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Abstract: Postharvest fruit loss is caused by the absence of advanced handling and storage tech-
nologies and the quiescent presence of fungal pathogens. Therefore, there is a growing demand for
sustainable decisions for the planet. This study focused on the use of two types of edible coatings:
one was based on the essential oil of Origanum vulgare L. subsp. viridulum with Aloe arborescens Mill.
gel (EC1), and the other was based on the hydrolate only (EC2). These treatments were applied to
provide defense against fungal infections in papaya (Carica papaya L. cv Solo), and the storage time
was 25 days (T5± 1 ◦C). Fruits coated with EC1 were more contaminated with fungal pathogens than
both control (CTR) and EC2 fruit. EC2 showed a statistically lower decay index than CTR and EC1
and maintained its organoleptic characteristics better, showing a 15% loss of firmness after 25 days
of storage. Furthermore, the lowest decay index (1.14 after 25 days) was found for the EC1 and
CTR. These findings suggest that the use of hydrolate can be useful for extending the shelf life and
maintaining the quality of papaya fruit, representing an alternative to the use of synthetic fungicides
for food safety.

Keywords: active compounds; edible coatings; decay index; food quality; food waste; postharvest

1. Introduction

One of the global challenges includes the implementation of safety along the food supply
chain while maintaining the high nutritional value of fruit and vegetables that is necessary
for a healthy diet [1]. Perishable fruits are subject to the risk of mechanical damage, forming
lesions and micro-lesions that become entry points for bacteria and fungi, which can hinder
food safety for consumers [2]. Amongst fruit products, papaya (Carica papaya L.) is very
susceptible to quality decay due to its highly perishable nature [3]. Papaya is native to Costa
Rica and southern Mexico and, in the last decade, has been introduced to Mediterranean-
climate areas, particularly Sicily, in protected environments, such as greenhouses. Papaya
and many other tropical species, such as mango [4], avocado [5], litchi [6], and papaya [7],
appear to be viable alternatives to traditional crops [8] in this area of Italy. Papaya is a
climacteric fruit and is characterized by a thin skin that is highly vulnerable to mechanical
damage and postharvest injury [9]. For these reasons, special care must be taken during
postharvest storage to avoid the contamination of the peel by fungal pathogens, especially
fungi, which are responsible for many postharvest losses [10].

One of the most aggressive microorganisms in protected crops is Colletotrichum gloeospo-
rioides, which infects most tropical fruits, such as mango, banana, avocado, guava, and
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dragon fruit [11–14]. In addition, several other postharvest pathogenic agents can be latent
in the field and reactivate during the storage process. These include Asperisporium caricae,
Cercospora papaye, and Phomopsis caricae-papaye, which are responsible for necrotic lesions on
the leaves [15–17], and several Alternaria species, such as A. alternata and A. solani, which
are responsible for brown spots on the aerial and fleshy organs [18].

Likewise, the presence of Phomopsis caricae-papaye, Lasiodiplodia theobromae, Botryodiplo-
dia theobromae, Mycospherella spp., and Phytophthora palmivora may cause infection in the
tissues, including those within the pedicel supporting the fruit [19], whilst the presence of
Cladosporium spp., Fusarium spp., and Penicillium spp. leads to the internal deterioration of
the tissues, as mycelium attacks them aggressively until they become dark and moist [15].

Among the various fungi that cause postharvest diseases are the Ascomycetes or mi-
tosporic fungi, such as the genera Aspergillus, Rhyzopus, and Mucor. Of the Mucor genus,
Botrytis in particular is responsible for contaminating the fruit in the field that has not
reached full maturity. The fruit products that are affected by this pathogen have a water-
soaked appearance, and they then tend to darken until the tissue deteriorates.

Botrytis tends to develop in damp cold environments and in temperatures below
0 degrees. Attention must be paid to Aspergilli, which is dangerous because, in addition to
causing persistent food spoilage, they can produce mycotoxins, including ochratoxin and
aflatoxin [20–22]. To date, the presence of fungal diseases in the postharvest environment
is managed with the use of synthetic fungicides, which can also improve the appearance of
the fruit but can lead to resistance phenomena [10,23,24] and resistant isolates [12,25,26].
Therefore, it is necessary to move toward environmentally friendly approaches to con-
trol pathogenic fungal diseases in the postharvest environment and safeguard human
health [27].

In fact, to combat the disproportionate use of these chemicals, sustainable alternatives
based on natural products are being developed. Amongst these sustainable alternatives,
essential oils and their co-products, termed hydrolates (or aromatic waters), are increasingly
attracting the attention of researchers [28–30]. Hydrolates are obtained as a by-product
during the steam distillation process of essential oils, and them are separated at the end
of the distillation [31–35]. These natural products have the potential to be supplemented
with hydrocolloids or mucilage. Therefore, they can be used as eco-friendly film enhancers
affixed onto the surface of whole or ready-to-eat fruit, as they are also edible and extend
the shelf life of fruit. These films, also termed edible coatings, can be made of plant-derived
materials, such as the gels from Aloe vera L. and A. arborescens Mill. These are endowed with
chemical gels, and the physical characteristics of the gels are suitable for the preservation
of fruit and vegetables [5,36,37].

Amongst these properties, appreciable, antioxidant, and antimicrobial activities are
essential to counter fruit browning [31]. A. vera contains 20 of the 22 amino acids required
by the human diet, as well as 7 of the 8 essential amino acids. Therefore, it is a good source
of vitamins that act as antioxidants and neutralize free radicals [38,39].

In recent studies, Aloe vera gels have been applied to papaya [36], apple [5], and
pear [37] in the form of edible coatings, showing excellent results in terms of decreased
weight loss, the maintenance of firmness, a reduction in browning, and fungal alterations
on the surface of the treated fruit.

Essential oils (EOs) are a complex set of volatile compounds present in aromatic
plants [40], and they can be extracted from different parts of a plant through a distillation
process. Due to their bacteriostatic, bactericidal, and fungistatic activities, EOs have been
suggested for postharvest use. Furthermore, their lipophilic characteristics play important
roles in the rupture of fungal membranes and the denaturation of intercellular proteins [41].
Many aromatic plants are known at present, and they have been studied for their ability and
potential to produce essential oils that are effective in the control of postharvest diseases in
fresh fruit [42–45].

Oregano (Origanum vulgare L.) is one of the most important plants used in this field,
and it has been proven to be effective in the control of postharvest gray mold in table
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grapes [46]. Sicilian oregano, Origanum vulgare subsp. viridulum (Martrin-Donos) Nyman,
is a native species growing wild in the Sicilian countryside. As a wild species, it is strongly
suited to a semi-arid environment, which is characterized by high temperatures and low
rainfall [47]. According to Kokkini [48], the oregano genotypes growing in Southern
Mediterranean areas are the highest EO-yielding genotypes, whereas the genotypes found
in Northern European environments have lower EOs yields. Research on oregano EOs has
shown that its active component may exhibit a high intraspecific variability, allowing for the
differentiation of three chemogroups: (a) the linalool, terpinen-4-ol, and sabinene hydrate
group; (b) the carvacrol and/or thymol group; and (c) the sesquiterpenes group [47,49].
The prevalence of one chemotype over another mostly depends on the genetic makeup of
the plants [40,50]. Amongst the components characterizing oregano EOs, thymol has been
shown to increase inhibitory activity against certain fungi, including Aspergillus flavus, and
carvacrol has also been shown to exhibit good antifungal activity [51].

Hydrolates, by-products of distillation, are a complex combination of water-soluble
active compounds obtained together with the corresponding essential oils, and these by-
products are characterized by having the same antimicrobial activities of EOs. However,
they are characterized by up to a maximum of 1% of the terpene components present in the
corresponding essential oil [31], although to a lower extent. The application of hydrolates
to foods is beneficial, as they protect food from fast deterioration and are also nontoxic to
human health [52,53]. There is a growing interest in the application of edible coatings to
manage the postharvest decay of fresh fruit [54].

The aim of this work was to develop an edible coating based on oregano essential
oil and hydrolate for papaya. This study took into consideration the suitability of these
edible coatings to provide protection against rapid deterioration in the postharvest period
of fungal agents that could establish themselves, reduce the use of synthetic fungicides,
and safeguard human health and improve food safety.

2. Materials and Methods
2.1. Vegetal Material

The fruits of Carica papaya cv. Solo were harvested at Farm Agropolis, located in Ragusa,
Sicily (37◦42′39.1′′ N, 13◦58′57.1′′ E). The fruits were grown in a protected environment
and collected at maturity stage 3 (MS3), according to the method described by Garillos-
Manliguez and Chiang (2021). Fifty fruits without visible defects and injuries were collected
from 5 different trees, and they were used in this study. Before treatment, every single
fruit was sanified with NaClO 2% v/w for 20 min and left to dry and then washed with
deionized water and air-dried.

Subsequently, the fruits were divided in two subsamples, and then they were treated
with the two different coating formulations. The different applied treatments were stored
in a refrigerated environment and at a temperature of 5 ± 1 ◦C with a 90–95% relative
humidity for 25 days.

For the distillation and collection of both the oregano essential oil and hydrolate,
twenty-seven kilograms of fresh biomass of O. vulgare L. subsp viridulum was sampled at
the Filippone farm, located in Castellana Sicula, Sicily (37◦42′39.1′′ N, 13◦58′57.1′′ E) 971 m
above sea level. To produce edible coatings, 1 kg of leaves of A. arborescens was collected
from a catalogue field within the facilities of the University of Palermo. After harvesting
and processing, the leaves were washed in running water and immersed in 100 µL-L−1

sodium hypochlorite for 5 min. They were then peeled by removing the lateral spines and
the mesophyll was harvested, separated from the outer epidermis, using a stainless-steel
knife. It was triturated using an ultra-Turrax T25 (Janke and Kunkle, IKa Labortechnik,
Breisgau, Germany) for 5 min at 24,500 rpm to form a homogeneous substance and filtered
to remove the fibrous elements. Five-hundred milliliters of extract was obtained [55].
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2.2. Extraction of the Essential Oils and Hydrolates of O. vulgare subsp. viridulum

The hydrodistillation process took place after partially drying the biomass for a period
of 3–4 days at 20 ± 1 ◦C to stabilize its moisture content to around 50–60%. For this
purpose, the freshly harvested biomass was evenly spread out on sheets, protected from
light to avoid altering the active ingredients [56–58]. EOs and hydrolates were obtained
via hydrodistillation in a Clevenger-type apparatus (Albrigi Luigi Srl, Stallavena (VR),
Italy) for 3 h [59]. The extraction yield (% v/w) was determined, and the essential oil and
hydrolate were collected and separately stored at 4 ± 1 ◦C.

2.3. Essential Oil and Hydrolate Composition

Analyses were performed with an Agilent 7820A gas chromatograph interfaced to
an Agilent 5977E mass spectrometer with single quadrupole electron ionization. The gas
chromatograph method was as follows: Agilent DB-Wax UI polar capillary column, with a
length of 60 mm, an internal diameter of 0.250 mm, and a film thickness of 0.5 mm; carrier
gas Helium 5.5; a carrier flow of 1.2 mL/min; a starting temperature of 40 ◦C, 5 ◦C/min
up to 200 ◦C, and 10 ◦C/min up to 240 ◦C; a spitless injection (1 min); an injected volume
of 1 µL; and an injector temperature of 250 ◦C. The relative amount (percentages) of each
volatile terpenoid is expressed as a percentage of the total volatile terpenoids [60,61].

2.4. Coating Formulations and Experimental Design

Edible coatings (ECs) were made entirely from natural sources, and two different
treatments were undertaken:

• EC1: A. arborescens 25 mL + essential oil of O. vulgare subsp. viridulum 1 mL was added
to 200 mL of distilled water.

• EC2: Hydrolate of O. vulgare subsp. viridulum 2 mL was added to 200 mL of dis-
tilled water.

EC1 and EC2 were then homogenized to create the coatings, and for them to be ho-
mogeneous in their coverage, an ultra-Turrax T25 (Janke and Kunkle, IKa Labortechnik,
Breisgau, Germany) at 3000 rpm for 3 min was used. For each treatment, 20 fruits × 3 repli-
cations, homogeneous in shape and stage of ripeness (MS3), were used and stored in
trays after treatment at 5 ± 1 ◦C for 25 days. The treated fruits were compared with an
untreated sample (CTR). EC was obtained through the application of the following two
different techniques:

• Spraying, using an N2-fed airbrush and 0.8 mm nozzles, achieving a film thickness on
the fruit of about 3 mm;

• Brushing, using a food brush in top-down direction, thus covering the entire epicarp
of the fruit and achieving a film thickness on the fruit of about 3 mm.

Pathological analyses were carried out during the storage to ascertain the whole
observation period. Visual observations were carried out based on the presence or absence
of mycelia and the level of contamination during the cold storage period. Once the presence
of mycelia was ascertained, direct and indirect isolations were carried out to identify them.

On the last day of the trial, a physicochemical analysis was performed on the fresh
fruits to assess their evolution compared to the fresh fruits at T0.

2.5. Daily Pathological Surveys

Surveys were carried out for a period of 25 days and consisted of the evaluation of
symptoms (lesions) and signs (molds) on the fruits. The contamination level was assessed
according to the classification suggested in [62]:

• No infection (N.I.), healthy fruit, level 0;
• Slight infection (S.I.), 1–4 lesions (spots), level 1;
• Moderate infection (M.I.), 5–10 lesions, level 2;
• High infection (H.I.), more than 10 lesions (fruit covered with spots), level 3.
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2.6. Morphological Identification of External Fungal Contaminants

During the test, the fungal colonies developing on the epicarps of the fruits were
observed and numbered, and their development was followed. The most frequent colonies
were isolated directly and aseptically, on a universal sterile agar substrate (Potato Dextrose
Agar, PDA, Oxoid), in 10 cm-diameter plates. The inoculated plates were incubated at
25 ± 1 ◦C and observed every 3 days. The growth colonies were first observed under a
stereoscopic microscope (Zeiss, Oberkochen, Germany), and their microscopic characteris-
tics (the shape, dimension, and color of the gamic and agamic structures, hyphal features,
etc.) were taken into consideration to identify them. From the margin and the edge of
each colony, small mycelial masses were aseptically taken with a needle and mounted
onto slides with a drop of clear lactophenol (H2O 100 cc, glycerin 100 cc, lactic acid 100 cc,
phenol crystals 100 g) or with lactophenol-methylene blue (0.01 p/v). The fungal structures
were observed and measured with an Axioskop (Zeiss, Germany) microscope, and images
were captured with an AxioCam MRc5 camera (Zeiss, Germany). The structure dimensions
were observed with the software AxioVision 4.6. Finally, pure colonies were established for
identification and morphological characterization [63–65].

2.7. Decay Index

The decay index was evaluated according to the methodology described by Morcia
et al. (2012) [66,67]. The morphological damage caused by the infection of the contaminating
fungi and the deterioration of the peel was evaluated visually and calculated using the
following Equation (1):

D.I. =
1n + 2n + 3n + 4n

N
(1)

where n is the number of fruits classified for each level of contamination, and N is the total
number of fruits analyzed for each treatment in the time interval considered.

2.8. Physicochemical Analyses

A Minolta colorimeter (Chroma Meter CR-400, Konica Minolta Sensing Inc., Tokyo,
Japan) was used to evaluate the color. Using the CIELAB L*a*b* system, the color space
is shown as follows: brightness (L* value), red tendency (a*), and yellowness (b*). The
saturation of the color, the chroma, (C* (2)), which represents the degree of color saturation
(higher values indicate a brighter color and, consequently, a higher market value) was
determined. These parameters were obtained from colorimetric unities as follows:

C∗ =
√

a2 + b2 (2)

Prior to the analysis of the samples, the instrument was calibrated using a standard
white plate.

The juice extracted from the papaya by means of a centrifuge (Ariete, Florence, Italy)
was used to determine the TSS, expressed as ◦Brix, using a digital refractometer (Atago Co,
Ltd., Tokyo, Japan) and the TA, expressed as grams of citric acid per liter, using a pH meter
titrator (Crison Instruments, SA, Barcelona, Spain). Titration was carried out to a pH point
of 8.2, using 5 mL of juice diluted with 50 mL of distilled water. Fruit firmness was assessed
by using a digital penetrometer (mod. 53205, Turoni, Forlì, Italia) with an 8 mm tip, and it
is expressed in Newton (N). The texture was evaluated on the two equatorial sides of each
fruit. The mature index (M.I.) was determined using the following Equation (3) described
in [68]:

Mature index =
◦Brix
TA

(3)

2.9. Sensorial Analysis

Ten judges with extensive experience in the sensory evaluation of food performed a
hedonic liking test on the papaya fruit (EC and CTR) previously prepared for the sensory
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analysis. This method uses a 9-point hedonic scale (1 = ‘extremely disliked’, 5 = ‘neither
liked nor disliked’, 9 = ‘extremely liked’) [5,8]. The panel test consisted of a total of
21 parameters: visual parameters (pulp color and the presence of filaments), olfactory
parameters (sea odor, peach odor, exotic fruit odor, medicinal odor cheese odor, burnt oil
odor, and oregano odor), texture parameters (sour, sweet, bitter, juiciness, and flouriness),
and, finally, aroma-related parameters (sea flavor, peach flavor, exotic fruit flavor, medicinal
flavor, cheese flavor, burnt oil flavor, and oregano flavor). At the end of each tasting, a glass
of water, for rinsing the mouth, was provided to the judges. In addition, all descriptors
were assessed from day 0 (as fresh product) to the last day of storage (d 25).

2.10. Statistical Analysis

All collected data, presented as mean ± standard deviation (SD), were subjected to
statistical analyses according to an experimental factorial scheme with 3 repetitions, using
the statistical package Minitab 17.1 (Minitab Inc., State College, PA, USA, 2013). For each
experimental variable, an analysis of variance (ANOVA) was performed, and differences
among the mean values were appreciated using Tukey’s test at p ≤ 0.05.

3. Results and Discussion
3.1. Quantitative and Qualitative Analyses of O. vulgare subsp. viridulum Essential Oil

The results obtained from the chromatographic analysis of the volatile compounds
(Table 1) show that the EOs contains a high percentage of thymol (39.11%), confirming that
the chemotype of Sicilian oregano is “high thymol” and “low carvacrol” (0.68%), as also
reported by Napoli et al. (2020) [47].

Table 1. Relative contents (%) of volatile terpenoids of Oregano vulgare L. essential oil. EOs %:
essential oil; Hydr.%.: hydrolate; W.D.%: water distillation.

n Compound EOs % Hydr. % W.D.%

1 a-pinene 0.52 0.03 0.34

2 a-thujene 1.56 0.09 1.03

3 β-pinene 0.17 0.01 0.25

4 sabinene 0.28 0.06 0.00

5 myrcene 2.09 0.16 11.51

6 a-phellandrene 0.42 0.03 0.00

7 a-terpinene 3.70 0.29 0.00

8 limonene 0.43 0.09 2.33

9 β-phellandrene 0.27 0.04 0.00

10 β-ocimene 0.35 0.01 0.00

11 g-terpinene 15.97 1.16 0.00

12 p-cymene 8.20 2.18 0.46

13 terpinolene 2.08 0.02 0.00

14 cis-sabinene hydrate 0.82 0.82 0.00

15 linalool 0.64 0.91 3.00

16 β-bourbonene 0.22 0.00 0.00

17 trans-sabinene hydrate 0.34 0.49 0.00

18 methyl thymol ether 5.19 0.59 0.00

19 methyl carvacryl ether 6.15 0.85 0.00

20 4-ol-terpinen 0.97 1.77 1.94
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Table 1. Cont.

n Compound EOs % Hydr. % W.D.%

21 b-caryophyllene 3.71 0.24 0.00

22 a-humulene 0.41 0.02 0.00

23 β-bisabolene 3.03 0.18 0.00

24 Germacrene 1.97 0.07 0.00

25 sesquiterpene 1 0.42 0.00 0.00

26 thymol acetate 0.28 0.07 0.00

27 thymol 39.11 87.60 79.14

28 carvacrol 0.68 2.22 0.00

In addition, γ-terpinene (15.97%) and p-cymene (8.20%) are also part of the phyto-
complex. These compounds have already been used in food preservation [69] and in
the prevention of fungal pathogens [70]. Their antimicrobial action is determined by the
presence of the -OH group, which binds to cell membranes and damages them [71]. The
hydrolate obtained from the hydrodistillation of the essential oil contains a high percentage
of thymol (87.6%), followed by p-cymene (2.18%) and carvacrol (2.22%).

3.2. Daily Pathological Survey and Decay Severity Index

Table 2 shows the evaluations of the pathological observations during the storage
period. No significant differences between the treatments were recorded in the first 10 days
of observation. Starting from the 15th day of observation, in the CTR fruit, lesions and spots
progressively and increasingly appeared until the 24th day, when more than 70% of the
fruit showed a high level of contamination, i.e., level 3 (Figure 1). EC1 fruit, which showed
increasing contamination from the 16th day of observation. At the end of the storage period,
appeared more damaged than both CTR and EC2 fruit. The EC1 samples also reached a
contamination level of 3. Contrastingly, the contamination trend of the EC2-treated fruit
was significantly different. In fact, lesions formed from day 15 onward up until day 25.
These remained confined to the affected area less than/equal to 25% of the entire surface.
In fact, the deterioration index of EC2 fruit was the lowest compared to CTR and EC2 fruit,
with a value of less than 2.
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symptoms (healthy fruit); 1 = 1–25% of the surface is covered with light mycelium (mild infection); 

Figure 1. Representative fruits assigned to an empirical scale (0–3) of symptoms caused by fungal
infection to quantify the incidence and severity of the disease on the papaya fruit: 0 = no visible
symptoms (healthy fruit); 1 = 1–25% of the surface is covered with light mycelium (mild infection);
2 = 26–50% of the surface is covered with mycelium (moderate infection); 3 = 51–75% of the sample is
necrotic with masses of spores appearing (strong infection).
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Table 2. Development over time of daily mean values of contamination levels in fruit of C. papaya L. treated with different extracts from O. vulgare subsp. viridulum L.
The levels of contamination (C.L.) are described as follows: N.I. (no infection—level 0); S.I. (slight infection, 1–4 lesions liv.1); M.I. (moderate infection, 5–10 lesions,
liv.2); and H.I. (high infection, >10 lesions, liv.3). Each value refers to the average of three repetitions ± S.E. CTR = control; EC1 = A. arborescens and essential oil; and
EC2 = only hydrolate. The values with the same letter are not significantly different at p ≤ 0.05 (Tukey’s test). The lowercase letters in the apex are used to indicate
differences in time for the same treatment; the uppercase letters indicate differences between treatments at the same time of storage. For each treatment, different
letters are indicated significant differences between sampling data.

Treatments C.L.
Days of Storage

15 D 16 D 17 D 18 D 19 D 20 D 21 D 22 D 23 D 24 D 25 D

CTR

N.I. 4.67 ± 0.33 a 1.33 ± 1.33 a 2.00 ± 1.15 a 2.00 ± 1.15 a 2.00 ± 1.15 a 1.33 ± 0.67 a 1.00 ± 0.57 a 0.33 ± 0.33 a 0 0 0
S.I. 0.33 ± 0.33 b 3.00 ± 0.67 a 2.00 ± 0.57 a 2.00 ± 0.57 a 2.00 ± 0.57 a 2.67 ± 0.33 a 2.67 ± 0.88 a 2.67 ± 1.33 a 1.67 ± 1.20 a 1.33 ± 0.88 a 1.33 ± 0.88 a
M.I. 0 0.67 ± 0.66 a 1.00 ± 0.57 a 1.00 ± 0.57 a 1.00 ± 0.57 a 0.67 ± 0.67 a 0 0 0 0.33 ± 0.33 a 0.33 ± 0.33 a
H.I. 0 0 0 0 0 0.33 ± 0.33 a 1.33 ± 1.33 a 2 ± 1.52 a 3.33 ± 1.20 a 3.33 ± 1.20 a 3.33 ± 1.20 a

EC1

N.I. 5.00 ± 0.01 a 4.70 ± 0.33 a 4.7 ± 0.33 a 4.7 ± 0.33 a 0 0 0 0 0 0 0
S.I. 0 0.33 ± 0.33 b 0.33 ± 0.33 b 0.33 ± 0.33 b 0.33 ± 0.33 a 0.33 ± 0.33 a 0.33 ± 0.33 a 0 ± 1.67 a 0 0 0
M.I. 0 0 0 0 1.33 ± 1.33 a 1.33 ± 1.33 a 0 0 2.67 ± 1.45 a 2.33 ± 1.45 a 2.33 ± 1.45 a
H.I. 0 0 0 0 0.33 ± 0.33 a 0.33 ± 0.33 a 1.67 ± 1.67 a 1.67 ± 1.67 a 2.33 ± 1.45 a 2.67 ± 1.45 a 2.67 ± 1.45 a

EC2

N.I. 5.00 ± 0.01 a 4.33 ± 0.33 a 4.33 ± 0.33 a 4.33 ± 0.33 a 4.33 ± 0.33 a 3.33 ± 0.33 a 2.33 ± 1.20 a 2.33 ± 1.20 a 2.33 ± 1.20 a 2.33 ± 1.20 a 2.33 ± 1.20 a
S.I. 0 0.67 ± 0.33 b 0.67 ± 0.33 b 0.67 ± 0.33 b 0.67 ± 0.33 b 1.67 ± 0.33 b 2.67 ± 1.20 b 2.67 ± 1.20 b 2.67 ± 1.20 a 2.67 ± 1.20 a 2.67 ± 1.20 a
M.I. 0 0 0 0 0 0 0 0 0 0 0
H.I. 0 0 0 0 0 0 0 0 0 0 0
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The data, in Table 2, from day 15 until the last day of observation are shown, as there
were no statistically significant data before then.

From the obtained data, we can state that there was no inhibitory activity exerted by
the oregano essential oil combined with A. arborescens. This was also confirmed by the
evaluation of the decay index; in the EC1 thesis, out of a range from 0 to 4, a value of
3.53 was achieved (Figure 2). A possible explanation for the high contamination of the
papayas could be since, as reported in other studies [72,73], Aloe gel can act as a substrate
for microbial growth, as it is rich in soluble solids, proteins, and lipids. The CTR fruit
were affected with a severity index of 3.11, whilst the most effective inhibitory activity was
shown in the fruit treated with EC2, i.e., with the hydrolate. The ANOVA showed that all
three of these showed significant differences in the decay index over time (p ≤ 0.05).
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Figure 2. Decay index (D.I.) rated from 1 to 4 on papaya fruit measured for 25 days post-treatment
in cold storage 5 ± 1 ◦C. Values are expressed as mean ± SD. Means with the same letter are not
significantly different at p ≤ 0.05 (Tukey’s test). CTR: control fruit; EC1: Aloe arborescens Mill. and
essential oil; EC2: only hydrolate. Lowercase letters indicate differences between treatments at the
same time of storage; uppercase letters indicate differences between treatments at the same time of
storage. NS = non-significant (p ≤ 0.05).

The lowest decay index was found on the EC2 fruit (1.14), which exhibited mild cir-
cumscribed injuries. This inhibitory effect may be attributed to the presence of thymol and
carvacrol [74]. These two compounds have been identified as antimicrobial [75] and anti-
fungal agents due to their ability to influence and modify mycelium morphology, resulting
in changes in the chitin and hyphae [76]. However, the biocidal effectiveness of the active
components present in the oregano EOs was probably hampered by the presence of Aloe ar-
borescens gel, rich in polysaccharides, lipids, sugars, and phenolic compounds [77], which
contributed to the proliferation of the fungal agents, serving as a growth medium itself.

3.3. Morphological Identification of External Fungal Agents

The macroscopic and microscopic analyses of the isolated fungal colonies allowed
for the identification the following fungal taxa: Cladosporium (Figure 3(a1–a3)), Alternaria
(Figure 3(b1–b3)), and Botrytis (sp. cinerea) (Figure 3(c1–c3)). These pathogens were found
in all treatments and the control (CTR, EC1, and EC2), with the difference being that, in
the EC2-treated fruit, the formed lesions did not extend over the entire epicarp surface,
remaining circumscribed and topical. These fungal taxa have been described in papaya
fruit during the postharvest phase [42,73,78–80] and, as reported in the literature, are active
in the quiescent phase during fruit ripening [81]. The genus Cladosporium, which causes
greenish-black spots on papayas, is usually found confined to the skin surface, resulting in
the aesthetic degradation of the fruit, which lowers its commercial value [82]. The genus
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Alternaria insinuates itself into host tissues through wounds or natural openings [83]. Its
presence at the postharvest stage is of utmost importance since this fungus is a producer
of mycotoxins (Alternaria toxins) that are harmful to human health and responsible for
mutations, chromosomal aberrations, and DNA damage [84]. Furthermore, Botrytis cinerea
is one of the best known and most common recurring infecting fungi in fruit, both in the
field and postharvest. The colonization of this fungus usually occurs quiescently before
harvest, and as the ripening stage continues, the fungus moves from a latent state to the
active necrotrophic stage, thus causing gray mold [82,83,85].
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Figure 3. Most recurrent fungal Taxa isolated from naturally infected papaya fruit, identified by
their macroscopic and microscopic features. Cladosporium (a1–a3), Alternaria (b1–b3), and Botrytis
cinerea (c1–c3).

3.4. Physicochemical Analyses

As shown in the results of the physicochemical analysis (Table 3), the difference in the
flesh color between the CTR and the treated fruit was particularly pronounced. Increases



Horticulturae 2023, 9, 204 11 of 16

in the values of the color indices C* could be seen on the last day of storage. The fruits
from the EC1 and EC treatments showed smaller increases in the values compared to
those on day 0, while the CTR fruit showed an increase in color saturation from about 28
to 45 for the C* value. This results in a maturation process of the papaya fruit ripening
during the observation period, which was slowed down in the EC-treated fruit. This
confirms what has already been reported in the literature by Dhall and Salehi [86,87],
according to whom, ECs, by creating a barrier on the fruit surface, slow down the rate of
respiration and, thus, the rate of ripening. Indeed, through the development of these two
parameters, chroma and hue angle, it is possible to understand when the degradation of
chlorophyll starts to give way to the synthesis of carotenoids [88,89]. A relationship linking
the synthesis of carotenoids to the change in color intensity is perfectly described by the
chroma parameter [90]. The Chroma parameter was different in the CTR fruit, which had a
duller and darker colour, as it was subjected to the ripening process, and, thus, its organic
components degraded. Other parameters considered for assessing the degradation of
organic acids and, thus, the synthesis of aromatic and sugar components are Brix◦ degrees
and titratable acids (TAs). At time T0, higher TA values were recorded for the Brix◦ degrees
in the fresh fruit than in the CTR fruit. This was made possible by the continuation of the
ripening process of the fruit, which was even more exposed to this development, probably
because it was not coated by the coatings [91]. Fruit firmness, which is one of the most
important quality parameters used to evaluate a fruit’s crunchiness, decreased after 25 days
of storage but without significant differences between treatments. Although all treatments
were not statistically different from the control, the EC2 treatment maintained a higher
firmness at d 25, and this can be attributed to the applied coatings, which, as reported by
several studies, limit fruit respiration and evapotranspiration, slowing cell degradation
phenomena and ethylene production [5,55]. Furthermore, many researchers [92–94] have
reported how the inclusion of essential oils or their derivatives, as they contain bioactive
compounds, can maintain fruit firmness because they can reduce fruit respiration and, in
particular, the activity of cell wall hydrolases, thus preventing transpiration and water
loss. This makes it possible to preserve the crispness and freshness of a fruit product, an
increasingly important requirement for today’s consumers [95].

Table 3. Physicochemical characteristics of fresh C. papaya fruit (F.f.) at d 0 and on last day of storage
(d25). Treatments (Tr): CTR = control; EC1 = A. arborescens with EOs of Origanum vulgare subsp.
viridulum; EC2 = hydrolate- Lightness (L*), redness (a*), yellowness (b*), chroma (C*); titratable
acidity (TA), total soluble solids (TSSs); maturity index (MI), firmness (FF). Values means ± S.E. The
processed results are respectively mean ± standard error (S.E.) of three replicates. Values with the
same letter are not significantly different at p ≤ 0.05 (Tukey’s test). Lowercase letters in the apex are
used to indicate differences in time for the same treatment; uppercase letters indicate differences
between treatments at the same time of storage.

Days Tr
Flesh Color

C* TA (g·L−1) TSS (◦Brix) MI FF (N)
(L*, a*, b*)

0 F.f. 53.16 ± 2.01 b −9.78 ± 1.28 b 26.76 ± 1.15 b 28.49 b 0.80 ± 0.01 a 8.59 ± 0.36 b 96.00 ± 0.36 a 13.00 ± 1.6 a

25
CTR 75.80 ± 0.92 aA 2.69 ± 1.69 aA 45.06 ± 0.66 aA 45.25 aA 0.60 ± 0.01 abA 9.86 ± 0.38 aA 98.58 ± 1.01 aA 10.63 ± 0.14 bA
EC1 74.88 ± 1.19 aA 0.60 ± 1.27 aA 40.55 ± 1.72 aA 40.62 aA 0.40 ± 0.01 bA 9.71 ± 0.10 aB 97.01 ± 1.11 aA 10.35 ± 0.26 bA
EC2 76.55 ± 0.49 aA 0.74 ± 0.82 aA 43.71 ± 0.82 aA 43.84 aA 0.50 ± 0.01 abA 9.62 ± 0.23 aB 96.00 ± 1.06 aA 11.37 ± 0.19 bA

3.5. Sensorial Analysis

The sensory evaluation showed that, after the entire storage period, juiciness and pulp
color were the parameters most appreciated by consumers in all three treatments (Figure 4).
In particular, the pulp color descriptor obtained a value of 5.83 in all three treatments, while
the juiciness descriptor obtained high values in the EC2 treatment (6.33). The sweetness
descriptor obtained higher scores in the CTR and EC1(respectively) treatments than in the
EC2 treatment while concerning exotic fruit odor both treatments (EC1 and EC2) has shown
higher values than CTR. For the negative descriptors, i.e., those related to the presence
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of filaments, sea odor, medicinal odor, cheese odor, burnt oil odor, oregano odor, acidity,
bitterness, flouriness, and sea aroma, the values obtained were about 1 (absence of the
descriptor) in both the CTR and EC-treated fruits. Hence, we can state that, although the
epicarp of the fruit was damaged by the presence of pathogens, particularly in the CTR
and EC1 treatments, this did not alter the sensory quality of the pulp.

Horticulturae 2023, 9, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 4. Sensory analysis at T0 and T25 of C. papaya descriptor legend: flesh color (FC*), presence 
of filaments (PF), odor of sea (OS), peach odor (PO*), exotic fruit odor (EFO*), medicinal odor (MO), 
cheese odor (CO), odor of burnt oil (OBO), odor of oregano (OO), acid (A*), sweet (S*), bitter (B*), 
juiciness (J), flouriness (F), sea flavor (SF), peach flavor (PF), exotic fruit flavor (EFF), medicinal fla-
vor (MF), cheese flavor (CF), burnt oil flavor (BF), oregano flavor (OF). The descriptors marked with 
an * were those that reported a statistically significant value of p ≤ 0.05. 

4. Conclusions 
This paper found that EC1 edible coatings, with A. arborescens and oregano essential 

oil, had no positive effect on retarding or reducing fungal growth. This suggests that the 
film may have acted as a growth substrate for external fungal agents. However, the anti-
fungal and antimicrobial activities of O. vulgare subsp. viridulum were particularly evident 
in the hydrolate treatment because, although lesions and spots formed on the epicarp of 
the fruit, they remained well circumscribed from the beginning of the contamination until 
the end of the observation period. Furthermore, the EC2 treatment responded positively 
to both the spraying and brushing application methods. Both application methods equally 
ensured that the characteristics of the C. papaya fruit were not altered during the trial. 
Finally, the sensory analysis performed to evaluate the organoleptic characteristics of the 
fruit showed mostly positive parameters; an interesting oregano aroma was perceived in 
both of the EC1 and EC2 treatments. In conclusion, the treatment with hydrolate (EC2), 
which has always been regarded a waste product of the distillation process, can be con-
sidered a promising alternative to improve the safety of papaya fruit and to prolong its 
shelf life postharvest. 

Author Contributions: Conceptualization, A.C. (Alessandra Culmone), I.T. and V.F.; methodology, 
V.F., L.T., I.T., A.C. (Alessandra Carrubba), M.G.B. and G.R.; formal analysis, A.C. (Alessandra Cul-
mone), I.T., M.M. and G.M.; investigation, A.C. (Alessandra Culmone), I.T., M.M. and G.M.; data 
curation, A.C. (Alessandra Culmone), I.T., V.F., A.C. (Alessandra Carrubba) and L.T.; writing—
original draft preparation, A.C. (Alessandra Culmone), I.T., and V.F.; writing—review and editing, 
V.F., L.T., I.T., M.M., G.R., M.G.B., A.C. (Alessandra Carrubba) and A.C. (Alessandra Culmone); 
supervision, V.F. All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. 

Acknowledgments: A special acknowledgement is addressed to “Istituto per la Protezione Sos-
tenibile delle Piante, Consiglio Nazionale delle Ricerche, Sesto Fiorentino, Italy” for the analysis of 
the essential oil and hydrolate. We would like to thank the companies Agropolis, l’Orto di Rosolino, 
and Filippone for kindly providing us with the plant material for the experiment; Roberta Passa-
fiume, Vincenzo Guarino, Pasquale Roppolo, and Alessandro Ruggeri for collaborating and 

Figure 4. Sensory analysis at T0 and T25 of C. papaya descriptor legend: flesh color (FC*), presence of
filaments (PF), odor of sea (OS), peach odor (PO*), exotic fruit odor (EFO*), medicinal odor (MO),
cheese odor (CO), odor of burnt oil (OBO), odor of oregano (OO), acid (A*), sweet (S*), bitter (B*),
juiciness (J), flouriness (F), sea flavor (SF), peach flavor (PF), exotic fruit flavor (EFF), medicinal flavor
(MF), cheese flavor (CF), burnt oil flavor (BF), oregano flavor (OF). The descriptors marked with an *
were those that reported a statistically significant value of p ≤ 0.05.

4. Conclusions

This paper found that EC1 edible coatings, with A. arborescens and oregano essential oil,
had no positive effect on retarding or reducing fungal growth. This suggests that the film
may have acted as a growth substrate for external fungal agents. However, the antifungal
and antimicrobial activities of O. vulgare subsp. viridulum were particularly evident in the
hydrolate treatment because, although lesions and spots formed on the epicarp of the fruit,
they remained well circumscribed from the beginning of the contamination until the end of
the observation period. Furthermore, the EC2 treatment responded positively to both the
spraying and brushing application methods. Both application methods equally ensured
that the characteristics of the C. papaya fruit were not altered during the trial. Finally, the
sensory analysis performed to evaluate the organoleptic characteristics of the fruit showed
mostly positive parameters; an interesting oregano aroma was perceived in both of the EC1
and EC2 treatments. In conclusion, the treatment with hydrolate (EC2), which has always
been regarded a waste product of the distillation process, can be considered a promising
alternative to improve the safety of papaya fruit and to prolong its shelf life postharvest.
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