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A B S T R A C T

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, γ-terpinene, and α-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 μL L− 1 (laboratory) and 99 μL L− 1 (commercial). Ethylene production 
decreased with laboratory-extracted TTO up to 64 μL L− 1, while commercial TTO decreased ethylene production. 
Laboratory TTO increased the respiratory up to 41 μL L− 1 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 

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, α-terpinene, γ-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 “Ferquímica Indústria e 
Comércio de Óleos 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 μL L− 1. 
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 μL L− 1) and commercial TTO (0, 49, 78, and 
126 μL L− 1), 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 μL of a suspension containing 106 spores 
mL− 1 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 

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 μL 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− 1. The temperature protocol 
involved an initial 30 ◦C for 5 min, followed by a heating ramp of 2 ◦C 
min− 1 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 
(C)], 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 = Σ [(Si+ Si+ 1)/2* (Ti+ 1 − Ti) ] (1) 

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 (ηmol kg− 1 s− 1) 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 (ηmol kg− 1 s− 1) was quantified by an 
electronic gas analyzer (Schelle, Germany), with the circulation of CO2 
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 
(GÜSS 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 PR201α, 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).

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, γ-terpinene, α-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), 
γ-terpinene (20.2 % commercial, 17.4 % extracted), and α-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 Puvača et al. (2021), terpinen-4-ol was identified 
as the major component at 38.5 %, followed by γ-terpinene (14.0 %), 
α-terpinene (2.4 %), α-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 μL L− 1 (Fig. 1A), and 8.4 % 
with the commercial TTO at 115 μL L− 1 (Fig. 1B).

3.3. Physicochemical analyses

The ethylene production rate decreased with the application of 
laboratory-extracted TTO up to a concentration of 64 μL L− 1, 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 
μL L− 1, followed by a sharp decrease at higher TTO concentrations, 
resulting in the lower respiratory rate (137.13 nmol kg− 1 s− 1) at 124 μL 
L− 1 (Fig. 2 C). In contrast, the commercial TTO caused a decrease in the 

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 μL L− 1 (A) and commercial TTO at doses of 0, 49, 78, and 126 μL L− 1 (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. R2: 
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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respiratory rate of the fruit as the TTO concentration increased, with the 
lowest respiratory rate (197.62 nmol kg− 1 s− 1) at 126 μL L− 1 (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 μL L− 1, 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 

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 μL L− 1 (A and C) and commercial TTO at doses of 0, 49, 78, and 126 μL L− 1 (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. R2: coefficient of determination.
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evaluated concentration (49 μL L− 1), while esters butyl hexanoate and 
ethyl butyrate were suppressed from the concentration of 78 μL L− 1, and 
ester butyl butanoate was suppressed at the highest concentration (126 
μL L− 1).

Both TTOs, whether extracted or commercial, contained terpinen-4- 
ol, 1,8-cineol, and α-terpineol regardless of concentration. γ-Terpinene 
was identified in fruit treated with 43 and 124 μL L− 1 of the laboratory- 
extracted TTO and 49 and 78 μL L− 1 of the commercial TTO. Although 
γ-terpinene, p-cymene, and α-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 

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 μL L− 1 (A) and commercial TTO at doses of 0, 49, 78, 
and 126 μL L− 1 (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 μL 
L− 1 (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. R2: 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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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 μL L− 1, 41 % at 300 μL L− 1, and 45 % at 600 μL L− 1, 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 

Table 1 
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 μL L− 1 and commercial TTO at doses of 0, 49, 78, and 126 μL L− 1. 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 43 μL L− 1 85 μL L− 1 124 μL L− 1 Control 49 μL L− 1 78 μL L− 1 126 μL L− 1

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 ± 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 2.91 ± 0.47 1.48 ± 0.27 1.17 ± 0.13 1.20 ± 0.21 10.51 ± 1.35 2.48 ± 0.16 2.42 ± 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 

butyrate 0.58 ± 0.24 – – – 0.60 ± 0.15 – – –

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
α-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
γ-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.
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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-Martínez 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. 

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 EO. 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 μL L− 1 for the laboratory-extracted 
TTO and 115 μL L− 1 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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1  | INTRODUC TION

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 

a growing concern and pressure from consumers to reduce the use 
of agrochemicals due to the possible harmful effects on the environ-
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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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 0 (control), 100, 300, and 
600 µl L−1. 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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et  al.  (2018). Pazmiño 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  | MATERIAL S 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 µl L−1 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 µl aliquot of a spore suspension 
(105 spores ml−1) 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 0 (control), 100, 300, and 600 µl L−1. 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 Óleos 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.

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 (hº), 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 (CO2 kg−1 s−1 ηmol) and ethylene production (C2H4 
kg−1 s−1 ηmol) 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 CO2 and C2H4, respectively, inside the container immedi-
ately after its closure and after 0.5 hr. For the CO2 analysis inside 
the containers, an O2 and CO2 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): H2O2 (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−1 of 
minute−1 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, 
CVU30EB). 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  µm 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 × 0.25 mm a.i., with a thickness of 0.25 μm. 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 μl 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-Hernández 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 μl L−1 TTEO doses, there were reductions 
of 64% and 95%, respectively, compared to the control (Figure 1a). 
For AACPDs, at 100, 300, and 600 μl L−1 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 μl 
L−1 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 μl L−1 (data not shown). Other authors have 
also found that the application of TTEO reduces the incidence and 

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 

F I G U R E  1   Area below 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 μl L−1doses of 
melaleuca (Melaleuca alternifolia) essential oil and maintained for 
36 hr under ambient conditions (23 ± 2°C/60 ± 5% RH)
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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 µl L−1 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  μl L−1 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, 

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 

TTEO doses (µl 
L−1)

Respiratory 
rate

Ethylene 
production rate SS AT

Strength 
for flesh 
penetration

0 1,305.7 38.9 7.10 1.43 1.23

100 1,128.5 23.3 6.95 1.34 1.25

300 867.4 9.80 6.68 1.21 1.07

600 402.6 5.80 7.35 1.35 0.83

Linear * * ns * **

Quadratic ns ns ** ns ns

C.V. (%) 25.8 57.6 7.10 1.43 1.23

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

TA B L E  1  Respiratory rates (CO2 
kg−1 s−1 ηmol), ethylene production (C2H4 
kg−1 s−1 pmol), soluble solids (SS; ºBrix), 
titratable acidity (AT; citric acid %), and 
strength for flesh (N) penetration in 
‘San Andreas’ strawberries subjected 
to tea tree essential oil (TTEO) doses 
and maintained for 36 hr under ambient 
conditions (23 ± 2°C/RH of 60 ± 5%)

TA B L E  2   Epidermis color [brightness (L), chroma (C), and hue 
angle (hº)], content of total phenolic compounds (CFT; mg EAG 
100 g−1 PF), and peroxidase enzyme activity (POD; DO mg−1 of 
min−1 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
(µl L−1) L C hº 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

C.V. (%) 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.
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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. 

TA B L E  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)

Compound

TTEO doses (µL L−1)

0 100 300 600

Esters

(E3)-Hexenyl acetate 0.37 ± 0.37 ND ND ND

(Z2) Hexen-1-ol acetate 5.63 ± 4.48 3.58 ± 2.33 ND ND

2-Methylbutyl acetate 5.11 ± 2.23 ND ND ND

2-Ethylhexyl acetate 0.15 ± 0.15 ND ND ND

Ethyl acetate 11.44 ± 14.71 1.96 ± 2.14 14.42 ± 7.02 5.37 ± 2.28

Hexyl acetate 3.37 ± 0.48 1.76 ± 2.15 ND ND

Isobutyl acetate 3.87 ± 2.13 ND ND ND

Isopentyl acetate 1.89 ± 0.40 ND ND ND

Isopropyl acetate 0.65 ± 0.31 ND ND ND

Methyl acetate 7.76 ± 1.25 2.53 ± 3.00 ND ND

Tiglyl acetate 0.68 ± 0.41 ND ND ND

Ethyl butanoate 4.72 ± 2.29 ND ND ND

Methyl butanoate 13.52 ± 5.95 2.75 ± 1.64 ND ND

Isopropyl butyrate 0.60 ± 0.53 ND ND ND

Butyl ethanoate 1.35 ± 1.27 ND ND ND

Ethyl hexanoate 1.79 ± 1.96 ND ND ND

Methyl hexanoate 11.41 ± 2.20 ND ND ND

Alcohols

(E2)-Hexen-1-ol 3.68 ± 1.24 ND ND ND

1-Hexanol 6.29 ± 5.75 ND ND ND

2-Ethyl Hexanol 5.49 ± 2.99 ND ND ND

Ethanol ND ND 2.59 ± 1.37 2.40 ± 1.78

Aldehydes

(E)-2-Hexenal 0.46 ± 0.12 ND ND ND

Decanal 0.12 ± 0.14 ND ND ND

Fenchone ND ND 0.40 ± 0.47 1.71 ± 0.25

Acids

Butanoic acid 0.77 ± 0.32 ND ND ND

Terpenes

α-Phellandrene ND ND ND 1.63 ± 0.30

4-Terpinenil acetate ND ND ND 1.62 ± 0.20

Eucaliptol ND 7.20 ± 5.37 18.71 ± 8.48 19.43 ± 2.33

Linalol 8.09 ± 4.43 3.47 ± 1.77 0.82 ± 0.41 1.07 ± 0.21

m-Cimeno ND 2.99 ± 2.60 11.61 ± 5.95 23.12 ± 4.11

Terpinen-4-ol ND 52.40 ± 30.01 31.92 ± 31.18 15.24 ± 12.29

Terpineno ND 1.47 ± 1.30 5.65 ± 3.26 12.36 ± 2.88

Terpineol ND 19.89 ± 11.30 12.49 ± 5.28 16.06 ± 4.57

Note: National Center for Biotechnology Information. PubChem Compound Summary. https://pubch​em.ncbi.nlm.nih.gov/compo​und/. Accessed in 
August, 2020.
Abbreviation: ND, not detected.
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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 μl L−1 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.

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, 

F I G U R E  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)
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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  |  INTRODUC TION

Banana is one of the most cultivated and consumed tropical fruit 
types in the world. The great consumption of fruit occurs mainly 
due to its sensorial and nutritional characteristics (source of vita-
mins A, B, and C, in addition to minerals Ca, K, and Fe), as well as 
the sweet taste provided by the natural sugars (Sun et al., 2020). In 
Brazil, banana cultivation is distributed throughout the national ter-
ritory, standing out for the largest production in São Paulo, Bahia, 
Santa Catarina, and Minas Gerais. Most Brazilian banana produc-
tion is consumed domestically; however, exports to distant markets, 
such as Europe, have grown in recent years (Coltro & Karaski, 2019). 

Cavendish cultivars have attractive fruit and very sweet flesh that 
are widely accepted by the international market, making this group 
of cultivars the main one for export (Bhuiyan et al., 2020).

Banana is a climacteric fruit that ripens quickly, resulting in a re-
duced postharvest life and showing marked changes during ripening 
(Brackmann et al., 2006), limiting sea transport of great distances. 
These rapid and marked changes in banana are mainly due to the 
sharp increase in ethylene production at the beginning of the climac-
teric peak (Lustriane et al., 2018). Therefore, transporting bananas to 
more distant markets in the search for greater value for the product 
requires techniques that prevent rapid ripening and skin browning, 
especially in hot climates (Brackmann et al., 2006).
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Abstract
The objective of this work was to evaluate the effect of nitric oxide (NO) application 
(dose and frequency) on ripening delay and oxidative stress reduction in Cavendish 
banana stored in a controlled atmosphere (CA). The treatments evaluated were 0 and 
20 μl/L NO applied at the start of storage, 0.5 and 1 μl/L NO applied daily, and 1 and 
5 μl/L NO applied every 5 days. The treatments of 1 μl/L applied daily and 5 μl/L ap-
plied every 5 days caused a reduction in ethylene production and respiration, delayed 
yellowing, had higher flesh firmness, and increased superoxide dismutase enzyme 
activity. The daily application of 1 μl/L NO also provided greater activity of the per-
oxidase enzyme and less lipid peroxidation, demonstrating less oxidative stress. The 
application of 1 μl/L NO daily in CA storage reduced oxidative stress in Cavendish 
banana.

Practical applications
This study analyzed the effect of nitric oxide (NO) application (dose and frequency) 
during controlled atmosphere (CA) storage of Cavendish bananas as a way to pre-
serve fruit quality. The use of NO in a CA delays the yellowing of the fruits, maintains 
the flesh firmness, delays the ripening, and reduces the oxidative stress in Cavendish 
bananas and can be used as a strategy to prolong storage and maintain fruit quality.
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A controlled atmosphere (CA) is a technique widely used in 
Central America to transport bananas to North America and Europe 
(Brackmann et al.,  2006). CA storage promotes decreased metab-
olism and reduced postharvest deterioration. Bananas stored in 
CA with ethylene adsorbers have a conservation potential of up 
to 28 days (Brackmann et al.,  2006). However, ethylene absorp-
tion is generally carried out with products based on potassium 
permanganate, which has the disadvantages of generating waste 
and the need for a greater amount of products to effectively main-
tain low ethylene concentrations in the environment (Steffens, 
Miqueloto, et al.,  2021). Another widely used strategy associated 
with CA to preserve the quality of climacteric fruit is the ethylene 
1-methylcyclopropene (1-MCP) action inhibitor, which has a series of 
disadvantages, such as reduced fruit aroma/flavor (Zhu et al., 2020), 
incomplete ripening, uneven coloring (Golding et al.,  1998; Harris 
et al., 2000; Zhu et al., 2015), ineffectiveness in rot control (Manigo 
& Limbaga Jr, 2019), high cost for use, and restriction to organic 
products (Steffens, Soardi, et al., 2021). Therefore, it is essential to 
identify new technologies that complement the effects of CA on the 
delay in ripening and maintenance of banana quality for as long as 
possible without presenting risks of contamination to the environ-
ment and/or toxicity to the consumer.

Nitric oxide (NO) is a reactive nitrogen species naturally pro-
duced in living cells that can reduce ethylene production and delay 
maturation, senescence, and loss of fruit quality when applied ex-
ogenously at low concentrations (Palma et al., 2019). This gaseous 
compound has shown anti-senescent properties, namely extend-
ing the postharvest life of fruit and replacing the currently used 
chemical compounds, such as ethylene absorbers, silver thiosulfate, 
and 1-MCP (Seyf et al.,  2012). NO reduces ethylene synthesis by 
inhibiting the enzymes 1-aminocyclopropane-1-carboxylic acid 
(ACC) synthase and ACC oxidase (Manjunatha et al.,  2012; Palma 
et al., 2019). In addition, NO can also induce the activity of antiox-
idant enzymes, controlling oxidative stress and reducing the mani-
festation of physiological disorders and the incidence of postharvest 
rot (Hu et al., 2019; Sun et al., 2021). The immersion of banana slices 
in sodium nitroprusside (SNP), an NO donor, reduces ethylene pro-
duction and flesh softening (Cheng et al., 2009). Wu et al. (2014) ob-
served that NO pretreatment at 22°C reduced oxidative stress and 
chill damage in bananas stored at 7°C. The effect of NO depends on 
its concentration, the fruit species (Manjunatha et al., 2010), and the 
time of exposure to the gas (Buet et al., 2021). There are no stud-
ies evaluating the effect of NO on the ripening delay and oxidative 
stress of bananas in CA storage conditions. Due to the low partial 
pressure of O2, treatment with NO in CA storage might guarantee 
its persistence and effectiveness throughout storage. In addition, we 
hypothesized that banana exposure to lower concentrations of NO 
(0.5, 1, or 5 μl/L) during longer-term CA storage would have a greater 
effect on delaying ripening and oxidative stress than a higher dose 
(20 μl/L) applied at the beginning of CA storage or no application.

The aim of the present study was to evaluate the effect of NO 
application (dose and frequency of application) on ripening and oxi-
dative stress in Cavendish banana stored in a CA.

2  |  MATERIAL S AND METHODS

2.1  |  Fruit harvest and storage conditions

The experiment was carried out with banana cultivar “Nanica” (group 
AAA, Cavendish type) harvested from a commercial banana plan-
tation located in the municipality of Luiz Alves, SC (48°55′58″ W; 
26°43′14″ S; 70 m of altitude), southern Brazil, during the 2020/2021 
harvest. The bunches were harvested, and the hands of the middle 
portion were separated to carry out the experiment, seeking to stand-
ardize the degree of ripeness. After harvesting, the fruit was washed, 
classified, and packed in wooden boxes for transport. Afterwards, 
the hands were transported to the laboratory. The transport of the 
fruits to the laboratory was carried out during 3 h, with a tempera-
ture of 23 ± 3°C and relative humidity (RH) of 65% ± 5%.

In the laboratory, hands were placed in experimental chambers 
with a volume of 80 L (0.08 m3) and placed in refrigeration cham-
bers. After the experimental chambers were closed, CA conditions 
were established (2  kPa of O2; 4  kPa of CO2; 13 ± 1°C; 92% ± 2% 
RH). The monitoring and adjustment of gas partial pressure inside 
the experimental chambers was performed daily with an electronic 
gas analyzer (Schelle, Germany), and the atmosphere was corrected 
when necessary. To correct the consumed O2 and the excess CO2 
produced by fruit respiration, atmospheric air and N2 injection were 
used, respectively. When it was necessary to increase the partial 
pressure of CO2, this gas was injected into the experimental cham-
bers (Thewes et al.,  2018). The temperature was monitored with 
mercury thermometers (Incoterm®, Brasil) introduced into the fruit.

The treatments evaluated were 0 and 20 μl/L NO applied at the 
start of storage, 0.5 and 1 μl/L NO applied daily, and 1 and 5 μl/L 
NO applied every 5 days. These NO concentrations and application 
periods were chosen based on the results presented by other studies 
on tropical fruit (Palma et al., 2019). For the applications, NO from 
a high-pressure gas cylinder was used (NO 1000 μl/L + N2 balance; 
White Martins, Brazil). The application of the treatments was carried 
out in CA, an environment poor in O2, which prevents the reaction 
between NO and O2 and the formation of NO2.

The fruit was stored for 25 days in CA, simulating the period of 
transport of the fruit for export, followed by another 5 days of shelf 
life (23 ± 3°C and RH of 65% ± 5%), seeking to simulate the period of 
commercialization.

2.2  |  Measurements

Immediately after harvest, bananas were evaluated for skin color (col-
orimetry), skin color index, respiration and ethylene production rates, 
soluble solids content (SSC), titratable acidity (TA), flesh firmness, 
and iodine–starch index to verify the physicochemical characteris-
tics before the storage period. After storage, at chamber opening, 
weight loss, skin color, respiration rate, and ethylene production were 
evaluated. After another 5 days of shelf life, in addition to evaluat-
ing same at chamber opening, the variables SSC, TA, flesh firmness, 
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iodine–starch index, superoxide dismutase (SOD) and peroxidase 
(POD) enzyme activity, and lipid peroxidation were evaluated.

Weight loss (%) was obtained by the difference between the ini-
tial weight of the repetitions and the final weight in the storage and 
commercialization periods. The determination was performed using 
a digital analytical balance, model SHI-UX-6200H (Tecnal®, Brazil; 
Opara et al., 2013).

The skin color was evaluated through colorimetry (lightness—L, 
chroma—C, and hue angle—h°), and readings were taken at three dif-
ferent points on all sides of the banana with a Minolta® model CR 
400 colorimeter (Konica Minolta, Japan).

Skin color index was evaluated using the Von Loesecke (1949) scale, 
divided into the following stages: 1 = totally green peel; 2 = green peel 
with traces of yellow; 3 = greener peel than yellow; 4 = more yellow 
than green; 5 = yellow peel with traces of green; 6 = completely yellow 
peel; and 7 = yellow peel with brown spots (Alali et al., 2018).

Ethylene production rate (nmol kg−1 s−1) was quantified by means 
of gas chromatography, according to the methodology described by 
Steffens, Miqueloto, et al. (2021), using a bunch from each repetition 
packed in airtight containers of 7.1 L−1, for 90 min.

Respiration rate of the fruit (nmol kg−1 s−1) was measured using 
an electronic gas analyzer (Schelle, Germany), with the circulation of 
CO2 in a closed circuit (Steffens, Miqueloto, et al., 2021).

Content of SSC (°Brix) was determined with a precision digital re-
fractometer (°Brix ± 0.2%), with an automatic temperature measure-
ment device and compensation for 20°C (PR 201α, Atago, Japan) 
(Siqueira et al., 2018).

TA (g malic acid/100 g of flesh) was determined using 5 g of flesh 
(crushed and homogenized), diluted in 45 mL of distilled water, and ti-
trated with 0.1 M sodium hydroxide under constant stirring until reach-
ing a pH of 8.2. The titration was performed with an automatic titrator 
(Titro Line Easy, Schott Instruments, Germany) (Alali et al., 2018).

Flesh firmness (N) was determined using penetrometers fitted 
with 11-mm diameter tip. The readings were taken after the re-
moval of the epidermis in the central portion of the fruit (Steffens, 
Miqueloto, et al., 2021).

Iodine–starch index was determined using a scale ranging from 
1 (the entire surface stained with iodine, corresponding to the pre-
dominance of starch and immature fruit) up to 7 (the entire surface 
not stained with iodine, corresponding to the predominance of solu-
ble sugars and fully ripe fruit). The fruit was cut in the equatorial re-
gion, and one of the halves was immersed in an iodine solution (12 g 
of metallic iodine +24 g of potassium iodine/1 L of distilled water).

POD and SOD activities were evaluated according to the proto-
cols described by Del Longo et al. (1993) and Kar and Mishra (1976), 
respectively. Lipid peroxidation was determined following the pro-
cedure described by Heath and Packer (1968).

2.3  |  Experimental design and statistical analysis

Experimental design was completely randomized. Each treatment con-
sisted of six replications, and each experimental unit consisted of a hand 
with 12 fingers. The data obtained from the different variables were 
initially submitted to Bartlett (Bartlett, 1937) and Shapiro–Wilk tests 
(Shapiro & Wilk, 1965) to verify the homogeneity of variances and nor-
mality of residuals, respectively. When the data met the assumptions of 
the normal model, they were submitted to analysis of variance, and the 
variables that were significant (p < .05) were compared by Tukey's test.

3  |  RESULTS AND DISCUSSION

At harvest, fruit showed the following attributes: SSC 3.9 °Brix, TA of 
0.16 g malic acid/100 g, flesh firmness of 53.8 N, iodine–starch index 
of 2.1, and respiration rate of 50.5 nmol kg−1 s−1, and ethylene produc-
tion of 0.3 nmol kg−1 s−1. The values of L, C, and h° of skin color were 
38.1, 25.2, and 119.2, respectively, and the skin color index was 1.1.

At the chamber opening, the application of 1  μl/L NO daily 
and 1 and 5  μl/L NO every 5 days provided lower ethylene pro-
duction and respiration when compared to the treatment control 
(Table 1). However, after 5 days of shelf life, only treatments with 

Treatment

Removal from CA storage 5 days of shelf life

Ethylene 
production rate

Respiratory 
rate

Ethylene 
production rate

Respiration 
rate

0 μl/L 11.1a 222.8a 20.5a 713.9a

20 μl/La 9.5ab 214.3a 19.7a 696.3a

0.5 μl/Lb 10.3a 232.7a 19.2a 687.5a

1 μl/Lb 2.9c 77.5c 4.4b 174.5b

1 μl/Lc 8.3b 133.6b 19.4a 681.1a

5 μl/Lc 3.8c 100.4c 5.9b 176.5b

CV (%) 12.2 15.7 16.8 14.9

Note: Mean followed by different letters in columns differ from each other by Tukey test (p < .05).
Abbreviation: CV, coefficient of variation.
aNO applied at the beginning of CA storage (when the storage atmosphere was established).
bNO applied at the establishment of the CA storage and daily until the end of CA storage.
cNO applied at the establishment of the CA storage and every 5 days until the end of CA storage.

TA B L E  1 Ethylene (nmol kg−1 s−1) and 
respiration (nmol kg−1 s−1) production rates 
of Cavendish banana stored in a controlled 
atmosphere (CA; 2 kPa O2 + 4 kPa CO2; 
13 ± 1°C; relative humidity [RH] of 
92% ± 2%) and treated with nitric oxide 
(NO), after 25 days of storage, plus 5 days 
of shelf life (23 ± 3°C and RH of 65% ± 5%)

 17454549, 2022, 10, D
ow

nloaded from
 https://ifst.onlinelibrary.w

iley.com
/doi/10.1111/jfpp.16926 by U

D
E

SC
 - U

niversidade do E
stado de Santa C

atarina, W
iley O

nline L
ibrary on [22/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 8  |     GULARTE et al.

an application of 1 μl/L NO daily and 5 μl/L every 5 days of stor-
age caused lower ethylene production and respiration (Table 1). In 
Cheng et al.  (2009), applying SNP, a NO donor, also observed an 
effect of NO on the reduction of ethylene production. The authors 
attributed this effect to a reduction in the activity of the ACC 
oxidase enzyme and the expression of the ACC oxidase1 gene. 
Furthermore, the formation of a stable ternary complex, “ACC-
ACC oxidase-NO,” occurs, which prevents the oxidation of ACC to 
ethylene (Manjunatha et al., 2012). The reduction in ethylene pro-
duction also occurs due to the interaction of NO with other plant 
signaling/phytoregulatory molecules (such as salicylic acid), mod-
ulating and inhibiting the expression of genes involved in ethylene 
biosynthesis (Hong et al., 2014). The application of NO in other cli-
macteric fruit, such as plum (Steffens et al., 2022), apple (Steffens, 
Miqueloto, et al., 2021), and tomato (Zuccarelli et al., 2020), also 
reduced ethylene production.

The respiration reduction by NO, mainly by 1  μl/L NO daily 
and 5 μl/L NO every 5 days of storage, can be attributed to ripen-
ing delay and the ability of NO to reduce the activity of some re-
spiratory enzymes (Manjunatha et al.,  2010; Pandey et al.,  2019; 
Ren et al., 2017). Furthermore, NO inhibits mitochondrial respira-
tion through reversible binding to cytochrome c oxidase (Pandey 
et al., 2019). Reductions in the respiration rate of other fruit, such 
as mango and apple, were also observed after exposure to NO (Ren 
et al., 2017; Steffens, Soardi, et al., 2021). The lower respiratory ac-
tivity of the fruit treated with 1  μl/L NO applied daily and 5  μl/L 
NO applied every 5 days of CA storage may also be associated with 
lower ethylene production, since the presence of this phytohor-
mone increases respiration during the ripening of climacteric fruit 
(Palma et al., 2019).

The application of only one dose of NO at the beginning of stor-
age was not efficient in delaying ethylene production and reducing 
respiration (Table 1), unlike that observed in “Galaxy” (Brackmann 
et al.,  2017) and “Cripps Pink” apples (Steffens, Miqueloto, 
et al., 2021). According to Manjunatha et al. (2010), the effect of NO 

is dependent on the fruit species, which may explain the difference 
observed between the results obtained with banana and apple. The 
application of 0.5  μl/L NO daily showed no efficiency in reducing 
ethylene production and respiration at chamber opening and after 
another 5 days of shelf life, as well as 1 μl/L NO every 5 days of CA 
storage after the shelf life period (Table 1). The absence of a positive 
effect of these doses/frequencies may be related to the reduced 
concentration of NO in the storage environment, since even in CA 
conditions, the reaction of NO with O2 and the formation of NO2 
occur. The effect of NO, among other factors, is dose and exposure 
time dependent (Buet et al., 2021; Manjunatha et al., 2010; Steffens 
et al., 2022).

The values of weight loss did not differ between treatments, 
unlike what was observed in other fruit treated with NO, such as 
orange and blueberry (Gergoff et al., 2017; Mohamed et al., 2016).

At chamber opening, there were no differences between treat-
ments for skin color and skin color index (Tables 2 and 3). However, 
after 5 days of shelf life, the application of 1 μl/L NO daily and 5 μl/L 
NO every 5 days of storage showed a lower skin color index when 
compared to the control and application of 0.5 μl/L daily (Table 2). 
Regarding the skin color attributes (L, C, and h°), after 5 days of shelf 
life, the treatment of the fruits with NO, except for the concen-
tration of 0.5 μl/L NO applied daily, provided a higher value of h° 
when compared to the control (Table 3). The applications of 1 μl/L 
NO daily and 1 and 5 μl/L NO applied every 5 days of storage also 
provided lower values of C and L. These results indicate that treat-
ments of 1 μl/L NO applied daily and 5 μl/L NO applied every 5 days 
of storage showed a greater effect on the delay in the evolution of 
the skin color of bananas. The results obtained are associated with 
the reduction in ethylene production provided by the application of 
NO in these treatments (Table 1), as this hormone induces the deg-
radation of chlorophyll and yellowing of the fruit (Cheng et al., 2009; 
Palma et al., 2019).

Fruit of all treatments with NO had lower SSC, TA, and iodine–
starch index values when compared to the control (Table 4). However, 

Treatment

Removal from CA storage 5 days of shelf life

Skin color 
index (1–7) Weight loss (%)

Skin color 
index (1–7) Weight loss (%)

0 μl/L 2.0a 5.2a 3.7a 2.5a

20 μl/La 1.8a 4.7a 3.2ab 2.3a

0.5 μl/Lb 1.9a 5.5a 3.6a 2.5a

1 μl/Lb 1.7a 4.5a 2.8b 2.7a

1 μl/Lc 2.0a 4.8a 3.1ab 2.3a

5 μl/Lc 2.0a 4.5a 2.6b 2.6a

CV (%) 11.6 26.1 12.7 20.8

Note: Mean followed by different letters in columns differ from each other by Tukey test (p < .05).
Abbreviation: CV, coefficient of variation.
aNO applied at the beginning of CA storage (when the storage atmosphere was established).
bNO applied at the establishment of the CA storage and daily until the end of CA storage.
cNO applied at the establishment of the CA storage and every 5 days until the end of CA storage.

TA B L E  2 Skin color index and weight 
loss (%) of Cavendish banana stored 
in a controlled atmosphere (CA; 2 kPa 
O2 + 4 kPa CO2; 13 ± 1°C; relative humidity 
[RH] of 92% ± 2%) and treated with nitric 
oxide (NO), after 25 days of storage, and 
plus 5 days of shelf life (23 ± 3°C and RH 
of 65% ± 5%)

 17454549, 2022, 10, D
ow

nloaded from
 https://ifst.onlinelibrary.w

iley.com
/doi/10.1111/jfpp.16926 by U

D
E

SC
 - U

niversidade do E
stado de Santa C

atarina, W
iley O

nline L
ibrary on [22/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  5 of 8GULARTE et al.

the application of 1 μl/L NO daily and 5 μl/L NO every 5 days of stor-
age showed the lowest values. During ripening, bananas showed an 
increase in SSC and TA contents due to the conversion of starch (in-
crease in iodine–starch index values) in reducing sugars and organic 
acids (Dedo Adi et al., 2019). Thus, the lower SSC, AT, and iodine–
starch index values in NO-treated fruit indicate ripening delay due 
to the lower degradation of starch and lower levels of soluble sugars 
and organic acids in the fruit (Triardianto & Bintoro, 2021).

Bananas stored in CA with 1 μl/L NO applied daily and 5 μl/L NO 
applied every 5 days of storage showed higher flesh firmness than 
the other treatments (Table  4). During the ripening of climacteric 
fruit, ethylene activates the cell wall enzymes responsible for the 
solubilization of pectic substances and the conversion of insoluble 
pectin into soluble pectin, culminating in the loss of flesh firmness 
and fruit softening (Gwanpua et al., 2014). Flesh firmness mainte-
nance can be explained by the lower ethylene production of the fruit 
in 1  μl/L NO applied daily and 5  μl/L NO applied every 5 days of 
CA storage. Other studies have also demonstrated the effective-
ness of NO in maintaining the flesh firmness of different fruit types, 
which is related to lower ethylene production and lower activity 

of cell wall enzymes (Gergoff et al.,  2017; Hendges et al.,  2016; 
Singh et al.,  2009; Sun et al.,  2011). In banana, the application of 
NO showed higher flesh firmness and reduced the activity of the 
enzymes pectinmethylesterase, polygalacturonase, and endo-β-1,4-
glucanase (Cheng et al., 2009).

The application of 1 μl/L NO daily and 5 μl/L NO every 5 days of 
CA storage increased the SOD enzyme activity when compared to 
the control (Table 5). The treatment with 1 μl/L NO applied daily also 
increased POD enzyme activity compared to the control and other 
treatments (Table 5). MDA levels in control fruit and fruit treated with 
20 μl/L NO at the beginning of CA storage were higher, while the ap-
plication of 1 μl/L NO daily reduced the MDA content (Table 5). Lipid 
peroxidation is caused by the capture of electrons from membrane 
lipids by free radicals (Tian et al., 2013). During storage, the forma-
tion of reactive oxygen species (ROS) occurs, inducing damage to 
membranes, causing tissue death, and reducing the quality and shelf 
life of fruit (Tian et al., 2013). To prevent the accumulation of ROS 
at the toxic level and to reduce oxidative stress, fruit can increase 
the activity of antioxidant enzymes, such as SOD and POD (Huan 
et al., 2016). Increased POD and SOD enzyme activity can contribute 

Treatment

Removal from CA storage 5 days of shelf life

L C h° L C h°

0 μl/L 51.7a 37.1a 114.4a 57.9a 44.3a 93.5b

20 μl/La 49.7a 37.2a 116.7a 52.6ab 41.2ab 113.0a

0.5 μl/Lb 50.2a 37.6a 116.7a 62.8a 46.9a 91.2b

1 μl/Lb 49.1a 37.8a 116.7a 49.9b 38.1b 114.2a

1 μl/Lc 50.0a 38.3a 117.4a 50.4b 38.5b 113.3a

5 μl/Lc 51.2a 37.1a 115.4a 49.1b 35.3b 112.1a

CV (%) 5.2 3.5 5.5 5.7 5.4 5.0

Note: Mean followed by different letters in columns differ from each other by Tukey test (p < .05).
Abbreviation: CV, coefficient of variation.
aNO applied at the beginning of CA storage (when the storage atmosphere was established).
bNO applied at the establishment of the CA storage and daily until the end of CA storage.
cNO applied at the establishment of the CA storage and every 5 days until the end of CA storage.

TA B L E  3 Skin color attributes of 
Cavendish banana stored in a controlled 
atmosphere (CA; 2 kPa O2 + 4 kPa CO2; 
13 ± 1°C; relative humidity [RH] of 
92% ± 2%) and treated with nitric oxide 
(NO), after 25 days of storage, and plus 
5 days of shelf life (23 ± 3°C and RH of 
65% ± 5%)

Treatment
SSC 
(°Brix)

TA (g 
acid/100 g)

Iodine-starch 
index (1–7)

Flesh 
firmness (N)

0 μl/L 16.8a 0.58a 6.6a 19.5b

20 μl/La 10.7b 0.44b 4.9b 19.2b

0.5 μl/Lb 10.2b 0.44b 5.1b 18.7b

1 μl/Lb 6.2c 0.20c 3.3c 40.9a

1 μl/Lc 10.2b 0.43b 4.9b 23.7b

5 μl/Lc 6.6c 0.24c 3.2c 37.4a

CV (%) 4.6 5.0 6.3 5.1

Note: Mean followed by different letters in columns differ from each other by Tukey test (p < .05).
Abbreviation: CV, coefficient of variation.
aNO applied at the beginning of CA storage (when the storage atmosphere was established).
bNO applied at the establishment of the CA storage and daily until the end of CA storage.
cNO applied at the establishment of the CA storage and every 5 days until the end of CA storage.

TA B L E  4 Soluble solids content (SSC), 
titratable acidity (TA), iodine–starch index, 
and flesh firmness of Cavendish banana 
stored in a controlled atmosphere (CA; 
2 kPa O2 + 4 kPa CO2; 13 ± 1°C; relative 
humidity [RH] of 92% ± 2%) and treated 
with nitric oxide (NO), after 25 days of 
storage, plus 5 days of shelf life (23 ± 3°C 
and RH of 65% ± 5%)
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to the reduction of oxidative stress and to prolonged fruit conserva-
tion and commercialization times. The results obtained in the present 
study demonstrate that the application of 1 μl/L NO daily increased 
the activity of antioxidant enzymes and reduced lipid peroxidation in 
banana. In cucumber, melon, and banana slices, the application of NO 
also reduced lipid peroxidation and increased the activity of SOD and 
POD enzymes (Wu et al., 2014; Yang et al., 2011; Zhang et al., 2017), 
corroborating the data obtained in the present work.

4  |  CONCLUSION

The use of NO in a CA (1 μl/L applied daily and 5 μl/L applied every 
5 days) delays the ripening of Cavendish banana. Daily application of 
1 μl/L NO during CA storage reduces oxidative stress in Cavendish 
banana after 24 days of storage plus 5 days of shelf life.
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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 CO2 and O2 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 O2 + 0.03 kPa CO2; 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 CO2 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 + ULO1, or CA + ULO2 had higher hexanal and 1-hexanol concentrations, respectively. Therefore, 
storage of “Laetitia” plums in CA + 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 (Fioravanço 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 

(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 & Oelmüller, 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 O2 and CO2) 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 O2 and CO2 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 O2 + 1 kPa CO2 for 55 days compared to 
the fruits stored in CS (21 kPa O2 + CO2 < 0.03 kPa). In this 
sense, the use of CA with O2 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) O2 partial pressures (Berghetti 
et al., 2020; Both et al., 2017; Fernandes et al., 2021), asso-
ciated with high CO2 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 

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 5 × 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 × 36 × 31 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 O2 + 0.03 kPa CO2, temperature 1.7 ± 0.1 °C, and 
94 ± 2% relative humidity), and a controlled atmosphere 
(CA) with low O2 (AC + LO, 2 kPa O2), ultra-low O2 (CA 
+ ULO1, 1.0 kPa O2), ultra-low O2 (CA + ULO2, 0.7 kPa 
O2), and with extremely low O2 (CA + ELO, 0.5 kPa O2) 



Food and Bioprocess Technology	

associated with 1.2 kPa CO2 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 CO2 and 
O2 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 CO2 produced by the 
fruit using a GA7-II electronic gas analyzer (Schele Elec-
tronic Co., Germany). Fruit weight, container volume, and 
CO2 values were used to calculate the respiration rate (nmol 
CO2 kg−1 s−1). 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 s−1).

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 (h°) 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 PR201α (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 (μL L−1) 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 μL plastic syringes and injected into a Clarus 
580 gas chromatograph (PerkinElmer), using an Elite-Wax 
polar column (30 m × 0.25 mm × 0.25 µm 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−1 to 35 °C, maintained 
for 2.20 min, then 10 °C min−1 to 45 °C, maintained for 1.30 
min, followed by 40 °C min−1 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-
ratórios Ltda., Diadema, SP, Brazil) acidified with 0.01% 
HCl (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, 1 mL of Folin–Ciocalteau reagent (Sigma-Aldrich 
Co., St. Louis, USA) at proportion 1:3, 2 mL of sodium 
carbonate (Vetec Química 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., São 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−1).

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 µL 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 (µg Trolox 0.001 kg−1 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 (µg Trolox g−1 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 × 0.25 mm × 0.25 µm 
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−1 up to 
49 °C, and then 10 °C min−1 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.

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 O2 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 O2 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 O2 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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of fruits, it increases stress due to the significant rise in the 
concentration of fermentative metabolism products.

Although the RCI was similar between treatments, h° 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 h° 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 
+ ULO2, or CA + ULO1 had higher h° 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 + ULO1, or 
CA + ULO2. This indicates that a lower O2 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 + ULO1 exhibited higher compression strength 
compared to those stored in CA + LO and CS (Table 1.). 
Additionally, the flesh firmness was higher in plums stored 

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 
O 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)

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

Storage conditions Respiration rate1 Ethylene produc-
tion rate1

Epidermis color1 Red color index1 Strength for 
compression of the 
fruits1Less red side Redder side

Three days of shelf life
 CS 243.3 ± 22.1 a 52.6 ± 3.6 a 26.7 ± 0.7 b 18.5 ± 0.6 b 4.0 ± 0.1 a 21.5 ± 0.8 d
 CA + LO 188.9 ± 14.8 b 5.1 ± 0.8 b 43.1 ± 2.4 a 20.9 ± 1.5 ab 3.8 ± 0.1 a 27.7 ± 1.3 c
 CA + ULO1 169.9 ± 15.8 b 5.7 ± 2.3 b 49.6 ± 7.7 a 21.5 ± 0.8 a 3.8 ± 0.2 a 43.8 ± 3.0 b
 CA + ULO2 190.2 ± 17.6 b 5.8 ± 2.5 b 46.5 ± 1.9 a 21.6 ± 1.9 a 3.8 ± 0.2 a 49.4 ± 3.3 a
 CA + ELO 206.2 ± 13.7 b 0.7 ± 0.2 c 51.8 ± 7.9 a 23.4 ± 2.1 a 3.8 ± 0.1 a 45.8 ± 1.9 ab
 F4, 15 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 ± 27.8 a - 21.2 ± 1.2 c 16.2 ± 2.1 c - 17.5 ± 2.2 b
 CA + LO 359.5 ± 35.2 ab - 26.1 ± 1.2 bc 22.1 ± 2.1 ab - 21.0 ± 2.1 b
 CA + ULO1 295.2 ± 11.1 b - 27.4 ± 2.2 b 19.4 ± 2.0 bc - 29.4 ± 4.6 a
 CA + ULO2 314.8 ± 52.0 b - 29.7 ± 1.4 ab 19.9 ± 2.2 bc - 34.1 ± 4.8 a
 CA + ELO 299.8 ± 20.1 b - 34.7 ± 4.4 a 26.1 ± 3.8 a - 35.9 ± 1.5 a
 F4, 15 7.8705 - 16.1870 8.7696 - 22.8751
 P-value 0.0013 -  < 0.0001 0.0007 -  < 0.0001

Table 2   Ethyl acetate (µL L−1), acetaldehyde (µL L−1), and ethanol 
(µL L−1) concentrations in “Laetitia” plums stored under cold storage 
(CS, 21 kPa O2 + 0.03 kPa CO2; 1.7 ± 0.9 °C and 96 ± 2% relative 
humidity), or in a CA, with different O2 partial pressures (CA + LO, 
2  kPa O2; CA + ULO1, 1.0 kPa O2; CA + ULO2, 0.7 kPa O2; and 
CA + ELO, 0.5 kPa O2) associated with 1.2 kPa CO2 for 50 days of 
storage followed by 3 and 5 days of shelf life (20 ± 2 °C and 65 ± 5% 
relative humidity)

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

Storage conditions Ethyl acetate1 Acetaldehyde1 Ethanol1

Three days of shelf life
 CS 5.5 ± 1.77 b 0.60 ± 0.06 c 149.5 ± 17.1 c
 CA + LO 6.9 ± 2.11 b 0.69 ± 0.10 bc 240.8 ± 46.4 b
 CA + ULO1 5.5 ± 0.62 b 1.08 ± 0.07 ab 233.1 ± 11.3 b
 CA + ULO2 6.9 ± 0.73 b 1.09 ± 0.20 ab 283.0 ± 19.9 b
 CA + ELO 12.1 ± 1.26 a 1.48 ± 0.33 a 1002.9 ± 318.2 a
 F4, 15 14.8300 13.7341 64.6400
 P-value  < 0.0001  < 0.0001  < 0.0001
Five days of shelf life
 CS 1.80 ± 0.60 c 0.18 ± 0.10 b 212.7 ± 24.4 b
 CA + LO 5.86 ± 0.64 b 0.40 ± 0.12 ab 200.0 ± 14.3 b
 CA + ULO1 4.02 ± 0.51 b 0.40 ± 0.11 ab 194.3 ± 46.7 b
 CA + ULO2 5.40 ± 0.57 b 0.47 ± 0.13 a 201.1 ± 35.0 b
 CA + ELO 8.58 ± 1.65 a 0.59 ± 0.09 a 508.1 ± 121.7 a
 F4, 15 30.1890 7.7671 19.7242
 P-value  < 0.0001 0.0013  < 0.0001
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in CA + ELO and CA + 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 O2 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 O2 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 + ULO1 
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 
O2 partial pressures in maintaining higher titratable acid-
ity in fruits stored under CA + ULO1 and CA + ULO2 
diminished, with acid values becoming similar across all 
treatments (Table 3).

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 O2 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 O2 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 O2 partial pressure in CA + 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 

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 O2 + 0.03 kPa CO2; 1.7 ± 0.9 °C and 96 ± 2% relative humidity), 
or in a CA, with different O2 partial pressures (CA + LO, 2 kPa O2; 

CA + ULO1, 1.0 kPa O2; CA + ULO2, 0.7 kPa O2; and CA + ELO, 
0.5 kPa O2) associated with 1.2 kPa CO2 for 50 days of storage fol-
lowed by 3 and 5 days of shelf life (20 ± 2 °C and 65 ± 5% relative 
humidity)

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

Storage conditions Flesh firmness1 Titratable acidity1 Soluble solids1 Flesh browning1 L*1 Rot1

Three days of shelf life
 CS 7.1 ± 0.1 d 0.54 ± 0.1 b 10.4 ± 0.6 a 80.5 ± 9.5 a 49.7 ± 0.6 b 22.2 ± 14.1 a
 CA + LO 9.4 ± 0.7 c 0.79 ± 0.1 ab 9.9 ± 0.4 a 76.9 ± 6.1 a 49.1 ± 2.2 b 24.2 ± 11.0 a
 CA + ULO1 17.3 ± 0.8 b 1.15 ± 0.1 a 10.2 ± 0.3 a 23.3 ± 19.2 b 56.6 ± 1.1 a 8.0 ± 3.9 a
 CA + ULO2 18.5 ± 1.0 ab 1.14 ± 0.1 a 10.4 ± 0.1 a 34.5 ± 11.5 b 56.7 ± 0.7 a 12.2 ± 10.4 a
 CA + ELO 19.6 ± 0.6 a 0.92 ± 0.1 ab 9.9 ± 0.1 a 80.4 ± 3.8 a 49.8 ± 1.2 b 12.8 ± 5.8 a
 F4, 15 242.72 40.912 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 c 0.46 ± 0.1 a 5.3 ± 0.8 b 95.8 ± 8.3 a 40.1 ± 3.1 cd 38.2 ± 15.5 ab
 CA + LO 6.3 ± 0.2 c 0.48 ± 0.1 a 5.2 ± 0.5 b 91.9 ± 7.3 a 34.7 ± 2.5 d 52.1 ± 17.2 a
 CA + ULO1 11.1 ± 0.8 b 0.45 ± 0.1 a 6.9 ± 0.4 a 55.6 ± 9.8 b 52.3 ± 2.7 a 16.9 ± 12.1 bc
 CA + ULO2 12.3 ± 1.3 ab 0.45 ± 0.1 a 7.2 ± 0.6 a 47.9 ± 9.9 b 47.1 ± 2.2 ab 14.3 ± 2.2 bc
 CA + ELO 14.0 ± 1.2 a 0.46 ± 0.1 a 6.5 ± 0.4 a 85.1 ± 6.5 a 41.8 ± 1.9 bc 10.2 ± 7.5 c
 F4, 15 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
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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 h° 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 h° 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 (Corrêa 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 O2 
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 + ULO1. Horvat et al. 
(1992) identified E- 2-hexenal as the primary aromatic 
constituent among aldehydes in freshly picked plums. In 
this study, reducing the O2 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 O2 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 

Table 4   Total phenolic content (g GAE kg−1 fresh weight) and total 
antioxidant activity (g GAE kg−1 fresh weight) quantified by ABTS 
and DPPH methods in the pulp of “Laetitia” plums stored under cold 
stored (CS, 21 kPa O2 + 0.03 kPa CO2; 1.7 ± 0.9 °C and 96 ± 2% 
relative humidity), or in a CA with different oxygen partial pressures 
(CA + LO, 2 kPa O2; CA + ULO1, 1.0 kPa O2; CA + ULO2, 0.7 kPa 
O2; and CA + ELO, 0.5 kPa O2) associated with 1.2 kPa CO2 for 50 
days of storage followed by for 5 days of shelf life (20 ± 2 °C and 65 
± 5% relative humidity)

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

Storage conditions Total phenolic 
content1

ABTS1 DPPH1

CS 118.6 ± 5.4 a 42.7 ± 12.2 a 81.2 ± 6.1 a
CA + LO 106.1 ± 9.3 a 50.5 ± 14.6 a 84.8 ± 5.4 a
CA + ULO1 90.0 ± 1.2 b 13.6 ± 5.1 b 64.8 ± 3.5 b
CA + ULO2 76.6 ± 6.4 c 7.8 ± 1.6 b 66.4 ± 3.0 b
CA + ELO 88.3 ± 5.3 bc 14.6 ± 4.2 b 57.7 ± 5.0 b
F 29.055 18.175 23.242
d.f 15 15 15
P-value  < 0.0001  < 0.0001  < 0.0001
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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 + ELO compared to other treat-
ments. Ethanol, a key aroma-active volatile compound, 
is naturally synthesized by fruits during maturation and 

ripening through ethanol metabolism (Lv et al., 2021). 
However, storing fruits in a controlled atmosphere with 
extremely low O2 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 

Table 5   Aromatic profile and volatile compound concentration (g 
kg−1 of fresh mass expressed in the equivalent of N-alkanes C7-C40) 
in “Laetitia” plums fruit stored under cold storage (CS, 21 kPa O2 + 
0.03 kPa CO2), or in a CA (1.7 ± 0.9 °C and 96 ± 2% relative humid-

ity) with different oxygen partial pressures (CA + LO, 2 kPa O2; CA 
+ ULO1, 1.0 kPa O2; CA + ULO2, 0.7 kPa O2; and CA + ELO, 0.5 
kPa O2) associated with 1.2 kPa CO2 for 50 days of storage followed 
by for 5 days of shelf life (20 ± 2 °C and 65 ± 5% relative humidity)

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

Compound Storage conditions1 P-value

Cold storage (CS) Controlled atmosphere (CA)

2 kPa O2 1.0 kPa O2 0.7 kPa O2 0.5 kPa O2

Aldehydes
 3-methyl butanal 0.0130 ± 0.0040 a 0.0140 ± 0.0032 a 0.0110 ± 0.0021 a 0.0131 ± 0.0020 a 0.0120 ± 0.0011 a 0.0152
 Acetaldehyde 0.0120 ± 0.0020 b 0.0130 ± 0.0010 b 0.0110 ± 0.0020 b 0.0160 ± 0.0031 ab 0.0250 ± 0.0020 a 0.0021
 Decanal 0.0008 ± 0.0001 a 0.0008 ± 0.0001 a 0.0007 ± 0.0001 a 0.0008 ± 0.0002 a 0.0007 ± 0.0001 a 0.0001
 E- 2-hexenal 0.0480 ± 0.0100 b 0.0861 ± 0.0012 ab 0.0931 ± 0.0202 a 0.1210 ± 0.0202 a 0.1051 ± 0.0323 a 0.0007
 E- 2-octenal 0.0140 ± 0.0010 a 0.0152 ± 0.0011 a ND ND ND 0.0059
 Hexanal 0.1030 ± 0.0150 b 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 ± 0.0140 a 0.2090 ± 0.0201 a 0.2153 ± 0.0180 a 0.2040 ± 0.0600 a 0.2121 ± 0.0212 a 0.1014
 1-butanol 0.0311 ± 0.0019 a 0.3167 ± 0.0007 a 0.0339 ± 0.0056 a 0.0316 ± 0.0021 a 0.0312 ± 0.0010 a 0.0001
 1-hexanol 0.2461 ± 0.0269 b 0.2286 ± 0.0155 b 0.3902 ± 0.0898 a 0.4051 ± 0.0446 a 0.3033 ± 0.0293 ab 0.0029
 1-octen- 3 -ol 0.0560 ± 0.0300 a 0.0612 ± 0.0071 a 0.0520 ± 0.0020 a 0.0520 ± 0.0021 a 0.0531 ± 0.0051 a 0.7297
 2-methyl- 1-propanol 0.0100 ± 0.0010 a 0.0093 ± 0.0010 a 0.0070 ± 0.0061 a 0.0081 ± 0.0010 a 0.0100 ± 0.0010 a 0.0293
 3-hexen- 1 -ol 0.1450 ± 0.0300 b 0.1391 ± 0.0203 b 0.2732 ± 0.0101 a 0.2510 ± 0.0505 a 0.1960 ± 0.0100 ab 0.0027
 3-methyl- 1-butanol 0.0290 ± 0.0050 a 0.0182 ± 0.0032 b 0.0180 ± 0.0051 b 0.0170 ± 0.0031 b 0.0170 ± 0.0030 b 0.0206
 Ethanol 0.8240 ± 0.1500 bc 0.5191 ± 0.0900 d 0.6200 ± 0.0822 cd 1.1500 ± 0.1802 b 3.1370 ± 0.3712 a 0.0001
 Z- 2-hexen- 1 -ol 0.0480 ± 0.0200 b 0.0400 ± 0.1523 b 0.0340 ± 0.0202 b 0.0371 ± 0.0202 b 0.0921 ± 0.0212 a 0.0014
Esters
 Ethyl acetate 0.0380 ± 0.0080 b 0.0230 ± 0.0050 b 0.0471 ± 0.0303 ab 0.0500 ± 0.0101 ab 0.0900 ± 0.0411 a 0.0015
 Hexyl acetate 0.0028 ± 0.0010 b 0.0025 ± 0.0010 b 0.0022 ± 0.0010 b 0.0041 ± 0.0010 ab 0.0050 ± 0.0010 a 0.0039
 Butyl butanoate 0.0018 ± 0.0001 a 0.0017 ± 0.0002 a 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 ± 0.0012 a 0.0520 ± 0.0015 ab 0.0460 ± 0.0021 ab 0.0341 ± 0.0017 b 0.0138
 Hexyl butanoate 0.0010 ± 0.0006 a 0.0011 ± 0.0001 a 0.0010 ± 0.0002 a 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 ± 0.0010 b 0.0100 ± 0.0012 b 0.0121 ± 0.0030 ab 0.0154
 Ethyl hexanoate 0.0080 ± 0.0010 c 0.0180 ± 0.0021 a 0.0080 ± 0.0020 c 0.0120 ± 0.0020 b 0.0110 ± 0.0011 bc 0.0001
 Ethyl octanoate 0.0017 ± 0.0010 ab 0.0014 ± 0.0020 b 0.0014 ± 0.0040 b 0.0021 ± 0.0010 a 0.0019 ± 0.0021 ab 0.0067
 Z- 2-ethyl butanoate 0.0190 ± 0.0020 a 0.0201 ± 0.0022 a 0.0211 ± 0.0020 a 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 ± 0.0020 a 0.0001
Ketones
 6-methyl- 5-hepten- 2-ona 0.0150 ± 0.0060 a 0.0051 ± 0.0030 b 0.0050 ± 0.0010 b 0.0070 ± 0.0022 b 0.0061 ± 0.0020 b 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
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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 + 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- 
1-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 O2 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 O2 
(1.0 kPa O2 and 0.7 kPa O2) and extremely low O2 (0.5 kPa 
O2) associated with 1.2 kPa CO2 delaying the fruit ripening 
process.

Storage of “Laetitia” plum fruits stored in a CA with 1.0 
kPa O2 or 0.7 kPa O2 associated with 1.2 kPa CO2 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 O2 (0.7 kPa O2) 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 O2 (0.5 kPa 
O2) associated with 1.2 kPa CO2 leads to off-aroma forma-
tion in “Laetitia” plums.
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Treatment of ’cripps pink’ apples with nitric oxide in a controlled 
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A B S T R A C T   

The objective of this work was to evaluate the impact of nitric oxide application (in different doses 0, 1, 2, 5 e 10 
μL L− 1 of NO) on fruit quality and formation of anaerobic metabolism products of ’Cripps Pink’ apples stored in a 
controlled atmosphere ultra-low oxygen (CA - ULO). Fruit were harvested at two maturity stages (less and more 
mature) and stored in CA - ULO (0.8 kPa of O2, <0.5 kPa of CO2, at temperature of 1.5 ± 0.2 ◦C, and 94 ± 2% 
RH) for four and eight months, followed by seven days of shelf life. Fruit in CA - ULO were treated weekly with 0, 
1, 2, 5, or 10 μL L− 1 of NO. In general, linear and quadratic models adjusted to quantitative levels of NO showed 
reduced respiration and ethylene evolution rates with the increase of NO concentrations. Also, the increase of NO 
concentration consistently reduced the activities of β-GAL and PG, preserved flesh firmness, and reduced the 
production of anaerobic metabolites (acetaldehyde and ethanol) and the incidence of decay in the fruit. These 
effects of NO concentrations on each quality attribute were dependent on maturity stage and storage duration 
(period in CA - ULO and/or subsequent shelf life). However, the results show that weekly application of 5–7 μL 
L− 1 of NO during storage in CA - ULO maintained the quality of ’Cripps Pink’ apples.   

1. Introduction 

The Australian apple cultivar ’Cripps Pink’ stands out worldwide 
among the others, mainly for the differentiated organoleptic charac
teristics of its fruit, such as balanced flavors in sweetness and acidity, a 
white, crispy, and juicy flesh, skin pink coloration, the smooth aspect of 
the epidermis, and its intense aroma (Corrigan et al., 1997). This cultivar 
is already present in most apple-producing areas in the world, occupying 
significant production areas in countries such as United States of 
America, Chile, Argentina, Uruguay, Brazil, France, Spain, Italy, Japan, 
Australia, New Zealand, and South Africa (Apple & Pear Australia Ltd., 
2023). 

’Cripps Pink’ apples reaching the quality standards stipulated by the 
Pink Lady® brand (at least 40% of the epidermis covered with red color, 
minimum soluble solids of 13%, and minimum flesh firmness of 64 N) 
can be marketed internationally, through the club system (Apple & Pear 

Australia Ltd., 2023; Steffens et al., 2021a). However, only 70% of the 
worldwide production of ’Cripps Pink’ reaches the standards required 
for marketing as Pink Lady® (Apple & Pear Australia Ltd., 2023). In 
addition, in countries such as Brazil, logistical problems that hinder the 
flow of production, such as the lack of refrigerated containers for 
maritime export, are still recurrent. The occurrence of these setbacks 
added to the fact that the ’Cripps Pink’ apple crop is concentrated in a 
short period of the year (between April and May in the southern hemi
sphere and October and November in the northern hemisphere) requires 
the adoption of appropriate storage strategies that allow the market to 
guarantee the market fruit’s quality during the off-season. 

Controlled atmosphere (CA) storage is consolidated for apples, 
allowing a reduction of metabolism and an increase in the postharvest 
period of the fruit (Thewes et al., 2018). However, the exclusive or 
erroneous use of CA can lead to the formation of undesirable flavors 
from the accumulation of anaerobic compounds and a high incidence of 
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physiological disorders and rots, with consequent loss of quality during 
and after storage (Thewes et al., 2019; Fernandes et al., 2021). 

Technologies complementary to CA must be studied, to reduce 
ethylene production, delay ripening and provide a better maintenance of 
fruit quality during storage. Currently, the main technology used to 
complement CA has been 1-methylcyclopropene (1-MCP). However, 
fruit treatment with 1-MCP has a high cost, might increase the incidence 
of physiological disorders and decay, and negatively impact on aroma of 
the fruit (Watkins, 2006; Mditshwa et al., 2018). 

Nitric oxide (NO) is a gaseous bioactive molecule produced naturally 
by living organisms (Buet et al., 2021; Pols et al., 2022). NO acts 
antagonistically to ethylene biosynthesis and, consequently, delays fruit 
ripening and senescence (Palma et al., 2019; Sun et al., 2021; Buet et al., 
2021). In addition, the application of NO can prevent chilling injury and 
promote fruit resistance against rot-causing pathogens (Buet et al., 2021; 
Li et al., 2022). However, the effect of NO depends on several factors, 
such as dose and exposure time, specie, cultivar, and fruit maturity stage 
(Coser et al., 2022; Steffens et al., 2021b; Gularte et al., 2022). 

CA - ULO is a favorable environment for the application of NO due to 
the reduced concentration of O2, which prevents the formation of NO2 
and maintains the activity of this compound for extended exposure time. 
Therefore, the combination of CA - ULO with the application of NO can 
provide better maintenance of the physicochemical and sensory char
acteristics of ’Cripps Pink’ apples. 

To the best of our knowledge, there are no records of studies eval
uating the impact of different doses of NO reapplied during CA - ULO 
storage on fruit quality, formation of products of anaerobic metabolism 
and the activity of enzymes related to loss of flesh firmness of ’Cripps 
Pink’ apples. 

This study was carried out to evaluate the impacts of the weekly 
application of NO (in different doses 0, 1, 2, 5 e 10 μL L− 1 of NO) during 
CA - ULO storage, of ’Cripps Pink’ apples harvested in two maturity 
stages, on fruit quality and formation of anaerobic metabolism products. 

2. Materials and methods 

2.1. Fruit harvest and storage conditions 

The experiment was carried out with ’Cripps Pink’ apples harvested 
in 2020/2021 in a commercial orchard located in Vacaria, RS (latitude 
of 28º 30’ 44" S, longitude of 50º 56’ 02" W, and altitude of 971 m). 
Approximately 120 kg− 1 of fruit (were harvested at each of the matu
ration stages. After harvest, fruit were transported to the laboratory for 
homogenization of the experimental units. Fruit with mechanical dam
age or damage caused by pathogens or insects were discarded. 

Fruit were harvested at two maturity stages (Table 1) and then 
treated weekly during CA-ULO storage with NO at the doses of 0 (con
trol), 1, 2, 5, or 10 μL L–1. These doses of NO were chosen based on 
results published previously by other authors in climacteric fruit (Palma 
et al., 2019; Steffens et al., 2021a). Fruit harvested at both maturity 

stages were stored in CA - ULO for four and eight months. 
NO (from a high-pressure gas cylinder, with 1.000 μL– 1 + N2 to 

balance; White Martins®, Brazil) was applyed in CA - ULO, an envi
ronment with low O2, which prevents the reaction between NO and O2 
and the formation of NO2 (a toxic gas). The first application of NO in the 
microchambers occurred when the partial pressure of O2 was at 1 kPa, 
and the reapplications were performed every seven days, according to 
the concentrations established in the treatments. 

CA - ULO was implemented gradually in experimental micro
chambers (with a volume of 0.25 m3), as described by Fernandes et al. 
(2021)., to achieve 0.8 kPa O2 and < 0.5 kPa CO2, at a temperature of 
1.5 ± 0.2 ◦C and RH of 94 ± 2%. The O2 and CO2 partial pressures were 
monitored daily, as described by Thewes et al. (2018), using an elec
tronic gas analyzer (ROHS 2005/95 EC, Shelle®, Germany). When 
necessary, O2 and CO2 concentrations were reduced using gaseous ni
trogen injection from high-pressure cylinders, while atmospheric air 
injection was performed to increase O2 levels. Storage temperature was 
monitored daily using mercury thermometers (5100, Incoterm®, Brazil) 
introduced into the flesh of some fruit. 

2.2. Evaluation of fruit quality attributes 

At harvest, four replicates of fifteen fruit were evaluated for skin 
color on the redder and less red side (background color), red color index, 
starch iodine index, flesh firmness, soluble solids content (SSC), and 
titratable acidity (TA). After both CA - ULO storage periods, at the 
opening of the chambers, the fruits were evaluated for respiratory rate 
and ethylene production rate (only at eight months storage), skin 
background color, incidence of rot, and skin greasiness. After seven 
more days of shelf life (23 ± 2 ◦C and RH of 65 ± 5%), fruit were 
analyzed for respiratory rates and ethylene production, skin background 
color, incidence of rot, greasiness, TA, SSC, flesh firmness (FF), activity 
of the enzymes polygalacturonase (PG) and β-galactosidase (β-GAL), and 
contents of acetaldehyde, ethanol, and ethyl acetate. The background 
color of the epidermis was analyzed in terms of the hue angle (h º), using 
a CR 400 colorimeter (Konica Minolta®, Japan). The h◦ defines the basic 
coloration, where 0◦ = red, 90◦ = yellow, 180◦ = green, and 270◦ =

blue. 
The red color index (RCI) was evaluated by classifying the fruit into 

four distinct categories of red color cover: (1) 0–25%, (2) 26–50%, (3) 
51–75%, and (4) 76–100%. 

The starch-iodine index was assessed on the proximal halves of the 
fruit dipped in a solution of 4% potassium iodide/1% iodine for 2 min, 
through a scale with values ranging from 1 (the entire surface stained 
with iodine, corresponding to the predominance of starch) to 8 (the 
entire surface not stained with iodine, corresponding to the predomi
nance of soluble sugars) (Blanpied and Silsby, 1992). 

To quantify ethylene production rates (ρmol C2H4 kg− 1⋅s− 1) and 
respiration rates (ηmol CO2 kg− 1⋅s− 1), 10 fruit of each repetition were 
packed in hermetic glass containers with a volume of 6.1 L. After 60 min, 
air samples were taken from the headspace of the containers using 1 mL 
plastic syringes. To determine ethylene production, the collected sam
ples were injected in a gas chromatograph (Clarus 580, PerkinElmer®, 
USA) equipped with a 3 m long Porapak N (80–100 mesh) column and a 
flame ionization detector. The column, detector and injector tempera
tures were 70, 250, and 130 ◦C, respectively. The gases used in the 
mobile phase were nitrogen, hydrogen, and synthetic air, with flows of 
70, 30, and 300 mL min− 1, respectively. The respiratory rate was 
quantified through the difference in CO2 concentration in the headspace 
of the glass containers (difference from beginning to end). The con
centration of CO2 was determined using an electronic gas analyzer (O2 
and CO2) (ROHS 2005/95 EC, Schelle®, Germany) with closed circuit 
circulation. 

The incidence of rot (%) was assessed by counting the number of 
apples with symptoms of fungal infections. The skin greasiness was 
evaluated subjectively, as described by Yang et al. (2017). The apples 

Table 1 
Skin color (h◦), red color index (RCI; 1–4), flesh firmness (FF; N), starch-iodine 
index (SII; 1–8), soluble solids content (SSC; %), and titratable acidity (TA; % of 
malic acid) of ’Cripps Pink’ apples harvested at two maturity stages (1 - less 
mature, and 2 - more mature).  

Maturity 
stage 

Skin color  RCI FF SII SSC TA 

Sun 
exposed 
side 

Shaded 
side  

Maturity 1 51.9* 116.4*  1.2 
* 

94.2 
* 

1.4 
* 

12.5 
* 

0.81 
* 

Maturity 2 43.3 107.0  2.3 82.5 2.3 13.8 0.68 
CV (%) 5.2 9.5  5.7 6.5 3.3 4.5 7.0  

* Means with in the columns are different by the t-test (p < 0.05). CV: Coef
ficient of variation 
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were rubbed against the hand, and the score of the degree of oiliness was 
assigned as none (0), light (1), moderate (2), or intense (3). 

Transverse slices were removed from the equatorial region of the 
fruit and crushed in an electric centrifuge (PG 710/G5, Champion 
Juicer®, USA) to obtain the juice for soluble solids content (SSC) and 
titratable acidity (TA) evaluation. SSC (%) was assessed in 0.5 mL of 
juice, using a precision digital refractometer, with automatic tempera
ture measurement and compensation for 20 ◦C (PR201α, Atago®, 
Japan). TA (% malic acid) was assessed by titration of 5 mL of juice 
diluted in 45 mL of distilled water. Titration was performed up to pH 8.1 
in an automatic titrator (TitroLine Easy, Schott Instruments®, Germany) 
with 0.1 N NaOH solution. 

Flesh firmness (FF) was assessed in the equatorial region of the fruit, 
on two opposite surfaces, after the removal of a small portion of the 
epidermis, with an electronic penetrometer (GÜSS Manufacturing Ltd, 
South Africa) equipped with a tip 11 mm in diameter. The results were 
expressed in Newton (N). 

Enzymatic extraction and determination of β-GAL were performed 
according to the method described by Wei et al. (2010), while PG ac
tivity was quantified as described by Pathak and Sanwal (1998). Before 
extraction, the flesh samples for β-GAL and PG assay were frozen in 
liquid nitrogen for 10 min, kept in an ultra-freezer (MDF-U76VC, 
Panasonic®, Japan) at − 80 ◦C, and subjected to sublimation drying 
using a semi-industrial lyophilizer (LH, Terroni®, Brazil). Freeze-drying 
was performed for 12 h at 0 ◦C and 12 h at 35 ◦C, totaling 24 h. After 
freeze-drying, the samples were processed for one minute in a vibratory 
ball mill (BM 500, Anton Paar®, Austria), using two spheres per capsule 
and a frequency of 30 Hz. 

For the determination of anaerobic metabolism compounds (acetal
dehyde, ethanol, and ethyl acetate), 20 mL of juice, obtained from the 
processing of transverse slices of the fruit, was frozen at − 80 ◦C in 
’headspace’ vials (with a volume of 45 mL and a metallic lid with a 
siliconized septum) for further analysis. At the time of analysis, the 
frozen samples were incubated in a water bath (NT251, Nova T ́e cnica®, 
Brazil) at 65 ◦C for 40 min to force the migration of the anaerobic 
compounds into the headspace. Subsequently, three samples of 1 mL 
were collected in the headspace of each of the vials and injected into a 
gas chromatograph (Clarus 580, PerkinElmer, USA) equipped with a 
capillary column of polar polyethylene (Elite Wax, PerkinElmer®, USA) 
with 30 m in length and 0.25 mm internal diameter and thickness of the 
film. The furnace, injector, and detector temperatures were 100, 200, 
and 230 ◦C, respectively. The gas flow consisted of 300 μL min− 1 of 
synthetic air, 30 μL min− 1 of hydrogen, and 30 μL min− 1 of N2. A cali
bration standard containing known concentrations of acetaldehyde, 
ethanol, and ethyl acetate was used to calculate the concentration of the 
compounds in the samples. 

2.3. Experimental design and statistical analysis 

The experiment followed a completely randomized design. Each 
treatment consisted of five replications, and each experimental unit 
consisted of 40 fruit. The means of the attributes analyzed in the initial 
characterization (two maturity stages) were compared using the Stu
dent’s t-test (p < 0.05). The data for analyses obtained after storage were 
submitted for analysis of variance (ANOVA) and regression analysis. 
Data for analyses expressed as percentages were previously transformed 
into arcsen (x + 0.5)1/2/100. In linear adjustments, the dose of 10 μL L− 1 

of NO was considered the maximum response. For the variables with 
quadratic adjustments, the maximum response dose was calculated by 
deriving (Eq. (1)) and equaling to zero (Eq. (2)) the functions obtained. 

y = cx2 + bx+ a (1)  

dy
dx

∴2cx+ b = 0 (2) 

All analyses were performed using the statistical software Assistat, 

version 7.7 (Silva and Azevedo., 2016). 

3. Results and discussion 

Fruit harvested at the two maturity stages had contrasting matura
tion indices (Table 1). Fruit of the less advanced maturation stage did 
not reach the quality standards for commercialization in the interna
tional club system, mainly due to the epidermis coloration below 40%, 
while fruit with more advanced maturation reached the standards 
required by the brand and could be marketed, at the time of harvest, as 
Pink Lady® (Apple & Pear Australia Ltd., 2023). 

3.1. Ethylene and respiratory production rates 

For fruit harvested at maturity 1 (less mature fruit), after eight 
months of CA - ULO storage, the quadratic model adjusted to NO con
centrations showed that 6.5 μL L− 1 of NO provided the lowest ethylene 
production. However, after shelf life, the increase of NO concentration 
did not affect ethylene production (Fig. 1 A). For fruit harvested at 
maturity 2 (more mature fruit), after eight months of CA - ULO storage 
(at the end of CA storage), the lowest ethylene production was obtained 
with concentrations of 5.3 and 5.7 μL L− 1 of NO, at the exit of the CA - 
ULO and after seven days of shelf life, respectively (Fig. 1B). 

NO acts antagonistically to ethylene, delaying ripening in climacteric 
fruit (Leshem and Pinchasov, 2000). The effects of NO on ethylene 

Fig. 1. Ethylene production rate (pmol C2H4 Kg− 1 s− 1) of ’Cripps Pink’ apples, 
harvested at the maturity stages 1 (A) and 2 (B), after eight months of storage in 
CA - ULO (0.8 kPa O2 + <0.5 kPa CO2; 1.5 ± 0.2 ◦C and RH of 94 ± 2%), at 
removal from storage and after seven days of shelf life (23 ± 2 ◦C and RH of 65 
± 5%), in response to weekly application of different concentrations of NO. 
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biosynthesis are due to the stoichiometric decrease of ACC to 1-(malo
nylamino)cyclopropane-1-carboxylic acid (MACC) 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). In addition, NO 
can inhibit the activities of ACC synthase and ACC oxidase, as well as the 
expression of genes coding for these enzymes (Li et al., 2022). NO can 
also regulate ethylene biosynthesis by modifying the enzyme methio
nine adenosyltransferase (MAT), via the addition of a NO group to its 
side chains, reducing the levels of SAM and, consequently, ACC forma
tion (Mukherjee, 2019). 

After four months of storage, at the exit of the CA - ULO, the respi
ratory rate of fruit harvested at maturity 1 was not affected by NO 
concentrations (Fig. 2 A). However, after seven days of shelf life, the 
quadratic model adjusted to NO concentrations showed that fruit treated 
with 6.7 μL L− 1 of NO had the lowest respiration (Fig. 2 A). For fruit 
harvested at maturity 2, the respiratory rate, assessed at the exit of the 
CA - ULO, had a linear decrease with the increase of NO concentration, 
while after seven days of shelf life, fruit treated with 6.5 μL L− 1 of NO 
had the lowest respiration (Fig. 2 C). 

After eight months of storage, at the exit of the CA - ULO, fruit 
harvested at both maturities had a linear reduction of respiration with 
the increase of NO concentration (Fig. 2C and D). However, after seven 
days of shelf life, fruit harvested at maturities 1 and 2 had the lowest 
respiration at 6.4 and 6.1 μL L− 1 of NO, respectively (Fig. 2B and D). 

NO reduces respiration possibly by the suppressing ethylene pro
duction in climacteric fruit (Palma et al., 2019). In addition, NO inhibits 
reversibly cytochrome c oxidase in the electron transport chain (Millar 
and Day, 1996; Pandey et al., 2019), as well as negatively regulate 
important proteins in the respiratory process, such as phosphoglycerate 
kinases and mutase and triosephosphate isomerase (Kang et al., 2016). 

Steffens et al. (2021a, 2021b) reported reduction of respiratory rate 
in ’Cripps Pink’ apples treated with NO. In other climacteric fruit, such 
as kiwifruit, papaya, and banana, the application of NO also reduced 
ethylene and respiratory rates (Zhu et al., 2010; Lata et al., 2018; 
Gularte et al., 2022). 

3.2. Skin background color 

After four months of storage, there was no difference between 
treatments for the skin background color (data not shown). However, 
after eight months of storage, fruit harvested at maturities 1 and 2, had 
the highest values of h◦ (assessed both, at the exit of the CA - ULO and 
after seven days of shelf life) when treated with 5.3 μL L− 1 and 
5.9 μL L− 1 of NO, respectively (Fig. 3A and B). The high h◦ indicates a 
greener skin coloration (higher chlorophyll content) in fruit treated with 
NO (Steffens et al. 2021b). NO inhibits the activity of enzymes such as 
chlorophyllase and magnesium-dechelatase, promotes the antioxidant 
defense system, resulting in lower oxidative stress, with preservation of 

Fig. 2. Respiratory rate (nmol CO2 kg− 1 s− 1) of ’Cripps Pink’ apples, harvested at maturity stages 1 (A and B) and 2 (C and D), after four and eight months of storage 
in CA - ULO (0.8 kPa O2 + <0.5 kPa CO2; 1.5 ± 0.2 ◦C and 94 ± 2% RH), at removal from storage and after seven days of shelf life (23 ± 2 ◦C and RH of 65 ± 5%), in 
response to weekly application of different concentrations of NO. 
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chlorophyll content (Manjunatha et al., 2012; Wang et al., 2015). In 
addition, the exposure of plant tissues to ethylene increases gene 
expression, biosynthesis, and activity of chlorophyllase, accelerating the 
hydrolysis of chlorophylls and the loss of green coloration (Jacob-Wilk 
et al., 1999). Thus, the lower ethylene production provided by the 
application of NO may have reduced chlorophyll degradation. 

In other climacteric fruit, such as plum (Singh et al., 2009), mango 
(Ren et al., 2017), and banana (Gularte et al., 2022), the application of 
NO also maintained the green color of the fruit. In ’Cripps Pink’ apples, 
the pre-storage treatment with NO application also maintained the 
green color of the fruit (Steffens et al., 2021a). 

3.2.1. Flesh firmness and activity of PG and β-GAL enzymes 
For flesh firmness assessed after four months of storage, followed by 

seven days of shelf life, there was no effect of NO treatments, regardless 
of maturity stage at harvest (data not shown). However, after eight 
months of storage, followed by seven days of shelf life, the quadratic 
models adjusted show a higher flesh firmness for NO treatments at the 
doses of 5.9 μL L− 1 and 6.7 μL L− 1for fruit harvested at the maturity 
stages 1 and 2, respectively (Fig. 4A and B). Flesh firmness is a quality 
attribute closely related to fruit ripening (Buet et al., 2021). When stored 

in CA - ULO for up to six months, the apples did not enter the phase of 
rapid softening, maintaining flesh firmness (Gwanpua et al., 2014), 
which may explain the lack of significant differences between treat
ments for this attribute after four months of storage. 

In fruit harvested at maturity 1, there was no effect of NO doses on 
the activities of β-GAL and PG assessed after four months of storage, 
followed by seven days of shelf life (data not shown). However, after 
eight months of storage followed by seven days of shelf life, the adjusted 
quadratic model showed a lower β-GAL activity at for fruit treated with 
5.5 μL L− 1 of NO (Fig. 6). In fruit harvested at maturity 2, the adjusted 
quadratic model showed a lower β-GAL, assessed after four and eight 
months of storage (followed by seven days shelf life), at the doses of 5.8 
and 5.5 μL L− 1 of NO, respectively (Fig. 5A and B). PG activity was 
reduced with the application of 5 μL L− 1 of NO, after eight months of 
storage, followed by seven days shelf life (Fig. 5C). 

Several cell wall modifying enzymes can cause pectin polymers to 
undergo structural changes, loosening the cohesion between cells and 
thus resulting in the loss of flesh firmness (Gwanpua et al., 2014). In 
addition, the hydrolysis/solubilization of cellulose, hemicellulose, and 
proteins also contributes to the reduction of flesh firmness (Payasi et al., 
2009). Among these enzymes, β-GAL and PG are the main ones 

Fig. 3. Skin background color (h◦) on the shaded side (background color) of 
’Cripps Pink’ apples, harvested at the maturity stages 1 (A) and 2 (B), after 
eight months of storage in CA - ULO (0.8 kPa O2 + <0.5 kPa CO2; 1.5 ± 0.2 ◦C 
and RH of 94 ± 2%), at removal from storage and after seven days of shelf life 
(23 ± 2 ◦C and RH of 65 ± 5%), in response to weekly application of different 
concentrations of NO. 

Fig. 4. Flesh firmness (N) of ’Cripps Pink’ apples, harvested at the maturity 
stages 1 (A) and 2 (B), after eight months of storage in CA – ULO (0.8 kPa O2 +

<0.5 kPa CO2; 1.5 ± 0.2 ◦C and RH of 94 ± 2%), at removal from storage and 
after seven days of shelf life (23 ± 2 ◦C and RH of 65 ± 5%), in response to 
weekly application of different concentrations of NO. 
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positively correlated with the loss of cell wall structure, especially 
during storage (Payasi et al., 2009; Wei et al., 2010; Barman et al., 2014; 
Gwanpua et al., 2014). 

In apples, β-GAL is the main enzyme responsible for the loss of flesh 
firmness during storage (Wei et al., 2010; Gwanpua et al., 2014). The 
activity of cell wall modifying enzymes is regulated by phytohormones 
and signaling molecules related to ripening, especially ethylene, which 
induces the synthesis and activation of these enzymes (Payasi et al., 
2009; Gwanpua et al. 2014; Vall-llaura et al., 2022). Therefore, the 
delay of flesh firmness loss provided by the application of NO might 
reflect the lower production of ethylene and, consequently, the reduced 
activity of cell wall degrading enzymes, especially β-GAL and PG 
(Barman et al., 2014). In jujube fruit (Ziziphus jujuba Mill. cv. Dongzao), 
the treatment with NO suppressed the activity of the enzymes pectina
milsterase (PME), PG, β-GAL, and cellulase, and delayed the disruption 
of cell wall structure during storage (Zhao et al., 2019). 

3.2.2. Soluble solids content and titratable acidity 
SSC values were not affected by the application of NO, regardless of 

maturity stage at harvest and duration of CA storage (data not shown). 
TA was not affected by the application of NO in fruit harvested at 
maturity 2, regardless of CA – ULO storage duration (data not shown). 
However, in fruit harvested at maturity 1, the application of 5 and 
10 μL L − 1 of NO provided higher values of TA, assessed after four and 
eight months of CA - ULO storage (Fig. 7A and B), possibly reflecting the 
lower respiration of fruit treated with higher doses of NO. 

3.2.3. Metabolism anaerobic compounds 
After four months of CA - ULO storage, the concentration of anaer

obic compounds was not affected by the application of NO, regardless of 
fruit maturity stage at harvest (data not shown). However, after eight 
months of CA - ULO storage, followed by seven days of shelf life, the 
fitted quadratic models showed reduced the concentrations of acetal
dehyde in fruit harvested at maturities 1 and 2 when treated with NO at 
the doses of 6.7 and 6.4 μL L− 1, respectively, and reduced concentration 
of ethanol in fruit harvested at maturity 2 when treated with NO at the 
dose of 5.1 μL L− 1 (Table 2). 

The low partial pressure of O2 under CA - ULO storage might cause 
the accumulation of anaerobic metabolism compounds in the fruit (Park 
et al., 2022). These compounds come from the conversion of pyruvic 

Fig. 5. Activity of the enzymes β-Galactosidase (β-Gal) after four months (A) 
and eight months (B) of CA - ULO storage, followed by seven days of shelf life, 
and of polygalacturonase (PG) after eight months of CA - ULO storage, followed 
by seven days of shelf life (C), in ’Cripps Pink’ apples. Fruit were harvested at 
the maturity stage 2, stored in CA - ULO (0.8 kPa O2 + <0.5 kPa CO2; 1.5 
± 0.2 ◦C and RH of 94 ± 2%) and treated weekly with different concentrations 
of NO. 

Fig. 6. Activity of the enzyme β-Galactosidase (β-Gal) in ’Cripps Pink’ apples, 
harvested at the maturity stage 1, after eight months of storage in CA - ULO (0.8 
kPa O2 + <0.5 kPa CO2; 1.5 ± 0.2 ◦C and RH of 94 ± 2%), followed by seven 
days of shelf life (23 ± 2 ◦C and RH of 65 ± 5%), in response to weekly 
application of different concentrations of NO. 
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acid (C3H4O3, formed in glycolysis) into CO2 and acetaldehyde, by the 
enzyme pyruvate decarboxylase (PDC) (Boeckx et al., 2019; Park et al., 
2022). Subsequently, acetaldehyde can be transformed into ethanol by 
the enzyme alcohol dehydrogenase (ADH) (Boeckx et al., 2019). Still, 
ethanol can be metabolized to ethyl acetate by the enzyme alcohol 
acetyltransferase (AAT) (Boeckx et al., 2019; Thewes et al., 2019). This 
metabolic strategy, known as anaerobic respiration, is used produce 
limited amount of ATP under restricted availability of O2 (Boeckx et al., 
2019; Thewes et al., 2019). The accumulation of anaerobic compounds 

during storage should be avoided, otherwise this can cause the devel
opment of off-flavors, cell death and disorders (Thewes et al., 2018; 
Boeckx et al., 2019; Weber et al., 2019). Our results show that ’Cripps 
Pink’ apples harvested in a more mature stage and then stored under CA 
- ULO, the weekly treatment with NO at doses between 5 and 7 μL L− 1 

might reduce the accumulation of anaerobic metabolism compounds. 
NO might reduce the activity of the enzymes involved in anaerobic 
metabolism or reduce the expression/activity of these enzymes by the 
inhibition of ethylene production (Harb et al., 2011). 

3.2.4. Incidence of decay and skin greasiness 
After four months of CA – ULO storage, decay was not affected by the 

application of NO in fruit harvested at maturity 1, assessed at the 
removal from storage (Fig. 8 A). In fruit harvested at maturity 2, the 
incidence of rot assessed at the removal from storage decreased linearly 
with the increase in the concentration of NO applied (Fig. 8 C). How
ever, after eight months of CA – ULO storage, fitted quadratic models 
showed reduced incidence of decay, assessed at the removal from stor
age, in fruit treated with NO at the dose of 6.3 μL L− 1, for both maturities 
(Fig. 8B and D). Furthermore, the incidence of decay assessed following 
seven days of shelf life was not affected by NO treatment, regardless of 
duration in CA – ULO storage and maturity stage of fruit at harvest (data 
not shown). 

In ’Baigent’ apples, NO treatment during CA – ULO storage reduced 
the incidence of decay (Coser et al., 2023). The pretreatment of ’Cripps 
Pink’ apples with NO also reduced the incidence of blue mold (Penicil
lium expansum) (Gularte et al., 2023). NO has been shown to induce 
resistance against pathogenic fungi and prolong the postharvest life of 
fruit (Palma et al., 2019). The application of NO can increase tolerance 
to various stresses, mainly the resistance of plants against pathogens 
(Mur et al., 2017). NO antifungal activity is associated to the regulation 
of hydrogen peroxide levels, stimulation of phenolic compounds syn
thesis, and increase in the activities of phenylalanine ammonia-lyase, 
peroxidase, polyphenoloxidase, catalase, and promotion of the 
ascorbate-glutathione cycle (Ren et al., 2017). In addition, NO can also 
act as a key signal in the acquisition of systemic resistance (Mur et al., 
2005). NO might play a role as a secondary messenger in signaling 
pathways for various plant hormones, which induce the biosynthesis of 
metabolites, such as phytoalexins and phenols, which culminates in the 
formation of toxic lignins or quinones that protect tissues against in
fections by pathogens (Bodanapu et al., 2016; Li et al., 2016). 

The incidence of greasiness was not affected by the application of 
NO, regardless of maturity stage at harvest and duration of CA – ULO 
storage (data not shown). Similarly, Steffens et al. (2021a and 2021b), 
did not report reduction reported reduction of skin greasiness on ’Cripps 
Pink’ apples treated with NO. Skin greasiness is the result of modifica
tions in the composition of the cuticle waxes (Yang et al., 2017) and has 
negative effects on the appearance and acceptability of the fruit in the 
market (Zhang et al., 2019). Storage under CA controls the incidence of 
skin greasiness in apple fruit (Geigenberger, 2003; Fernandes et al., 
2021; Klein et al., 2020), and this might have a major effect controlling 
the disorder than the treatment with NO. 

Fig. 7. Titratable acidity (% malic acid) of ’Cripps Pink’ apples, harvested at 
the maturity stage 1, after four (A) and eight (B) months of storage in CA - ULO 
(0.8 kPa O2 + <0.5 kPa CO2; 1.5 ± 0.2 ◦C and RH of 94 ± 2%), followed by 
seven days of shelf life (23 ± 2 ◦C and RH of 65 ± 5%), in response to weekly 
application of different concentrations of NO. 

Table 2 
Ethanol, acetaldehyde and ethyl acetate content of ’Cripps Pink’ apples, harvested at the maturity stages 1 and 2, and stored in CA - ULO for eight months, followed by 
seven days of shelf life (23 ± 2 ◦C and RH of 65 ± 5%), in response to weekly application of different concentrations of NO.  

Compound NO dose (μL L¡1) / 
Concentration in the sample (μL L¡1) 

Equation R2 

0 1 2 5 10 

Ethanol *  15.7  15.6  15.4  15.7  15.1 – - 
* *  14.9  14.5  12.2  10.9  14.9 y = 0.1653x2 - 1.69x + 15.2 0.94 

Acetaldehyde *  1.2  1.0  0.8  0.6  0.7 y = 0.0149x2 - 0.20x + 1.18 0.98 
* *  0.7  0.5  0.1  0.2  0.2 y = 0.014x2 - 0.18x + 0.6243 0.71 

Ethyl acetate *  11.9  11.5  11.5  11.1  11.4 – - 
* *  5.1  5.5  5.8  5.1  5.0 – - 

*Maturity 1. * *Maturity 2. CV: Coefficient of variation. 
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4. Conclusions 

The weekly treatment of ’Cripps Pink’ apples with nitric oxide during 
controlled atmosphere storage reduced respiration and ethylene evolu
tion rates, reduced activities of β-GAL and PG, preserved flesh firmness, 
and reduced the production of anaerobic metabolites (acetaldehyde and 
ethanol) and the incidence of decay. 

The dose vs response data shows that nitric oxide applied weekly at 
5–7 μL L− 1 preserved the quality of ’Cripps Pink’ apples during 
controlled atmosphere storage (four to eight months period) and addi
tional shelf-life period. 
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Fig. 8. Incidence of decay (%) in ’Cripps Pink’ apples, harvested at the maturity stages 1 (A and B) and 2 (C and D), and stored in CA - ULO (0.8 kPa O2 + <0.5 kPa 
CO2; 1.5 ± 0.2 ◦C and RH of 94 ± 2%) for four and eight months, in response to weekly application of different concentrations of NO. Decay was assessed imme
diately after removal form CA - ULO storage. 
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Abstrato
O objetivo deste trabalho foi avaliar o efeito da aplicação de tecnologias complementares ao 

armazenamento em atmosfera controlada (AC), 1-metilciclopropeno (1-MCP), vapor de etanol 

(Eth) e óxido nítrico (NO), na qualidade de Maçãs “Cripps Pink”. Os tratamentos avaliados foram 

controle (sem tecnologia complementar), 1-MCP (1 μl L−1), Eth (6 ml/kg) e NO (10 e 20 μl L−1), 

aplicado antes dos frutos serem armazenados em AC (1,2 kPa O2+ <0,1kPa CO2às 1,5±0,2°C e 94

±2% UR). Os frutos tratados com 1-MCP apresentaram menores taxas de respiração e produção 

de etileno, escaldadura superficial e frutos farinhentos, casca mais verde e maior firmeza de 

polpa e acidez titulável. Todos os tratamentos adicionais à AC levaram a uma menor frequência 

respiratória e maior conteúdo de compostos fenólicos totais e atividade antioxidante total do 

que o controle. NÃO (10 e 20μeu eu−1) o tratamento antes do armazenamento do CA reduziu a 

frequência respiratória e a escaldadura superficial em comparação ao controle.

Aplicação prática:Este estudo analisou os efeitos do pré-tratamento com 1-metilciclopropeno 

(1-MCP), vapor de etanol e fumigação com NO antes do armazenamento em atmosfera 

controlada de maçãs “Cripps Pink” como forma de preservar a qualidade dos frutos. 1- O 

tratamento MCP manteve melhor qualidade que os demais tratamentos. O tratamento com NO 

apresentou resultados intermediários de manutenção da qualidade, pois reduziu a escaldadura 

superficial e resultou no maior teor de compostos fenólicos totais e atividade antioxidante na 

maçã “Cripps Pink” orgânica.
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1|INTRODUÇÃO Comercialmente, a forma mais comum de armazenar maçãs é em 

atmosfera controlada (AC). A baixa pressão parcial de O2(<2,0 kPa) e alta 

pressão parcial de CO2(≥1,0 kPa) reduzem a produção de etileno e a 

respiração, preservando assim as características físico-químicas e inibindo 

ou reduzindo a ocorrência de alguns distúrbios fisiológicos (Gupta et al., 

2009). No entanto, para prolongar o período de armazenamento e manter 

a qualidade das maçãs, pesquisas são constantemente realizadas 

utilizando diferentes tecnologias associadas ao armazenamento AC (Both 

et al., 2014).

A maçã “Cripps Pink” é um fruto muito atrativo, de cor rosa-avermelhada, polpa 

branca consistentemente crocante, suculência e aroma acentuados (Fioravanço 

et al., 2011), tornando-se assim uma variedade comercial de grande 

importância a nível mundial. Porém, a crescente demanda por qualidade, 

somada à produção concentrada de maçãs em um curto período do ano, 

implica na necessidade de armazenamento adequado da fruta para fornecer ao 

mercado consumidor um produto de qualidade por mais tempo.

J Preservação de Processo Alimentar.
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O 1-metilciclopropeno (1-MCP), um potente inibidor da ação do 

etileno, tem sido utilizado de forma eficaz para controlar o 

amadurecimento e a senescência de frutas como maçãs, bananas, 

mangas, peras, tomates e kiwis (Piriyavinit et al., 2011). O efeito benéfico 

do 1-MCP na manutenção da qualidade dos caules dos frutos deriva do 

seu efeito inibitório sobre a ação do etileno, retardando a perda de 

firmeza da polpa (Akbudak et al., 2009) e reduzindo a ocorrência de 

distúrbios fisiológicos, como escaldadura superficial (Soethe et al., 2016). 

No entanto, esta tecnologia é dispendiosa e apresenta algumas 

desvantagens como o impacto negativo no aroma dos frutos (Thewes et 

al., 2015) e o favorecimento do desenvolvimento de alguma podridão pós-

colheita (Watkins, 2006). Além disso, o 1-MCP restringiu o uso na 

produção orgânica de maçãs.

O tratamento com vapor de etanol (Eth) teve efeito positivo ao 

retardar o amadurecimento de maçãs “Royal Gala” e reduzir a perda de 

firmeza da polpa e produção de etileno (Weber et al., 2016), sendo uma 

alternativa ao 1-MCP. A aplicação de Eth é um tratamento simples e fácil 

(Asoda et al., 2009) e, por ser produzido naturalmente pelas plantas, pode 

ser utilizado em sistemas de produção orgânica. Porém, não há 

informações sobre o uso da aplicação Eth em maçãs “Cripps Pink” 

armazenadas em uma CA.

O óxido nítrico (NO) é outra alternativa para manutenção da qualidade dos 

frutos armazenados, pois reduz o estresse oxidativo (Yin et al., 2012) e a síntese 

de etileno (Manjunatha et al., 2012), podendo prevenir a manifestação de 

distúrbios fisiológicos e atrasar o amadurecimento das maçãs armazenadas. 

Além disso, o NO reduz a incidência de podridão pós-colheita (Abdollahi et al., 

2013). Porém, o efeito do NO depende da sua concentração e da espécie do 

fruto (Manjunatha et al., 2012). O NO também é produzido naturalmente pelas 

plantas e pode ser utilizado no armazenamento de maçãs em sistemas de 

produção orgânica.

É possível que Eth e NO possam ser usados   como tecnologias 

complementares para melhor manter a qualidade das maçãs “Cripps Pink” 

armazenadas em CA. Assim, o objetivo deste trabalho foi avaliar o efeito 

da aplicação de tecnologias complementares ao armazenamento de CA, 1-

MCP, Eth e NO, na qualidade de maçãs “Cripps Pink”.

avaliados foram estabelecidos com base nos resultados obtidos em 

outras frutas (Hendges et al., 2016; Singh et al., 2009).

A aplicação do 1-MCP foi realizada conforme metodologia descrita em 

Brackmann et al. (2010). SmartFresh foi o produto comercial utilizado para 

tratamento com 1-MCP, sendo solubilizado em água em condições 

ambientes em recipiente lacrado. Em seguida, a solução foi transferida 

para uma placa de Petri, que foi colocada em câmara hermética junto com 

os frutos e deixada exposta por 24 horas.

Para a aplicação do Eth, o volume de etanol líquido (6 ml/kg) foi 

adicionado ao interior de minicâmaras com fechamento hermético, e os 

frutos ficaram expostos por 24 horas em condições ambientes (20±3°C e 

UR de 63±5%).

Para os tratamentos com NO, o gás (NO 1.000μeu eu−1+N2

equilíbrio) foi adicionado ao interior das minicâmaras herméticas até 
atingir concentrações pré-estabelecidas (10 e 20μeu eu−1), com 
exposição por 2 horas em ambiente com 1 kPa de O2+ ≤0,1 kPa de 
CO2e 20±3°C (Hendges et al., 2016).

Após o tratamento, os frutos foram armazenados em CA (1,2 kPa O2+ 

<0,5 kPa CO2; a temperatura de 1,5±0,2°C e umidade relativa de 94±2%). O 

estabelecimento das condições de AC, monitoramento e manutenção 

foram realizados conforme metodologia descrita em Brackman et al. 

(2010). O Ó2a pressão parcial foi reduzida usando N2de um gerador de 

nitrogênio que usa o princípio de adsorção por oscilação de pressão para 

varrer e diluir o O2dentro das câmaras. O Ó2foi reduzida para 5,0 kPa no 

primeiro dia de armazenamento e 1,0 kPa·dia−1nos cinco dias seguintes 

através da respiração dos frutos e N2lavagem até atingir a pressão parcial 

preestabelecida para cada tratamento. As pressões parciais de CO2nas 

câmaras foram obtidos pelo seu acúmulo na respiração dos frutos. A 

substituição de O2consumida pela fruta foi realizada através da injeção de 

ar atmosférico frio com sistema de controle automático. O excesso de CO2

produzido pela respiração das frutas foi absorvido pela circulação do gás 

na câmara através de um CO2absorvente com hidróxido de cálcio. As 

condições de CA foram medidas diariamente por um O2e companhia2

analisador (Schelle, Alemanha).

2|MATERIAIS E MÉTODOS 2.2|Medidas

2.1|Material vegetal, desenho experimental e 
tratamentos

Na colheita, as maçãs foram avaliadas quanto à cor de fundo da casca, AT, SS e 

firmeza da polpa. Após 6 meses de armazenamento no AC mais 7 dias em 

condições ambientais para simular o período de comercialização os frutos 

foram avaliados quanto à taxa respiratória e produção de etileno cor de fundo 

da casca firmeza de polpa AT SS relação SS/AT oleosidade da casca escaldadura 

superficial, podridão, fruta farinhenta, escurecimento da polpa, teor de 

compostos fenólicos totais (TPC) e atividade antioxidante total (TAA).

Para a quantificação da produção de etileno (ηmol C2H4

kg−1é−1) e da respiração (ηmol CO kg−1é−1), os frutos de cada repetição 

foram acondicionados em recipientes de 4,1 L, com fechamento 

hermético, por 30 min. Após esse período, o etileno foi quantificado por 

cromatografia gasosa, uma seringa plástica de 1,0 ml foi utilizada para 

coletar três amostras de ar da atmosfera do espaço livre desses 

recipientes, as quais foram injetadas em um cromatógrafo gasoso.

O experimento foi realizado com maçãs “Cripps Pink” provenientes de um 

pomar comercial localizado no município de Vacaria, RS (50°42′ W; 28°33′ 

S; 955 maltitude), em 2017/2018. Na colheita, as maçãs “Cripps Pink” 

apresentavam cor de fundo da casca (h°), acidez titulável (AT; % ácido 

málico), sólidos solúveis (SS; °Brix) e firmeza de polpa (N) de 107,5, 0,512, 

13, 8 e 82,3, respectivamente.

Os tratamentos avaliados consistiram de controle (sem pré-tratamento 

antes do armazenamento em AC), 1-MCP (1μeu eu−1), Eth (6 ml/kg de fruta) e 

NO (10 e 20μeu eu−1). Os tratamentos (1-MCP, Eth e NO) foram aplicados um dia 

antes do armazenamento do AC. A dose de Eth foi definida com base em testes 

preliminares (dados não publicados). As doses de NO
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(Clarus 580, Perkin Elmer, EUA), equipado com coluna Porapak N de 3 m 

de comprimento (80–100 mesh) e detector de ionização de chama. As 

temperaturas da coluna, do detector e do injetor foram 70, 250 e 130°C, 

respectivamente. Os fluxos de nitrogênio, hidrogênio e ar sintético foram 

de 70, 30 e 300 ml/min, respectivamente (Weber et al., 2016). A frequência 

respiratória foi quantificada com analisador eletrônico de gases (O2e 

companhia2) (Schelle, Alemanha), com a circulação de CO2em circuito 

fechado (Weber et al., 2016).

A cor de fundo do pell foi medida em termos de luminosidade
(L), croma (C) e matiz angular (h°), em área com menor coloração 
vermelha, com auxílio de colorímetro (CR 400, Konica Minolta, Japão) 
(Weber et al., 2016).

A firmeza da polpa (N) foi determinada em duas regiões opostas, na 

porção equatorial do fruto, com uma pequena porção da casca 

previamente retirada, com auxílio de um penetrômetro motorizado (Güss 

Manufacturing Ltd., África do Sul), equipado com uma ponta de 11 mm de 

diâmetro (Weber et al., 2016).

O AT (% de ácido málico) foi determinado em uma amostra de 5 
ml de suco dos frutos, previamente extraído de fatias transversais, 
retiradas da região equatorial das maçãs, e trituradas em centrífuga 
elétrica. Essa amostra foi diluída em 45 ml de água destilada e 
titulada, com titulador automático (Titro Line Easy, Schott 
Instruments, Alemanha), com solução de hidróxido de sódio 0,1 N 
até pH 8,1. O teor de SS (%) foi determinado através de refratômetro 
digital (PR 201α, Atago, Japão), utilizando o suco extraído da maçã 
conforme mencionado para AT. A partir dos resultados de SS e TA foi 
calculada a relação SS/AT (Soethe et al., 2016).

A incidência (%) de podridão, frutos farináceos, escurecimento da polpa e 

escaldadura superficial foi avaliada por meio da contagem dos frutos com 

sintomas e comparação com o número total de frutos. Para avaliação do 

escurecimento da polpa, os frutos foram cortados transversalmente na região 

equatorial (Weber et al., 2016).

A oleosidade da casca foi avaliada conforme metodologia 
descrita por Yang et al. (2017), subjetivamente ao esfregar a fruta na 
mão e pontuar o grau de oleosidade como nenhum (0), leve (1), 
moderado (2) ou grave (3).

O TPC e o TAA foram avaliados na casca e na polpa (Stanger et al., 
2018). A casca (1 mm de espessura) foi retirada de toda a superfície 
com auxílio de uma lâmina afiada. A amostra de polpa foi obtida 
retirando-se uma fatia longitudinal, de cerca de 1 cm, da parte 
central do fruto, descartando a região do endocarpo e conservando 
cada lado da fatia. As amostras de polpa foram processadas com 
auxílio de um moedor vertical (modelo RI1364), fabricado pela Philips 
Walita (Varginha, Brasil), e as amostras de casca foram maceradas 
em almofariz com nitrogênio líquido. O extrato para quantificação do 
TPC foi obtido conforme descrito por Rufino et al. (2007), adaptado 
de Larrauri et al. (1997). Neste procedimento foram utilizados 10 g de 
polpa e 5 g de casca. A amostra foi colocada em tubo Falcon (Zollstr, 
Suíça) com adição de 20 ml de metanol/água destilada (50:50, v/v), 
seguida de homogeneização em dispersor Ultraturrax (modelo 
D-91126) fabricado pela Heidolph (Schwabach, Alemanha), e deixado 
em repouso por 60 minutos à temperatura ambiente. As amostras 
foram então centrifugadas em Hitachi

centrífuga, modelo C22R (Tóquio, Japão) a 12.880gpor 20 minutos a 4°C. O 

sobrenadante foi transferido para um balão volumétrico de 50 ml e ao 

resíduo da primeira extração foram adicionados 20 ml de acetona/água 

destilada (70:30, v/v), seguida de homogeneização, e a amostra foi então 

deixada em repouso por 60 minutos a 20°C. As amostras foram 

novamente submetidas à centrifugação, nas mesmas condições. O 

segundo sobrenadante foi transferido para um balão volumétrico 

contendo o primeiro sobrenadante e o volume foi completado até 50 ml 

com água destilada. O conteúdo de TPC foi determinado com o uso de 

uma versão modificada do método espectrofotométrico de Folin-

Ciocalteu, descrito por Roesler et al. (2007). Neste procedimento, 2,5 ml de 

uma mistura de reagente Folin-Ciocalteu/água destilada (25:75, v/v) foram 

adicionados a 0,5 ml de diluição conhecida do extrato hidroalcoólico, em 

triplicata, em tubo de ensaio, seguida de homogeneização em agitador de 

tubos de ensaio fabricado pela Arsec, modelo ATS-100 (São Paulo, Brasil), 

mantendo a amostra por 3 min a 20°C para a reação. Na próxima etapa, 

2,0 ml de solução de carbonato de sódio (100 g L−1) foi adicionado e as 

amostras foram agitadas novamente e deixadas em repouso por 1 hora 

protegidas da luz. A absorbância foi determinada a 765 nm com leitor de 

microplacas UV-vis (Perkin Elmer, modelo EnSpire, Waltham, EUA). O teor 

de TPC foi calculado a partir da curva de calibração obtida com ácido 

gálico e os resultados foram expressos em gramas de equivalente de 

ácido gálico por kg com base no peso fresco.

O TAA foi determinado com base na capacidade do extrato em 
sequestrar radicais 2,2'-azinobis (ácido 3-etilbenzotiazolina-6-
sulfônico) (método ABTS) (Rufino et al., 2007) e 1,1-difenil-2-picrilhy- 
radicais drazila (método DPPH) (Brand-Willians et al., 1995). O 
preparo da amostra foi o mesmo utilizado para o TPC. Para o método 
ABTS, os radicais foram gerados a partir da reação da solução 
estoque de ABTS (7 mM) com persulfato de potássio (140 mM) 
mantido no escuro por 16 horas, a 20°C. Antes da análise, os radicais 
foram diluídos em álcool etílico até a absorbância de 0,70±0,05, a 734 
nm, foi obtido. Foram preparadas três diluições diferentes do extrato 
hidroalcoólico, em triplicata, em tubos de ensaio. Alíquotas (30 μl) de 
cada diluição do extrato foram transferidas para tubos de ensaio 
com 3,0 ml dos radicais ABTS e homogeneizados em agitador de 
tubos. As leituras foram feitas em espectrofotômetro UV-vis a 734 
nm, após 6 min de reação. Álcool etílico foi utilizado como branco 
para calibrar o espectrofotômetro. A partir dos valores de 
absorbância obtidos para as diferentes diluições do extrato obteve-
se uma equação linear. Curvas para soluções padrão de Trolox foram 
construídas e os resultados do TAA foram expressos em capacidade 
antioxidante equivalente de Trolox por kg com base no peso fresco. 
Para o método DPPH o radical (0,06 mM) foi preparado através de 
diluição em metanol no dia do teste. Uma alíquota (0. 1 ml) do 
extrato hidroalcoólico foi transferido para os tubos de ensaio com 3,9 
ml do radical DPPH, em triplicata, e a amostra foi homogeneizada em 
agitador de tubos. A medição da absorbância foi realizada a 515 nm, 
após 30 min de reação com adição da amostra. Álcool metílico foi 
utilizado como branco para calibrar o espectrofotômetro. Curvas 
para soluções padrão de Trolox foram construídas e os resultados do 
TAA foram expressos com base no peso fresco.
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2.3|Análise estatística supressão da atividade da oxidase (Weber et al., 2016). Porém, o NO 

também pode ter diminuído a respiração celular por meio da inibição 

reversível da citocromo oxidase (Pandey et al., 2019), como ação direta no 

processo respiratório.

O tratamento com 1-MCP resultou em casca menos amarela que os 

tratamentos controle e NO, sem diferir do tratamento com Eth (Tabela 1). 

Castro et al. (2007) demonstraram que a aplicação pós-colheita de 1-MCP 

mantém uma cor de fundo mais verde em maçãs “Pink Lady”. Isto se deve 

à menor degradação da clorofila, uma vez que a atividade da enzima 

clorofilase é aumentada pelo etileno (Wang et al., 2015). tratados com NO 

(10 e 20μeu eu−1) as maçãs tinham uma cor de fundo de casca semelhante 

à do controle.

O tratamento 1-MCP e Eth resultou em maior firmeza de polpa do que os 

demais tratamentos (Tabela 1). COCCI et al. (2014) também encontraram efeito 

positivo do 1-MCP na manutenção da firmeza da polpa em maçãs “Pink Lady”. 

Em relação ao efeito Eth, nossos resultados corroboram os de Weber et al. 

(2016), que observaram que o etanol resultou em maior firmeza de polpa em 

maçãs “Royal Gala” durante o armazenamento. A perda de firmeza da polpa das 

maçãs é um processo natural de amadurecimento e é induzida pelo etileno. 

Khan e Singh (2007) descobriram que o 1-MCP inibiu a atividade das enzimas 

poligalacturonase, pectinametilesterase e endo-1,4-β-D-glucanase, mantendo 

maior firmeza da polpa em ameixas “Tegan Blue”. A Eth reduz também a 

atividade de enzimas relacionadas à degradação da parede celular (Weber et 

al., 2016).

O tratamento NO de maçãs “Cripps Pink” não teve efeito na firmeza da 

polpa (Tabela 1). Também não houve efeito do NO na manutenção da 

firmeza da polpa em maçãs “Galaxy” após armazenamento CA 

(Brackmann et al., 2017) e maçãs “Cripps Pink” armazenadas a frio 

(Steffens et al., 2021). O efeito do NO nos eventos relacionados ao 

amadurecimento, como a redução na firmeza da polpa, tem sido atribuído 

à redução da síntese de etileno nos frutos tratados (Palma et al., 2019). 

Porém, como mencionado anteriormente, não houve efeito do NO na 

produção de etileno (Tabela 1).

Os frutos tratados com 1-MCP apresentaram maior valor de AT que os frutos dos 

demais tratamentos (Tabela 2). Cocci et al. (2014) também descobriram que o 1-MCP 

reduziu a perda de acidez em maçãs “Pink Lady”. Somente o tratamento com NO (10 μl 

L−1) reduziu o teor de SS em relação ao controle (Tabela 2). Entretanto, todos os 

tratamentos proporcionaram frutos com índices de SS acima do limite mínimo 

desejado (13%) para que “Cripps Pink”

O delineamento experimental utilizado foi inteiramente casualizado. Cada 

tratamento consistiu de quatro repetições de 30 frutos. Os valores em% foram 

primeiro transformados usando a fórmula do arco seno [(x+0,5)/100]1/2. Os 

dados foram submetidos à análise de variância e as médias dos tratamentos 

foram comparadas pelo teste LSD (p< .05).

3|RESULTADOS E DISCUSSÃO

Maçãs “Cripps Pink” tratadas com 1-MCP apresentaram menor 
frequência respiratória e nível de produção de etileno (Tabela 1). Esta 
redução da respiração e produção de etileno em maçãs “Cripps Pink” 
pelo 1-MCP também foi observada por Williamson et al. (2018). Estes 
resultados também corroboram os obtidos em maçãs “Royal 
Gala” (Brackmann et al., 2010). O uso de 1-MCP reduz a produção de 
etileno e a atividade respiratória, retarda o pico de produção de 
etileno e mantém a qualidade dos frutos (Steffens et al., 2008). Ao 
inibir a ação do etileno, o 1-MCP suprime a respiração e a síntese 
autocatalítica do etileno (Williamson et al., 2018).

A aplicação de NO e Eth não afetou a produção de etileno, mas reduziu a 

frequência respiratória dos frutos (Tabela 1). Estes resultados confirmam os 

obtidos em outras cultivares de maçã (Brackmann et al., 2017; Weber et al., 

2020). Também não houve efeito positivo desses tratamentos na produção de 

etileno em maçãs “Galaxy” após armazenamento CA mais 7 dias de vida útil 

(Brackmann et al., 2017). Uma redução na frequência respiratória após 

exposição ao NO também foi observada em maçãs “Galaxy” (Brackmann et al., 

2017). A Eth, por sua vez, também reduziu a frequência respiratória de maçãs 

“Braeburn” armazenadas (Weber et al., 2020). Embora o NO e o Eth não tenham 

tido efeito na produção de etileno após o armazenamento, é possível que 

tenham causado uma menor taxa de produção de etileno durante o 

armazenamento, o que poderia explicar a menor taxa respiratória, em uma 

ação indireta do Eth e do NO no processo respiratório. O NO reduz a 

biossíntese de etileno devido à diminuição estequiométrica do ACC para ácido 

1- (malonilamino) ciclopropano-1-carboxílico e à formação de um complexo 

ternário estável “ACC - ACC oxidase - NO”, que dificulta a oxidação do ACC a 

etileno ( Manjunatha et al., 2012). Eth reduz produção de eteno pela ACC

TABELA 1Taxa respiratória (ηmol de CO2kg−1é−1) e produção de etileno (ηmol C2H4kg−1é−1), descasque a cor de fundo (h°) e firmeza de polpa (N) em 
maçãs “Cripps Pink” submetidas a tecnologias complementares ao armazenamento CA após 6 meses de armazenamento mais 7 dias de vida útil.

Frequência respiratória

(ηmol CO2kg−1é−1)
Produção de etileno
(ηmol C2H4kg−1é−1)

Cor de fundo da casca
(h°)

Firmeza da carne

(N)Tratamentos

Ao controle 56,5A* 0,70AB 98,1B 71,5°C

1-MCP (1μeu eu−1) 40,3ºC 0,06ºC 99,8A 78,2A

Etanol (6 ml kg−1) 50,0 B 0,82A 98,5AB 74,9B

Óxido nítrico (10μeu eu−1) 41,3ºC 0,56 B 98,4B 71,3ºC

Óxido nítrico (20μeu eu−1) 47,6B 0,70AB 98,4B 71,4ºC

CV (%) 7.3 18.1 0,9 3.5

*Médias seguidas de letras diferentes nas colunas diferem entre si pelo teste LSD (p< .05).
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MESA 2Sólidos solúveis (SS; %), acidez titulável 
(AT; % ácido málico), relação SS/AT, escaldadura 
superficial e frutos farinhentos em maçãs 
“Cripps Pink” submetidas a tecnologias 
complementares ao armazenamento AC após 6 
meses de armazenamento mais 7 dias de prazo 
de validade

TA (% málico
ácido)

SS/TA
razão

Superficial
escaldadura (%)

Mealheiro

fruta (%)Tratamentos SS (°Brix)

Ao controle 13,6 A* 0,16 B 83,0 A 18,3A 16,4A

1-MCP (1μeu eu−1) 13,5A 0,17A 75,9 B 0,0ºC 0,0 B

Etanol (6 ml kg−1) 13,4AB 0,15 B 87,5A 10,7AB 10,8A

Óxido nítrico (10μeu eu−1) 13,1B 0,15 B 84,3A 8,0 B 9.1A

Óxido nítrico (20μeu eu−1) 13.3AB 0,16 B 82,0 A 9,8 B 9,6 A

CV (%) 1,8 4.8 4,5 27.1 44,1

*Médias seguidas de letras diferentes nas colunas diferem entre si pelo teste LSD (p< .05).

TABELA 3Composto fenólico total (TPC; mg EAG 100 g−1de massa fresca) e 
atividade antioxidante total (TAA, μMol Trolox g−1de massa fresca) nas 
maçãs “Cripps Pink” submetidas a tecnologias complementares ao 
armazenamento AC após 6 meses de armazenamento mais 7 dias de vida 
útil

O 1-MCP reduziu a incidência de frutos farinhentos, enquanto os 
demais tratamentos adicionais à AC não diferiram do controle 
(Tabela 2). Este resultado corrobora os resultados obtidos em outro 
estudo, onde o 1-MCP também reduziu frutos farinhentos em maçãs 
“Gala” (Steffens et al., 2008). Esse distúrbio pode estar relacionado a 
uma maior concentração interna de etileno e a uma maior taxa de 
produção de etileno pelo fruto (Brackmann et al., 2014). A ocorrência 
de frutos farinhentos está relacionada à força relativa da parede 
celular em comparação com a força de ligação da lamela mediana. 
Quando a força de ligação que mantém unida uma célula a outra é 
menor do que a força que mantém a integridade da parede celular 
das células individuais, ocorre a separação celular e essas células 
intactas dão a sensação de uma textura farinhenta.

A incidência de cáries e oleosidade da casca não apresentaram 

diferenças entre os tratamentos avaliados (dados não apresentados). 

Frutas tratadas com 1-MCP, Eth e NO (10 e 20μeu eu−1) apresentou maior 

teor de TPC que o controle. A aplicação de 1-MCP resultou no maior teor 

de TPC, porém, sem diferir do tratamento NO, que por sua vez não diferiu 

do tratamento Eth (Tabela 3). Ma et al. (2019) também observaram 

maiores valores de TPC na casca de maçãs “Fuji” e “Jonagold” tratadas com 

1-MCP. O maior teor de TPC na casca das maçãs tratadas com 1-MCP pode 

ser explicado pelo atraso na senescência dos frutos e consequentemente 

menor estresse oxidativo. O efeito do 1-MCP no conteúdo do TPC é 

controverso, com relatos de efeitos positivos (Ma et al., 2019) e negativos 

(Hoang et al., 2011). Em relação ao efeito do Eth, o brócolis apresentou 

maior teor de TPC após a aplicação do Eth (Xu et al., 2012). Palma et al. 

(2019) relataram que o tratamento com NO pode aumentar o conteúdo de 

TPC.

Pré-tratamento com 1-MCP, Eth e NO (10 e 20μeu eu−1) levou a maior 

TAA do que o tratamento controle. O maior valor foi obtido com 20μeu eu

−1de NO, sem diferir significativamente de 1-MCP para 10μeu eu−1de NO 

(Tabela 3). Segundo Rotili et al. (2013), o TAA em frutas se deve à ação de 

uma variedade de compostos que são degradados ou sintetizados 

durante o armazenamento, em resposta a estresses bióticos e abióticos, 

especialmente compostos fenólicos. Foi observada uma correlação 

positiva entre o conteúdo de TPC e TAA, o que é consistente com 

resultados obtidos em outros estudos que encontraram o TPC como o 

principal contribuinte para TAA na casca de maçã (Stanger et al., 2017, 

2018).

TPC
(mg EAG 100 g−1)

TAA
(μMol Trolox g−1)Tratamentos

Ao controle 180,0ºC* 6,2ºC

1-MCP (1μeu eu−1) 250,3 A 10.1AB

Etanol (6 ml kg−1) 229,9B 8,9B

Óxido nítrico (10μeu eu−1) 235,5AB 10.2AB

Óxido nítrico (20μeu eu−1) 248,9AB 11,4A

CV (%) 5.8 11.3

*Médias seguidas de letras diferentes nas colunas diferem entre si pelo 
teste LSD (p< .05).

maçãs sejam comercializadas como “Pink Lady” (Pink Lady, 2020). Os 

frutos tratados com 1-MCP apresentaram menor relação SS/AT (Tabela 2), 

o que é desejável para esta cultivar, pois possui sabor mais ácido que as 

cultivares Gala e Fuji (Fioravanço et al., 2011). Esse resultado se deve ao 

maior AT (Tabela 2). O comportamento observado neste estudo pode ser 

explicado pela menor produção de etileno e frequência respiratória, que 

caracterizam fisiologicamente a menor atividade metabólica das maçãs 

tratadas com 1-MCP (Tabela 1). É possível atribuir o efeito do 1-MCP na 

atividade respiratória inferior de frutas tratadas com 1-MCP. No presente 

estudo, não há efeito positivo do NO na manutenção da AT, assim como 

observado nas maçãs “Galaxy” (Brackmann et al., 2017) e “Cripps 

Pink” (Steffens et al., 2021).

Os frutos tratados com 1-MCP não apresentaram escaldadura superficial 

(Tabela 2). Este resultado corrobora os resultados obtidos por Farneti et al. 

(2015), que descobriram que a escaldadura superficial em maçãs “Cripps Pink” 

foi reduzida com 1-MCP. O etileno desempenha papel fundamental na 

manifestação da escaldadura superficial em maçãs, ao estimular a síntese e 

oxidação do α-farneseno (Karagiannis et al., 2018). NÃO (10 e 20 μl L−1) também 

reduziu a escaldadura superficial em relação ao controle, apresentando 

resultados intermediários (Tabela 2). A escaldadura superficial se manifesta 

como resultado do estresse oxidativo. O efeito do NO na escaldadura superficial 

pode estar relacionado à ação do NO pela redução do estresse oxidativo, 

através da indução de enzimas como superóxido dismutase, peroxidase e 

catalase (Manjunatha et al., 2010, 2012).
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É importante mencionar que, após aplicação dos tratamentos 

complementares avaliados no presente estudo, todos os frutos foram 

armazenados na mesma câmara CA. Assim, os frutos foram expostos à 

mesma concentração de etileno no ambiente de armazenamento. É 

possível que esta exposição tenha mascarado o efeito dos tratamentos 

com Eth e NO, uma vez que não afetam a ação do etileno. Porém, o 1-

MCP, por sua vez, atua inibindo a ação do etileno, tornando assim o 

infrutífero responsivo à ação do etileno presente no ambiente de 

armazenamento. Portanto, os efeitos do Eth e do NO sobre alguns 

atributos de qualidade, como firmeza da polpa, cor de fundo da casca, AT 

e distúrbios fisiológicos, podem ser maiores do que os observados no 

presente estudo.
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4|CONCLUSÕES

A Eth (6 ml/kg de fruta), além do armazenamento de AC, mantém a 

firmeza da polpa e leva a maiores valores de TPCs e TAA no tecido da 

casca da maçã “Cripps Pink”.

Como pré-tratamento para armazenamento de AC, NO (10 e 20μeu eu−1) 

reduziu a frequência respiratória e a escaldadura superficial e levou a um maior 

teor de TPC e TAA no tecido da casca de maçãs “Cripps Pink”, em comparação 

com o controle.

O tratamento 1-MCP manteve melhor a qualidade e atrasou o 

amadurecimento por mais tempo que os demais tratamentos, pois reduz as 

taxas respiratórias e de produção de etileno. Também levou a maior firmeza de 

polpa e AT e melhor relação SS/AT e inibiu o desenvolvimento de escaldadura 

superficial e frutos farinhentos. Além disso, maçãs “Cripps Pink” tratadas com 1-

MCP apresentaram maior teor de TPCs e maior TAA no tecido da casca.

REFERÊNCIAS
Abdollahi, R., Asghari, M., & Esmailli, M. (2013). Óxido nítrico pós-colheita

o tratamento reduziu efetivamente as podridões do morango 'Selva'. 
Jornal Internacional de Agricultura e Ciências Agrícolas,6, 353–355. 

Akbudak, B., Ozer, MH, Erturk, U., & Cavusoglu, S. (2009). Resposta de
Maçã 'Granny Smith' tratada com 1-metilciclopropeno em condições de 
armazenamento ao ar e em atmosfera controlada.Revista de Qualidade 
Alimentar, 32, 18–33. https://doi.org/10.1111/j.1745-4557.2008.00233.x

Asoda, T., Terai, H., Kato, M. e Suzuki, Y. (2009). Efeitos do pós-
colete tratamento com vapor de etanol na capacidade de resposta ao 
etileno em brócolis.Biologia e Tecnologia Pós-colheita,52, 216–220. 
https://doi. org/10.1016/j.postharvbio.2008.09.015

Ambos, V., Brackmann, A., Thewes, FR, Ferreira, DF, & Wagner, R.
(2014). Efeito do armazenamento sob condições extremamente baixas de 
oxigênio na composição volátil de maçãs 'Royal Gala'.Química Alimentar,156, 
50–57. https://doi.org/10.1016/j.foodchem.2014.01.094

Brackmann, A., Anese, RO, Pinto, JAV, Ambos, V., Venturini, TL, &
Schorr, MRW (2010). Aplicação de 1-metilciclopropeno e ingestão de 
etileno em maçã da cultivar 'Royal Gala' colhida tardiamente.Ciência 
Rural,40, 2074–2080. https://doi.org/10.1590/ 
S0103-84782010005000157

Brackmann, A., Ludwig, V., Thewes, FR, Anese, RO, Schultz, EE,
& Bergetti, MRP (2017). Etanol e óxido nítrico na manutenção da 
qualidade de maçãs 'Galaxy' armazenadas em atmosfera controlada.
Revista Brasileira de Fruticultura,39, 1–9. https://doi. org/
10.1590/0100-29452017322

Brackmann, A., Thewes, FR, Anese, RO, & Both, V. (2014). Efeito de
reguladores de crescimento na difusão e metabolismo de gases da maçã 'Brookfield' 

sob armazenamento em atmosfera controlada.Pesquisa Agropecuária Brasileira, 49, 

323–329. https://doi.org/10.1590/S0100-204X2014000500001

Brand-Willians, W., Cuvelier, ME, & Berset, C. (1995). Uso de um radical livre
método para avaliar a atividade antioxidante.LWT-Tecnologia de Ciência de 
Alimentos, 28, 25–30. https://doi.org/10.1016/S0023-6438(95)80008-5

Castro, E., Biasi, WV e Mitcham, EJ (2007). Qualidade do aplicativo Pink Lady
em relação à maturidade na colheita, tratamentos pré-armazenamento e 
atmosfera controlada durante o armazenamento.Hort Science,42, 605–
610. https://doi.org/10.21273/HORTSCI.42.3.605

Cocci, E., Sacchetti, G., Rocculi, P., & Rosa, MD (2014). Resposta de Pink
Senhora®maçãs à aplicação pós-colheita de 1-metilciclopropeno em função da 
dose aplicada, maturidade na colheita, tempo de armazenamento e 
armazenamento em atmosfera controlada.Jornal da Ciência da Alimentação e 
Agricultura,94, 2691–2698. https://doi.org/10.1002/jsfa.6610 Farneti, B., 

Gutierrez, MS, Novak, B., Busatto, N., Ravaglia, D., Spinelli,
F., & Costa, G. (2015). Uso do índice de diferença de absorbância (IAD) 
como ferramenta para adequar a aplicação pós-colheita de 1-MCP para

AGRADECIMENTOS
Os autores agradecem ao Conselho Nacional de Desenvolvimento 
Científico e Tecnológico (CNPq), ao Programa de Apoio à Pesquisa da 
Universidade do Estado de Santa Catarina (PAP-UDESC), à Fundação 
de Pesquisa e Inovação do Estado de Santa Catarina (FAPESC), bem 
como à Coordenação de Formação de Pessoal de Nível Superior 
(CAPES) pelo apoio financeiro a este projeto e pelas bolsas 
concedidas.

CONFLITO DE INTERESSES
Os autores declararam não haver conflitos de interesse para este artigo.

CONTRIBUIÇÕES DO AUTOR
Cristiano André Steffens:Conceitualização; Captação de 
financiamento; Investigação; Metodologia; Administração de 
projetos; Recursos; Supervisão; Validação; Visualização; Escrita-
rascunho original; Redação-revisão e edição.Karina Soardi: 
Curadoria de dados; Análise formal; Investigação; Metodologia; 
Rascunho original.Angélica Schmitz Heinzen:Curadoria de dados; 
Investigação; Metodologia; Rascunho original. Juliana Amaral 
Vignali Alves:Curadoria de dados; Análise formal; Investigação; 
Metodologia; Rascunho original.Janaiana

17454549, 2022, 1, Baixado de https://ifst.onlinelibrary.w
iley.com

/doi/10.1111/jfpp.16121 pela U
D

ESC - U
niversidade do Estado de Santa Catarina, W

iley O
nline Library em

 [22/08/2023]. Consulte os Term
os e Condições (https://onlinelibrary.w

iley.com
/term

s-and-conditions) na W
iley O

nline Library para obter regras de uso; O
s artigos O

A são regidos pela Licença Creative Com
m

ons aplicável



STEFENSe outros. |7 de 8

controlar a escaldadura superficial da maçã.Scientia Horticulturae,190, 110–116. 
https://doi.org/10.1016/j.scienta.2015.04.023

Fioravanço, JC, Almeida, GK, Czermainski, ABC, & Oliveira, PR
D. (2011). Avaliação da cultivar de macieira Pink Lady®em Vacaria, 
RS. Embrapa Uva e Vinho.Comunicado Técnico,112, 1–8. https://
ainfo.cnptia.embrapa.br/digital/bitstream/item/52996/1/Comun 
icado-Tecnico-112-2.pdf

Gupta, KJ, Zabalza, A. e Van Dongen, JT (2009). Regulação da respiração
ração quando a disponibilidade de oxigênio muda.Fisiologia Plantarum, 
137, 383–391. https://doi.org/10.1111/j.1399-3054.2009.01253.x

Hendges, MV, Steffens, CA, Amarante, CVT, Neuwald, DA, &
Brackmann, A. (2016). Resposta da pêra 'triunfo de Packham' aos 
tratamentos com 1-metilciclopropeno e óxido nítrico.Revista Caatinga, 29, 
283–289. https://doi.org/10.1590/1983-21252016v29n203rc

Hoang, NTT, Golding, JB e Wilkes, MA (2011). O efeito do pós-
colheita, tratamento com 1-MCP e atmosfera de armazenamento em fenólicos e 
atividade antioxidante da maçã 'Cripps Pink'.Química Alimentar,127, 1249–1256. 
https://doi.org/10.1016/j.foodchem.2011.01.052 Karagiannis, E., Michailidis, M., 

Tanou, G., Samiotaki, M., Karamanoli, K.,
Avramidou, E., Ganopoulos, I., Madesis, P., & Molassiotis, A. (2018). 
Mecanismos de resistência à escaldadura superficial dependentes e 
independentes de etileno em macieiras 'Granny Smith'.Relatórios 
Científicos, 8, 1–16. https://doi.org/10.1038/s41598-018-29706-x

Khan, AS e Singh, Z. (2007). 1-MCP regula a biossíntese de etileno
e amaciamento dos frutos durante o amadurecimento da ameixa 'Tegan Blue'.
Biologia e Tecnologia Pós-colheita,43, 298–306. https://doi.org/10.1016/j. 
postharvbio.2006.10.005

Larrauri, JA, Rupérez, P., & Saura-Calixto, F. (1997). Efeito da secagem
temperatura na estabilidade de polifenóis e atividade antioxidante 
de cascas de bagaço de uva vermelha.Revista de Química Agrícola e 
Alimentar,45, 1390–1393. https://doi.org/10.1021/jf960282f Ma, Y., 

Ban, Q., Shi, J., Dong, T., Jiang, C.-Z., & Wang, Q. (2019).
O 1-metilciclopropeno (1-MCP), o tempo de armazenamento, o prazo de 
validade e a temperatura afetam os compostos fenólicos e a atividade 
antioxidante da maçã 'Jonagold'.Biologia e Tecnologia Pós-colheita,150, 
71–79. https://doi.org/10.1016/j.postharvbio.2018.12.015

Manjunatha, G., Gupta, KJ, Lokesh, V., Mur, LAJ e Neelwarne, B.
(2012). O óxido nítrico neutraliza os efeitos do etileno no amadurecimento dos frutos. 

Sinalização e comportamento de plantas,7, 476–483. https://doi.org/10.4161/psb.19523

Manjunatha, G., Lokesh, V. e Neelwarne, B. (2010). Óxido nítrico em frutas
amadurecimento: Tendências e oportunidades.Avanços na biotecnologia,
28, 489–499. https://doi.org/10.1016/j.biotechadv.2010.03.001 Palma, JM, 

Freschi, L., Rodriguez-Ruiz, M., González-Gordo, S., &
Corpas, FJ (2019). Óxido nítrico na fisiologia e qualidade de frutos 
carnosos.Jornal de Botânica Experimental,70, 4405–44147. https://
doi.org/10.1093/jxb/erz350

Pandey, S., Kumari, A., Shree, M., Kumar, V., Singh, P., Bharadwaj, C.,
Loake, GJ, Parida, SK, Masakapalli, SK e Gupta, KJ (2019). O óxido 
nítrico acelera a germinação através da regulação da respiração no 
grão de bico.Jornal de Botânica Experimental,70, 4539–4555. https://
doi.org/10.1093/jxb%2Ferz185

Senhora Rosa. (2020).Padrões de sabor e qualidade Pink LadyR. https://pinkladyap
ples.com/exporters-hub/pink-lady-taste-quality-standards/ 

Piriyavinit, P., Ketsa, S., & van Doorn, WG (2011). 1-MCP estende
o armazenamento e o prazo de validade do mangostão (Garcinia 
mangostanaL.) fruta.Biologia e Tecnologia Pós-colheita,6, 15–20. https://
doi. org/10.1016/j.postharvbio.2011.02.007

Prasanna, V., Prabha, TN e Tharanathan, RN (2007). Amadurecimento dos frutos
fenômenos - uma visão geral.Revisões Críticas em Ciência de Alimentos e 
Nutrição,47, 1–19. https://doi.org/10.1080/10408390600976841 Roesler, 

R., Malta, LG, Carrasco, LC, Holanda, RB, Sousa, CAS,
& Pastore, GM (2007). Atividade antioxidante de frutas do cerrado.
Ciência e Tecnologia de Alimentos,27, 53–60. https://doi. org/
10.1590/S0101-20612007000100010

Rotili, MCC, Coutro, S., Celant, VM, Vorpagel, JA, Barp, FK, Salibe,
AB, & Braga, GC (2013). Composição, atividade antioxidante e 
qualidade do maracujá amarelo durante o armazenamento.
Seminário: Ciências Agrárias,34, 227–240. https://doi.org/
10.5433/1679-0359.2013v34n1p227

Rufino, MSM, Alves, RE, Brito, SES, Morais, SM, Sampaio, CG,
PéreZ-Jiménez, J., & Saura-Calixto, F. (2007).Metodologia científica: 
determinação da atividade anti-oxidante total em frutas pela captura do 
radical livre ABTS(Comunicado Técnico) (Vol.127, 4 p.). Embrapa, Fortaleza.

https://ainfo.cnptia.embrapa.br/digital/bitstream/
CNPAT/10225/1/Cot_128.pdf

Singh, SP, Singh, Z. e Swinny, EE (2009). Óxido nítrico pós-colheita
a fumigação atrasa o amadurecimento dos frutos e alivia os danos causados   pelo frio 

durante o armazenamento refrigerado de ameixas japonesas (Prunus salicinaLindel).

Biologia e Tecnologia Pós-colheita,53, 101–108. https://doi.org/10.1016/j. 

postharvbio.2009.04.007

Soethe, C., Steffens, CA, Amarante, CVT, Martin, MS, & Bortolini,
AJ (2016). Qualidade, compostos fenólicos e atividade antioxidante 
de amoras pretas 'Tupy' e 'Guarani' armazenados em diferentes 
temperaturas.Pesquisa Agropecuária Brasileira,51, 950–957. https://
doi.org/10.1590/S0100-204X2016000800007

Stanger, MC, Steffens, CA, Soethe, C., Moreira, MA, & Amarante,
CVT (2017). Conteúdo fenólico e atividade antioxidante durante o 
desenvolvimento de maçãs 'Brookfield' e 'Mishima'.Revista de 
Química Agrícola e Alimentar,65, 3453–3459. https://doi. org/
10.1021/acs.jafc.6b04695

Stanger, MC, Steffens, CA, Soethe, C., Moreira, MA, Amarante, C.
VT, Ambos, V. e Brackmann, A. (2018). Teor de compostos fenólicos e 
atividade antioxidante de maçãs 'Galaxy' armazenadas em atmosfera 
dinâmica controlada e condições ultrabaixas de oxigênio.Biologia e 
Tecnologia Pós-colheita,144, 70–76. https://doi.org/10.1016/j.posth 
arvbio.2018.05.014

Steffens, CA, Espindola, BP, Amarante, CVT, Silveira, JPG, Chechi,
R., & Brackmann, A. (2008). Respiração, produção de etileno e 
qualidade de maçãs 'Gala' em função do dano mecânico por impacto 
e da aplicação de 1-metilciclopropeno.Ciência Rural,38, 1864-1870. 
https://doi.org/10.1590/S0103-84782008000700010

Steffens, CA, Miqueloto, T., Fernandes, RC, Demari, CKP,
Anami, JM, Lugaresi, A., & Amarante, CVT (2021). O tratamento com 
óxido nítrico preserva a qualidade das maçãs 'Cripps Pink' 
armazenadas a frio.Bragança,80, ex21. https://doi.org/10.1590/167 
8-4499.20200494

Thewes, FR, Ambos, V., Brackmann, A., Weber, A., & Anese, RO (2015).
Atmosfera controlada dinâmica e armazenamento ultrabaixo de oxigênio na 
manutenção da qualidade dos mutantes 'Gala'.Química Alimentar,188, 62–70. 
https://doi.org/10.1016/j.foodchem.2015.04.128

Wang, H.-H., Juang, J.-J., & Bi, Y.-R. (2015). Dependente de nitrato redutase
a produção de óxido nítrico está envolvida na tolerância ao alumínio nas 
raízes do feijão vermelho.Ciência Vegetal,179, 281–288. https://doi. org/
10.1016/j.plantsci.2010.05.014

Watkins, CB (2006). O uso de 1-metilciclopropeno (1-MCP) em frutas
e vegetais.Avanços na biotecnologia,24, 389–409. https://doi. org/
10.1016/j.biotechadv.2006.01.005

Weber, A., Brackmann, A., Ambos, V., Pavanello, EP, Anese, RO, &
Schorr, MRW (2016). Etanol reduz amadurecimento de maçãs ‘Royal Gala’ 
armazenadas em atmosfera controlada.Anais Da Academia Brasileira De 
Ciências,88, 403–410. https://doi.org/10.1590/0001-37652 01620140181

Weber, A., Neuwald, DA, Kittemann, D., Thewes, FR, Ambos, V., &
Brackmann, A. (2020). Influência do quociente respiratório com atmosfera 
controlada dinâmica (DCA-RQ) e aplicação de etanol no amolecimento de 
maçãs Braeburn.Química Alimentar,303, 1–10. https://doi. org/10.1016/
j.foodchem.2019.125346

Williamson, VG, Frisina, C., Tareen, MN e Stefanelli, D. (2018).
Desempenho de armazenamento de duas 'Pink Lady®'clones difere, mas 1-MCP

17454549, 2022, 1, Baixado de https://ifst.onlinelibrary.w
iley.com

/doi/10.1111/jfpp.16121 pela U
D

ESC - U
niversidade do Estado de Santa Catarina, W

iley O
nline Library em

 [22/08/2023]. Consulte os Term
os e Condições (https://onlinelibrary.w

iley.com
/term

s-and-conditions) na W
iley O

nline Library para obter regras de uso; O
s artigos O

A são regidos pela Licença Creative Com
m

ons aplicável



8 de 8| STEFENSe outros.

o tratamento é benéfico, independentemente da maturidade na colheita.Scientia 

Horticulturae, 235, 142–151. https://doi.org/10.1016/j.scien
ta.2018.03.006

Xu, F., Chen, X., Jin, P., Wang, X., Wang, J. e Zheng, Y. (2012). Efeito de
tratamento com etanol na qualidade e atividade antioxidante em florzinhas de 
brócolis pós-colheita.Tecnologia Europeia de Investigação Alimentar,235, 793–
800. https://doi.org/10.1007/s00217-012-1808-6

Yang, Y., Zhou, B., Wang, C., Lv, Y., Liu, C., Zhu, X., & Ren, X. (2017).Análise
do efeito inibitório do 1-metilciclopropeno na oleosidade da pele em 
maçãs pós-colheita, revelando as alterações nos constituintes da cera e 
na expressão gênica.Biologia e Tecnologia Pós-colheita,134, 87–97. 
https://doi.org/10.1016/j.postharvbio.2017.08.013

Yin, J., Bai, S., Wu, F., Lu, G. e Yang, H. (2012). Efeito do óxido nítrico
sobre a atividade da fenilalanina amônia-liase e resposta antioxidante na 
raiz da batata-doce em relação à cicatrização de feridas.

Biologia e Tecnologia Pós-colheita,74, 125–131. https://doi. org/
10.1016/j.postharvbio.2012.06.011

Como citar este artigo:Steffens, CA, Soardi, K., Heinzen, AS, 

Amaral Vignali Alves, J., da Silva, JC, Talamini do Amarante, CV, & 

Brackmann, A. (2022). Qualidade de maçãs “Cripps Pink” após 

aplicação de 1-MCP, vapor de etanol e óxido nítrico como pré-

tratamentos para armazenamento em atmosfera controlada.

Jornal de Processamento e Preservação de Alimentos, 46, e16121.

https://doi.org/10.1111/jfpp.16121

17454549, 2022, 1, Baixado de https://ifst.onlinelibrary.w
iley.com

/doi/10.1111/jfpp.16121 pela U
D

ESC - U
niversidade do Estado de Santa Catarina, W

iley O
nline Library em

 [22/08/2023]. Consulte os Term
os e Condições (https://onlinelibrary.w

iley.com
/term

s-and-conditions) na W
iley O

nline Library para obter regras de uso; O
s artigos O

A são regidos pela Licença Creative Com
m

ons aplicável


