansum, with a
higher effect at concentrations of 99 L L™! for the laboratory-extracted
TTO and 115 pL L™! for the commercial TTO. However, TTO application
caused unwanted changes in fruit quality attributes. Specifically,
laboratory-extracted TTO reduced flesh firmness, while both laboratory-
extracted and commercial TTO altered the aroma of ‘Fuji’ apples during
refrigerated storage.

Differences were found between the essential oils used, where the
relative concentrations of their compounds were higher in the extracted
essential oil, which may have contributed to the observed variations in
quality attributes.

Further studies must be carried out to evaluate other modes of
application and dosages of TTO to maintain its positive effect on the
control of blue mold without interfering with the quality attributes of
fruit, especially the aroma of the ‘Fuji’ apple.
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