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Abstract

Postharvest fruit losses significantly impact producers and distributors. Although synthetic
preservatives mitigate these losses, consumer safety concerns and regulatory restrictions
drive interest in alternative approaches. Propolis, rich in polyphenols, exhibits antioxidant
and antimicrobial activities, making it a promising natural strategy to preserve fruit qual-
ity. This study aimed to evaluate the effects of the pre- and postharvest applications of
Portuguese propolis extracts on the preservation of postharvest quality of ‘Rocha’ pear, an
exclusively Portuguese variety of major economic importance. Treatments were applied
by spraying the fruits one month before and at harvest. After five months of cold storage,
the main quality parameters, phenolic content, antioxidant capacity, physiological disor-
ders, and microbial contamination were assessed. The results showed that the application
of propolis extract, either 30 days before or immediately after harvest, reduces the total
microbiological load on the fruit’s epidermis (~1-log to 2-log reduction, after treatment).
Moreover, the treatment enhanced the preservation of key quality attributes, including
a reduction in water loss of up to 44%, a 13-33% decrease in firmness loss relative to
the control, and a lower incidence of physiological disorders during postharvest storage.
Furthermore, the application of propolis can enhance the production of fruits with higher
levels of bioactive compounds, while also adding value to a bee product that is often
underappreciated by most beekeepers.

Keywords: postharvest losses; decay reduction; postharvest fruit quality; bioactive
compounds; natural preservatives; bee products; agricultural sustainability

1. Introduction

Pre- and postharvest fruit losses resulting from microbial contamination, physiological
disorders, mechanical or chilling injury, and general quality deterioration represent an
important negative impact on the activity of producers and distributors. Recognition of the
importance of reducing food losses throughout production and supply chains to enhance
global food security has led to the inclusion of a specific target within the United Nations
Sustainable Development Goals (target 12.3) [1].
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Different strategies have been developed to maintain fruit quality during storage,
including the application of fungicides and antioxidants, low-temperature storage, and the
modification of storage atmospheric conditions, among others [2,3]. Although chemical
fungicides remain widely used for controlling fruit infections, their prolonged and large-
scale application can promote the emergence of resistant pathogens and pose potential risks
to human health and to the environment [4,5]. Moreover, extended cold storage may induce
physiological disorders that compromise fruit quality [6]. In addition, increasing consumer
concern regarding food quality and safety, together with stricter regulations on the use of
synthetic compounds, has stimulated the study of alternative pre- and postharvest strate-
gies. These approaches aim to control the proliferation of fruit-infecting microorganisms
throughout the production cycle, delay quality deterioration during storage, and preserve
the nutritional and sensory attributes of the fruits [2,4,7].

Fruit quality at harvest strongly influences subsequent postharvest performance and
shelf-life. This includes not only the attainment of appropriate physiological maturity but
also factors such as nutritional status or microbiological quality [8]. Preharvest treatments
can be applied to help preserve quality attributes during fruit storage. These treatments
may improve fruit mineral nutrition, thereby reducing physiological disorders, decreasing
pathogen load, enhancing resistance to pathogen infections through increased polyphenol
concentrations, or modulating the activity of key fruit metabolic enzymes [8,9].

The use of natural extracts as preharvest treatments, namely aloe vera [10] or tea
tree oil [11], has demonstrated effectiveness in reducing microbial load at harvest and
during storage, maintaining fruit quality, delaying senescence, and inducing defense
responses [10-12]. Similarly, several studies have reported that the postharvest applica-
tion of natural extracts, like oregano essential oil [4] or propolis [13,14], has considerable
potential to maintain fruit quality during storage.

Propolis is a resinous substance collected by bees from plant buds and exudates,
and subsequently enriched with bee-derived enzymes, pollen, and wax. It has been
extensively studied and utilized due to its broad-spectrum biological activities, including
antifungal, antibacterial, antiviral, and anti-inflammatory properties. The composition and
physicochemical characteristics of propolis are strongly influenced by the specificity of
the local flora, the botanical resin sources available to bees, and the season during which
it is collected [15-18]. Due to its richness in bioactive compounds, including flavonoids
(flavones and flavanones), phenolic acids, and terpenoids, as well as evidence supporting
their beneficial physiological properties and low toxicity, propolis and its extracts show
promising potential as natural antioxidant agents and antimicrobial preservatives [17,19].
Moreover, several studies suggest that the hydrophobic constituents of propolis, together
with its high phenolic content, may form a biodegradable barrier capable of reducing fruit
transpiration and respiration, thereby enhancing postharvest preservation [20].

Propolis has been shown to be effective against a broad spectrum of fungal
pathogens impacting crops, including Penicillium expansum [21], Penicillium digitatum [21,22],
Penicillium italicum [21], Penicillium notatum [23], Botrytis cinerea [21,24], Colletotrichum
gloeosporioides [25,26], and Alternaria alternata [21].

In vivo experiments using artificially wounded ‘Rocha’ pears inoculated with
Stemphylium vesicarium (Wallr.) E. G. Simmons showed a reduction of up to 25% in disease
incidence and up to 57% in lesion diameter in fruits treated with propolis, compared to
untreated controls [27]. Similar experiments conducted with P. expansum, another impor-
tant pear pathogen, showed that propolis effectively slowed fungal development and
significantly reduced lesion size on ‘Rocha’ pears [28]. In P. expansum—inoculated ‘Nanguo’
pears, the application of guar gum-based composite films, with and without incorporation
of ethanolic extract of propolis, further confirmed the antifungal efficacy of propolis. Its
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incorporation into the coating significantly reduced both lesion diameter and depth, while
also limiting weight loss and preserving fruit firmness throughout storage [14].

‘Rocha’ pear (Pyrus communis L. cv Rocha) is an exclusively Portuguese pear va-
riety, whose production is mainly concentrated in the western region of the country
and has major economic relevance [27]. ‘Rocha’ pear harvest takes place in August,
but its availability throughout the year is crucial to consumers and producers. Cold
storage, 1-methylcyclopropene treatment, and controlled atmosphere have been applied
to prolong the storage life of pears; however, these methods do not fully prevent the
development of different physiological disorders that lead to deterioration in fruit qual-
ity [29]. Consequently, more effective approaches are still needed to enhance ‘Rocha’ pear
postharvest preservation.

In this context, the aim of this study was to evaluate the effects of the pre- and
postharvest application of Portuguese propolis extracts on maintaining the postharvest
quality of ‘Rocha’ pear during long-term cold storage. To the best of our knowledge, the
impact of preharvest propolis application on the preservation of ‘Rocha’ pear during storage
has never been studied. In particular, this approach aimed to assess the potential induction
of defense mechanisms in ‘Rocha’ pear, as previously reported for other fruit species and
bioactive compounds [10-12]. The treatment was applied approximately one month before
harvest, after cell division had ceased and during the cell expansion phase. At this stage,
the fruit’s natural defense mechanisms are still developing and are highly responsive
to induction, allowing preharvest interventions to activate defense responses [30]. This
strategy was also expected to confer a preventive or prophylactic effect, as observed in
earlier studies involving P. expansum-infected pears [28], and to reduce the surface microbial
load of the fruit, thereby enhancing subsequent postharvest storage. In addition to helping
maintain fruit quality, the application of propolis can enhance the nutritional value of pears
by increasing their content in bioactive compounds, while simultaneously adding value to
a bee product that is often underestimated by most beekeepers.

2. Materials and Methods
2.1. Reagents

Bradford reagent, bovine serum albumin (BSA), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), polyvinylpyrrolidone, pyridine, N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA)
containing 1% trimethylchlorosilane, trolox, and 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ),
were from Sigma-Aldrich (St. Louis, MO, USA). Acetone, ethanol absolute, hexane, and
iron (II) sulfate heptahydrate were from Riedel-de Haén (Seelze, Germany). Folin-Ciocalteu
reagent, gallic acid and iron (III) chloride hexahydrate were from Merck (Darmstadt, Ger-
many). Ascorbic acid, disodium hydrogen phosphate dihydrate, sodium acetate trihydrate,
sodium carbonate and sodium dihydrogen phosphate monohydrate were purchased from
Panreac (Barcelona, Spain). Catechol was from Fisher Scientific (Loughborough, UK). Plate
Count Agar, Dichloran Rose Bengal Chloramphenicol Agar and Tryptone-Salt Broth were
from Biokar Diagnostics (Allonne, France). The water used was purified using a Milli-Q wa-
ter purification system (Millipore, Bedford, MA, USA) and all chemicals were of analytical
reagent grade or HPLC grade.

2.2. Propolis Extract Preparation

Crude Portuguese propolis was supplied by apiaries from Fafe, Luso, and Tondela in
central and northern Portugal. The propolis samples were stored at —20 °C until further
usage. Prior to the extraction, propolis was ground and homogenized and a mixture
composed of propolis from Fafe (50%, w/w), Luso (33%, w/w) and Tondela (17%, w/w)
was prepared. The extract was prepared according to the Ultrasound extraction procedure
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described by Loebler et al. [27]. Briefly, a 70% ethanol solution was added to the propolis at
aratio of 1 g to 30 mL, the mixture was sonicated for 20 min in an ultrasonic bath (P-Selecta
Ultrasons, Barcelona, Spain) at 20 °C, and left to macerate in the dark for 24 h, at room
temperature (20 to 22 °C). The insoluble residues were then removed by filtration, and
the remaining material was subjected to a new extraction under the same conditions. The
filtrates were pooled, stored at —20 °C, and then filtrated once more. The concentration
of the extract was established, according to Trusheva et al. [31]. Specifically, 2.0 mL of
extract was evaporated to dryness using a rotary evaporator at 40 °C under vacuum. This
determination was performed in triplicate. The propolis extract stock solution was prepared
by adjusting the extract concentration to 30 mg/mL with 70% ethanol.

2.3. Propolis Extract Characterization

Hydroethanolic propolis extract was characterized in terms of total phenolic content
(Folin—Ciocalteu assay), antiradical activity (DPPH assay), reducing activity (FRAP assay)
and gas chromatography—mass spectrometry (GC-MS) chromatographic profile.

2.3.1. Determination of Extract Total Phenolic Content

Total phenolic compounds were determined as gallic acid equivalents (GAE), accord-
ing to the procedure described by Romeiras et al. [32]. In brief, 6.0 mL of water, 100 pL of
diluted sample and 500 pL of undiluted Folin—Ciocalteu reagent were mixed. After 1 min,
1.5 mL of 20% (w/v) NayCO3 and water up to 10 mL were added. The reaction mixtures
were incubated for 120 min in the dark. The absorbance was recorded (UV/VIS spectropho-
tometer SPEKOL 1500, Analytik Jena, Jena, Germany) at 765 nm and compared to a gallic
acid calibration curve. Results were expressed as mg GAE/g of dry extract. Each analysis
was performed in triplicate.

2.3.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was carried out according to the procedure described by Lima et al. [33].
Succinctly, 3 mL of FRAP reagent (10 mM TPTZ solution in 40 mM HCI, 20 mM ferric
chloride and 0.25 M sodium acetate buffer, pH 3.6, at a ratio of 1:1:10, freshly prepared
and warmed at 37 °C) was mixed with a 400 pL aliquot of diluted extract. The reaction
mixtures were incubated for 4 min at 37 °C, and the absorbance was recorded (UV/VIS
spectrophotometer SPEKOL 1500, Analytik Jena, Jena, Germany) at 593 nm and compared
to a ferrous sulphate calibration curve. The results were expressed as mmol Fe?" equivalents
per gram of dry extract. Data are presented as means =+ standard deviations. Each analysis
was performed in triplicate.

2.3.3. DPPH Radical-Scavenging Assay

The DPPH assay was carried out based on the procedure described by Lima et al. [33].
In brief, a 500 pL aliquot of diluted extract was added to 3.0 mL of freshly prepared DPPH
solution (24 mg/L in ethanol). The reaction mixtures were incubated at room temperature
in the dark, and the absorbance at 517 nm was recorded (UV/VIS spectrophotometer
SPEKOL 1500, Analytik Jena, Jena, Germany). A negative control was prepared by substi-
tuting the extract with its solvent. A calibration curve constructed with trolox was used,
and results were expressed as mg trolox equivalents (TE) per gram of dry extract. Each
analysis was performed in triplicate.

2.3.4. Derivatization Procedure and GC-MS Analysis

The propolis extract was derivatized using the method proposed by Isidorov et al. [34]
with some adaptations [35]. Briefly, 2 mL of the extract was evaporated to dryness under
a nitrogen flow, and the residue was re-suspended in 250 pL of pyridine, followed by
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the addition of 100 uL of the derivatizing agent N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA); after incubation at room temperature for 12 h and in the dark, the mixture
was diluted to 2 mL with petroleum ether, dried with anhydrous sodium sulphate and
immediately subject to chromatographic analysis. The GC-MS analysis was performed
using a GC-MS system composed of a LECO L-PAL3 autosampler, an Agilent 7890B
(Palo Alto, CA, USA) gas chromatograph and a LECO Pegasus BT Time-of-Flight mass
spectrometer (Saint Joseph, MI, USA). The derivatized sample (1 uL) was injected using
a LECO L-PAL3 autosampler, and separation was achieved using an Agilent HP-5MS Ul
fused silica capillary column (30 m x 0.25 mm i.d., 0.25 um film thickness). The injector
was operated in solvent vent mode, with the split valve opened at 100 mL/min for 25 s,
at 70 °C. Then, the split valve was closed for 120 s, and the inlet temperature was raised
to 300 °C at 700 °C/min. Finally, the split valve was opened again at 20 mL/min until
the end of the run. The oven program was as follows: 50 °C for 1 min, then 7 °C/min
until 100 °C, then 3 °C/min until 220 °C, and finally 10 °C/min until 295 °C, and held
at that temperature for 8 min. The transfer line to the MS was kept at 300 °C. The mass
spectrometer ion source was kept at 250 °C, and electron ionization at 70 eV. Data acquisition
was made from m/z 40 to 550, 10 spectra per second, with an acquisition delay of 480 s.
Data acquisition, system control and spectra deconvolution were performed using LECO
ChromaTOF version 5.40. NIST MS Search Program Version 2.3 g was used for spectra
matching (NIST, 2015, Gaithersburg, MD, USA).

2.4. Fruits and Experimental Design

‘Rocha’ pears (Pyrus communis L.) were cultivated in an experimental orchard at the
Fruit Research Station of the National Institute for Agricultural and Veterinary Research
(INIAV), located in Alcobaga, Portugal. For the preharvest assay, pears were sprayed with
propolis extract E1 (a 1:10 v/v aqueous dilution of the propolis extract stock solution, which
corresponds to a final concentration of 3 mg/mL) directly on the tree one month before
harvest. Fruits sprayed only with water, also referred to as untreated fruits, served as the
control group (preharvest control). The experimental design included two trial plots per
treatment. Each plot consisted of seven contiguous trees, with assessments conducted
on the five central trees. To prevent cross-contamination and spray drift, two untreated
buffer trees were maintained between adjacent plots, and buffer rows separated treated
rows. Buffer trees were excluded from data collection. Harvesting took place at commercial
maturity in late August (58 N firmness and 13 °Brix total soluble solids). For the postharvest
assay, undamaged pears were hand-selected immediately after harvest and subsequently
sprayed with water (postharvest control), propolis extract E1, and propolis extract E2
(a 1:50 v/v aqueous dilution of the propolis extract stock solution, which corresponds to a
final concentration of 0.6 mg/mL). The concentrations of propolis used were selected based
on preliminary in vitro antimicrobial assays and literature references [36]. Approximately
180 pears were pooled per studied condition. Of these, one-third (60 pooled pears) were
analyzed immediately at harvest, while the remaining pears were evenly divided and
stored in a normal atmosphere cold room at 1 °C and 90% relative humidity for 5 months.
The cold room was periodically ventilated to maintain ambient atmospheric conditions and
to avoid the buildup of ethylene. No additional postharvest treatments with preservatives
or antifungal agents were applied to the fruits.

2.5. Pears Physicochemical Analyses

At harvest, the fruits were evaluated for weight, color, firmness, total soluble solids,
pH and titratable acidity. Fruits used in the postharvest assay were analyzed immediately
after the application of treatments. For all treatments, the same physicochemical analyses
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were conducted after 3 and 5 months of cold storage. At each sampling date, a total
of 20 fruits per treatment were evaluated, using two replicates.

The color was measured with a Minolta chromameter (model CR-300, Data Processor 301,
Minolta, Ramsey, MN, USA) in three different zones of each fruit. The results were ex-
pressed using the CIELAB colorimetric system (L*, a*, b*). The a* and b* values were used
to determine the hue angle (H° = 180° + Tang ™! [b*/a*]), associated with the tonality of
the fruit’s epidermis [37]. Weight loss was calculated by weighing the same sample of
fruit (20 pears per treatment and sampling time) and expressed as a percentage of the
initial weight [38]. For firmness determination, the skin was removed from three different
equatorial and equidistant zones of the fruit, and then the force required to penetrate the
pulp was measured with a penetrometer (Penefel, Setop-Giraud Technologies, Cavaillon,
France) equipped with an 8 mm diameter tip. The firmness was expressed in newtons (N).
Total soluble solids (TSS) content of the fruit juice was determined by using a hand-held
refractometer (Atago ATC-1, Tokyo, Japan) at 20 °C. The results were expressed in °Brix.
For titratable acidity (TA) and pH determination, groups of five pears each were mashed,
and 10 mL of the juice obtained was diluted with 30 mL of distilled water. After measuring
the pH (Hanna Instruments, HI2211 pH meter, Cluj, Romania), the diluted juice was titrated
with 0.10 N NaOH up to pH 8.2. The volume of NaOH was used to calculate the titratable
acidity (TA). Results were expressed as g malic acid/L of juice [37]. The analysis was
performed in triplicate.

2.6. Total Phenolic Content and Antioxidant Capacity of Pears

Fruit total phenolic content and antioxidant capacity were determined at harvest and
after 5 months of cold storage. Pear extracts were prepared according to the procedure
described by Abouraicha et al. [39] with minor modifications. Briefly, five fruits (peel and
pulp) of each treatment were cut into small pieces, and then 2 g were macerated in a mortar
with 20 mL of chilled 80% acetone solution. Subsequently, the mixtures were sonicated for
20 min in an ultrasonic bath (P-Selecta Ultrasons, Barcelona, Spain) and filtered. Extracts
were kept at —80 °C until analysis.

After 5 months of cold storage, extracts were also prepared from different pear tissues.
First, the pulp was separated from the peel. Then, slices of pulp were taken from the region
of the largest diameter in the equatorial section of the pears. These slices were divided
into two pulp fractions: (i) the outer pulp, located approximately 1 cm beneath the peel
(pulp fraction 1) and (ii) the inner pulp, located approximately 2 cm beneath the peel and
adjacent to the core (pulp fraction 2). Extracts from the peel and each pulp fraction were
prepared following the same procedure described previously for whole pears.

Total phenolic compounds were quantified as previously described for propolis
extracts. The antioxidant capacity was determined by the DPPH radical-scavenging
method and FRAP assay as previously described for propolis extracts, using ascorbic
acid as a reference compound in both assays. Total phenolic content was expressed as
mg GAE/100 g of fruit, and antioxidant activities were expressed as mg ascorbic acid
equivalents (AAE)/100 g of fruit. Each analysis was performed in triplicate.

2.7. Extraction and Quantification of a-Farnesene and Conjugated Trienols

Immediately after harvest, and after 3 and 5 months of cold storage, samples
of 15 pears per treatment were separated and kept at room temperature for 7 days. Subse-
quently, x-farnesene and conjugated trienols (CTs) were extracted from peel disks (12 mm
diameter; 5 disks per sample, in triplicate) by immersion in 5 mL of HPLC-grade hexane
for 10 min, under constant stirring at 22 £ 2 °C [40]. Following incubation, the solvent was
filtered through a sterile 0.20 pm filter, and the absorbance of the extracts was determined
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spectrophotometrically at 232 nm and 281-290 nm (Shimadzu, UV-visible spectrophotome-
ter, model UV-160A, Kyoto, Japan). a-Farnesene and CTs concentrations were calculated
according to the following molar extinction coefficients: £232 nm = 27,740 L mol~! cm~!

for a-farnesene and £281-290 nm = 25,000 L mol ! cm ™! for CTs and expressed as pg/cm?.

2.8. Assessment of Superficial Scald and Internal Disorders

Pears used for the « -farnesene and CTs assay were visually examined for superficial
scald and internal browning disorders as described by Gago et al. [3]. Internal browning
incidence was determined by cutting the fruits lengthwise and recording those exhibiting a
brown area > 1 cm in diameter around the core, and was expressed as a percentage of the
total number of fruits.

2.9. Activity of the Enzyme Polyphenoloxidase (PPO)

This determination was performed according to the procedure described by Abouraicha
et al. [39]. The extracts for enzymatic analysis were prepared by homogenizing 20 g of
pear pulp (obtained from three pooled samples, each composed of pulp from 10 fruits,
totaling 30 pears) with 40 mL of sodium phosphate buffer (100 mM, pH 6.4, 5% (w/v)
polyvinylpyrrolidone). Homogenization was performed in an ice bath with an Ultra Turrax
(IKA T18 Digital, Staufen, Germany) for 3 min, with a 1 min interval after each cycle, oper-
ating at 10,000 rpm for the first two cycles and at 12,000 rpm for the final cycle. The extracts
were then centrifuged (Centrifuge Sigma 4K15, Osterode am Harz, Germany) at 16,000 g,
for 30 min and at 4 °C. Finally, the supernatants were collected and stored at —80 °C until
analysis. For PPO activity assessment, 200 uL of pear extract was added to 2 mL of buffered
substrate solution (10 mM catechol in sodium phosphate buffer 100 mM, pH 6.0), and the
absorbance at 420 nm of this mixture was monitored for 3 min (UV/VIS spectrophotometer
SPEKOL 1500, Analytik Jena, Jena, Germany). One unit (U) of PPO was defined as the
amount of enzyme giving an increase in absorbance of 0.01 in 1 min, under these conditions.
Results were expressed as U/mg protein in pear enzymatic extracts. Protein content in pear
enzymatic extracts was assessed by the Bradford method, using bovine serum albumin as a
standard [39]. Each analysis was performed in triplicate.

2.10. Microbiological Methods

For the preharvest treatment, the total aerobic microorganisms at 30 °C and total viable
yeasts and molds were enumerated after spraying the fruits with propolis extract on the tree
one month before harvest (July), at harvest time and after 3 and 5 months of cold storage. For
the postharvest treatment, the same analyses were performed at harvest time, immediately
after spraying the fruits with propolis extract, and after 3 and 5 months of cold storage.
Total aerobic microorganisms at 30 °C were assessed according to ISO 4833-1:2013 [41], by
plating in Plate Count Agar, followed by incubation for 72 h, at 30 &= 1 °C. Total viable
yeasts and molds C were assessed according to [ISO21527-1:2008 [42], by plating in Dichloran
Rose Bengal Chloramphenicol Agar, followed by incubation at 25 + 1 °C, for 5 days.

The peel of 5 fruits of each treatment was aseptically removed and pooled. Initial
suspensions were prepared by homogenizing 10 g of these pooled test portions with
90 g of sterile Tryptone-Salt Broth for 60 s in a peristaltic homogenizer (Stomacher Star
Blender LB 400, VWR, Leuven, Belgium). Decimal dilutions (up to 10~*) were prepared
in Tryptone-Salt Broth. Microbial counts were reported as colony-forming units (CFU)/g
fresh peel.

2.11. Statistical Analysis

Statistical analysis was performed with the program STATISTICA version 7.0 (StatSoft
Inc., Tulsa, OK, USA). One-way ANOVA with Tukey’s post hoc test was applied for the
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identification of significant differences between variables at different time points (harvest
and during cold storage), and between the different treatments at the same time point.
The differences between the total phenolic content, antioxidant assay and PPO activity
for the same treatment at harvest and at the end of the cold storage were tested by the
Student t-test. Differences with p < 0.05 were considered significant. All data were reported
as mean =+ standard deviation.

3. Results and Discussion
3.1. Characterization of Propolis Extract

Antioxidant activity was evaluated using two assays that detect different mechanisms
of antioxidant activity. The FRAP assay is a single-electron transfer (SET)-based method that
measures the reduction in Fe3*-TPTZ complex to the Fe?*-TPTZ by the antioxidants [43],
while DPPH radical scavenging involves multiple mechanisms, including single-step hydro-
gen atom transfer (HAT), single-electron transfer followed by proton transfer (SET-PT), and
sequential proton loss and electron transfer [44]. The total phenolic content and antioxidant
activity of the extract (Table 1) agreed with other studies on Portuguese propolis [27].

Table 1. Total phenolic content and antioxidant capacity of the propolis extract.

Total Phenolic Content DPPH FRAP
mg GAE/g DE mg TE/g DE mmol Fe?/g DE
Propolis extract 313.7 £ 1255 258.1 + 1.8 40402

Means =+ standard deviations. FRAP: Ferric reducing antioxidant power; DPPH: 2,2-Diphenyl-1-picrylhydrazyl
radical; GAE: Gallic acid equivalents; TE: Trolox equivalents; DE: Dry extract.

The results obtained through the analysis of the extract by GC-MS are shown in
Table S1. In total, 144 compounds were identified in the ethanolic extract of propolis,
corresponding to 94.2% of the total chromatographic area. From these, 21 compounds were
selected as major components, since they presented a relative chromatographic area higher
than 1% (Table 2).

The major components found in the propolis extract were diisooctyl phthalate (9.237%),
1-hydroxy-3-methoxy-6-methylanthraquinone (8.907%), and 4’-hydroxyflavanone (7.987%).
Although phthalates are common extract contaminants due to their use as plasticiz-
ers, diisooctyl phthalate is a natural compound, and its presence has been described
in plants such as Pistia stratiotes and Azadirachta indica [45,46], as well as in a propolis
extract from Algeria [47]. Antioxidant and antimicrobial properties of this compound
have also been reported [48,49]. The 1-hydroxy-3-methoxy-6-methylanthraquinone and
the 4/-hydroxyflavanone are phenolic compounds typically identified in propolis ex-
tracts [47,50]. Most of the detected extract components have been frequently identified in
propolis extracts in previous literature reports. That is the case of caffeic acid, 4-coumaric
acid, 3,4-dimethoxycinnamic acid and 5-hydroxy-7-methoxy-flavone, also designated as
tectocrisin [17,51-54]. Other notable compounds include methyl 3-phenylpropanoate,
benzyl caffeate, and phenylethyl caffeate (CAPE)—the latter being frequently reported in
propolis by other authors and widely recognized for its significant biological activity [55,56].
Moreover, caffeic acid, 4-coumaric acid, tectocrisin, and phenylethyl caffeate (CAPE) have
also been previously identified in Portuguese propolis [28,57,58].
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Table 2. Major components detected in the chromatographic profile of the propolis extract.

Components CAS Number Derivative % Relative Area
Sugars
D-fructofuranose 57-48-7 5TMS 1.2
Cinnamic and hydroxycinnamic acids
3,4-Dimethoxycinnamic acid 2316-26-9 T™™S 1.1
Caffeic acid 331-39-5 3 TMS 22
4-Coumaric acid 501-98-4 2 TMS 3.6
Aromatic Carboxylic Acids
Abietic acid 514-10-3 TMS 1.3
Tetrahydrocannabinolic acid 23978-85-0 2 TMS 1.0
2,3,4-Trihydroxybenzoic acid 610-02-6 T™MS 3.3
Oxygenated Terpenes
Farnesol 4602-84-0 TMS 1.9
Flavanones
5-Hydroxy-7-methoxyflavanone (Pinostrobin) 480-37-5 - 1.3
4'-Hydroxyflavanone 6515-37-3 T™MS 8.0
) .
((25)-4 ,5{7—Tr1}.1ydroxyﬂavan—4—one, 480-41-1 2 TMS 20
((£)-Naringenin)
Flavones
5-Hydroxy-7-methoxy-flavone, (Tectocrisin) 520-28-5 - 1.3
Aromatic esters
Diisooctyl phthalate 131-20-4 5TMS 9.2
Phenylethyl caffeate (CAPE) 104594-70-9 - 2.0
Methyl 3-phenylpropanoate 103-25-3 TMS 2.7
Benzyl caffeate 107843-77-6 TMS 3.0
Anthraquinones
1,6-Dihydroxy-3-methylanthraquinone 6866-87-1 TMS 8.9
Aliphatic alcohols
Phytol 150-86-7 T™MS 3.8
Triterpenic compounds
Beta-Amyrin 559-70-6 - 24
Ketones

2-Propenophenone 768-03-6 TMS 6.0
Unknown - - 8.1

TMS: Trimethylsilyl derivative.

Considering all 144 components detected in the extract, the corresponding functional
group distribution was evaluated and represented in Figure 1. The major functional
groups found in the propolis were aromatic esters (18%), flavanones (12%), cinnamic and
hydroxycinnamic acids (10%), aromatic carboxylic acids (10%) and anthraquinones (10%),
as typically found in the literature [54,58].
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Figure 1. Functional group distribution of the compounds found in propolis extract.

3.2. Effect of Propolis Treatments on Pear Quality Parameters

Aqueous dilutions of the propolis extract stock solution were applied to the ‘Rocha’
pear in pre- and postharvest treatments. Preharvest application had no effect on pear
weight, since no significant differences were observed compared with the control, either at
harvest or throughout the storage period (Table 3). A normal weight loss was observed
over time; however, the trend was similar across both treated and untreated fruits, and no
significant differences were observed after 5 months of storage, with weight loss values of
approximately 19.5% and 18.1%, respectively (Figure 2). In contrast, postharvest application
of the extracts significantly decreased fruit weight loss, with both treated groups exhibiting
markedly lower values (5.6% and 3.7%) than the control (15.5%) after 3 months (Figure 2).
At 5 months, weight loss remained significantly lower in the treatment with the higher
concentration of propolis (E1), reaching nearly half of that observed in the control.

25 aA
aA
20 2
. aB
2‘_{;
v 15
"
-
-
=
210
]
=
5 cA
0 Iﬁ‘
Control Propolis E1 Control Propolis E1 Propolis E2
Preharvest Postharvest

@3 months @5 months

Figure 2. Weight loss in control (fruits sprayed with water) and fruits sprayed with propolis extract
E1 (3 mg/mL) or E2 (0.6 mg/mL), corresponding to preharvest or postharvest assays, was evaluated
after 3 and 5 months of cold storage. Values are means =+ standard deviations. Different lowercase
letters (a—c) indicate statistically significant differences (p < 0.05) among treatments at the same
sampling time; different uppercase letters (A,B) indicate significant differences (p < 0.05) over the
storage period for the same treatment.
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Table 3. Quality parameters of control fruits (sprayed with water) and propolis-treated fruits (Propolis
E1) subjected to preharvest application, evaluated at harvest and after 3 and 5 months of cold storage
(1 °C and 90% RH).

Color
L* Hue®
Treatment Harvest 3 months 5 months Harvest 3 months 5 months
Control 7114+ 3234 79.2 + 1.42B 789 +1.738  109.2+1.88A 949 +193 897+ 1.73C

Propolis E1 70.41 £ 4134 77742738 80.1+1.828  109.6+3.724 94141338 887412

Weight and Total soluble solids (TSS)

Weight (g) TSS (°Brix)

Treatment

Harvest 3 months 5 months Harvest 3 months 5 months

Control 1435 + 36324  118.1 + 18524 1186 +2052A 132+1.024 131+0524 128+ 0624
Propolis E1 1554 + 46324 127.7 £33.73A 1250 +2672* 1364082 1504+09P4 1454 04PA

Titratable acidity (TA) and pH

TA (g malic acid/L) pH
Treatment Harvest 3 months 5 months Harvest 3 months 5 months
Control 279400274  214+022%  165+019:C  *10 j',i 010 4494+ 010% 447+ 02478

PropolisE1l 3204 0.02P4 274 +0.178 2294 020"C

4.05 a:i 0.02 427 +0.0528 437 +0.112B

Means =+ standard deviations. E1: 1:10 v/v aqueous dilution of the propolis stock solution, which corresponds
to a final concentration of 3 mg/mL. Superscript letters (a,b): Values in the same column followed by different
letters differ from each other at the 5% probability level (p < 0.05); (A-C): Values in the same line followed by
different letters differ from each other at the 5% probability level p < 0.05).

This effect has been previously reported in the literature, as coatings act as a protective
physical barrier that typically reduces water loss from fruits, thereby minimizing overall
weight loss [59,60]. In this context, the hydrophobic compounds present in propolis extracts,
which are capable of forming a biodegradable semipermeable film on the fruit surface,
are likely responsible for this effect. In addition, phenolic compounds in propolis may
enhance the structural integrity of the coating matrix through intermolecular interactions,
thereby improving its barrier properties and contributing to reduced moisture loss [61,62].
Alvarez et al. [63] reported a significant reduction in weight loss in oranges coated with
edible coatings enriched with propolis extract, consistent with results previously observed
in apples [64], grapes [65], dragon fruit [13], papaya [66] and mangos [26]. In ‘Rocha’
pears, Medeiros et al. [67] reported reduced weight loss in fruits coated with polysaccha-
ride/protein nanomultilayer. In contrast, Gago et al. [29,68] found no differences in ‘Rocha’
pear coated with different types of coatings enriched with essential oils like lemongrass
and citral.

During storage, pears progressively changed color, going from greenish-yellow to
yellow (decrease in Hue values), accompanied by an increase in luminosity, which is
characteristic of ‘Rocha’ pear ripening. Nonetheless, no statistically significant differences
in color development were observed between the propolis-treated and control groups,
irrespective of whether the treatment was applied pre- or postharvest (Tables 3 and 4). The
maintenance of Hue values between control and treated pears immediately after application
of the propolis extract can be considered advantageous, as it indicates a minimal visual
impact on the fruit. Nevertheless, the slight differences in hue angle observed between
control and treated pears after 5 months of storage suggest that the treatments were not
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effective in delaying the ripening process, at least with respect to color changes. A similar
behavior has been reported for ‘Rocha’ pears treated with plant-based coatings [2].

Table 4. Quality parameters of control fruits (sprayed with water) and propolis-treated fruits (Propolis
E1 or E2) subjected to postharvest application, evaluated at harvest and after 3 and 5 months of cold
storage (1 °C and 90% RH).

Color
L* Hue®

Treatment Harvest 3 months 5 months Harvest 3 months 5 months

Control 70.1 +£223A 80.8 +2.12B 780+ 1428 1098 +£122A 95742028 89.04 1.2
Propolis E1 ~ 70.9 £2.02A 81.8 +1.23B 826+ 118  1085+2324 9754098 91.14+1.0%€
PropolisE2  70.5 41924 80.5 2.3 3B 819+ 1.1 1104 +253 98242338  910+1.13

Weight and Total soluble solids (TSS)
Weight (g) TSS (°Brix)

Treatment Harvest 3 months 5 months Harvest 3 months 5 months

Control 14554+ 30.32A  1395+395%4 121.6 +£23.824 13140924 144+133% 13540424
Propolis E1 ~ 140.9 +29.33A  133.0+2492A 1278 +£39.834 1274093 13.0+£053 13740524
Propolis E2 1445 +20.53A 139.1+3092A 123.6£29.334 1294093 135+1.0%4 13.84+0.8%"

Titratable acidity (TA) and pH
TA (g malic acid/L) pH

Treatment Harvest 3 months 5 months Harvest 3 months 5 months

Control 2.824+0.032A 20140232  1.63+£0.09%C 405+0102A 4324+020°8 442400228
PropolisEl ~ 2.7940.042A  2.0240.13%®  1.61 £0.08%C 409 +0.1524 448 4+0.1128 448 +0.052B
PropolisE2  2.874+0.0624 207 +0.13%® 169 +£0243C 405+ 02024 43940098 439 +0.122B

Means + standard deviations. E1: 1:10 v/v aqueous dilution of the propolis extract stock solution, which
corresponds to a final concentration of 3 mg/mL.; E2: 1:50 v/v aqueous dilution of the propolis extract stock
solution, which corresponds to a final concentration of 0.6 mg/mL. Superscript letters (a,b): Values in the same
column followed by different letters differ from each other at the 5% probability level (p < 0.05); (A—-C): Values in
the same line followed by different letters differ from each other at the 5% probability level (p < 0.05).

Regarding total soluble solids content, pears treated with propolis one month prior to
harvest consistently exhibited higher °Brix values compared to untreated controls, with a
notable increase during storage, particularly within the first 3 months (Table 3). In contrast,
postharvest application of propolis had no significant effect on TSS (Table 4). Although a
slight increase in TSS was observed during storage in both treated and untreated fruits, the
differences were not statistically significant. These findings are consistent with previous
studies, which have reported that edible coatings generally do not affect TSS levels. The
early increase in TSS is commonly attributed to the enzymatic breakdown of starch into
soluble sugars, as well as the fruit dehydration during storage [67-69].

For all treatments evaluated, titratable acidity decreased significantly over time, con-
sistent with the natural ripening process. However, when propolis was applied preharvest,
titratable acidity remained consistently higher in treated pears compared to untreated
controls, with differences becoming more pronounced after 3 and 5 months of storage
(approximately 28% and 40% higher than the control, respectively) (Table 3). In contrast,
postharvest application of propolis had no significant effect, as no differences in acidity
were observed between treated and untreated fruits (Table 4).
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In all cases, a progressive loss of firmness was observed during storage, becoming
apparent from the third month onward (Figure 3). However, propolis treatments clearly
mitigated firmness loss compared with the untreated control, as higher firmness values were
observed in both pre- and postharvest treated pears. Since treatments did not significantly
affect color or TSS, parameters that would be expected to shift if ripening was substantially
altered, the most plausible explanation is that the observed differences in firmness are
primarily due to variations in water loss. In other words, propolis treatments that reduced
transpirational water loss better preserved cell turgor, thereby maintaining fruit firmness
and structural integrity. Similar effects have been observed in other fruits treated with
propolis extracts, such as grapes [65], dragon fruit [13], papaya [66] and mangos [70], where
firmness retention was associated with reduced water loss and lower weight loss.
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Figure 3. Firmness of control (fruits sprayed with water) and fruits sprayed with Propolis E1
(3 mg/mL) or E2 (0.6 mg/mL), corresponding to preharvest or postharvest assays, evaluated after
3 and 5 months of cold storage. Values are means + standard deviations. Different lowercase letters
(a,b) indicate statistically significant differences (p < 0.05) among treatments at the same sampling
time; different uppercase letters (A-C) indicate significant differences (p < 0.05) over the storage
period for the same treatment.

Additionally, by limiting gas diffusion (low O;) and reducing oxidative stress, propolis
may slow the enzymatic degradation of cell wall components such as pectin and hemicellu-
lose, further contributing to the retention of texture. This effect was previously reported
in black mulberry coated with edible films enriched with propolis extract [62], in tomato
coated with polysaccharide-based edible coatings [71], and in avocado coated with chitosan-
and carboxymethyl cellulose-based edible coatings [72].

With regard to a potential link between the observed effects and the chemical composi-
tion of the propolis, several of the main compounds identified in the extract have previously
been reported for their biological activities. Among these, CAPE and caffeic acid, both
major components of propolis, have been widely studied for their antibacterial, antiviral,
antioxidant and anti-inflammatory properties [73,74]. Russo et al. [73] demonstrated that
the antioxidant capacity of propolis is particularly pronounced in extracts rich in CAPE. In
addition, in a recent postharvest study on pears, it has been shown that caffeic acid delays
weight loss and pulp firmness decline, and reduces fruit yellowing [75].

Nevertheless, the specific mechanisms underlying the effects observed in the present
study remain to be elucidated.
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3.3. Effect of Propolis Treatments on Total Phenolic Content and Antioxidant Capacity

The total phenolic content of the fruits (control and treated) ranged between 168.42
and 60.73 mg GAE/100 g (Table 5). These values are in line with those reported in the
literature for the ‘Rocha’ pear [37,76].

Table 5. Total phenolic content of control (fruits sprayed with water) and propolis-treated fruits
(Propolis E1 or E2), corresponding to preharvest or postharvest assays, evaluated at harvest and after
5 months of cold storage (1 °C and 90% RH).

Total Phenolic Compounds (mg GAE/100 g)

Harvest 5 Months
Control Preharvest 128.37 4 3.40 A 66.96 & 2.64 B
Propolis E1 Preharvest 139.20 4 3.55 bA 108.35 + 5.03 2B
Control Postharvest 114.57 +10.73 %A 60.73 & 1.80 B
Propolis E1 Postharvest 157.13 & 8.51 @A 85.98 4- 2.47 BB
Propolis E2 Postharvest 168.42 4 6.40 A 93.38 + 6.50 BB

Means =+ standard deviations. GAE: Gallic acid equivalents; E1: 1:10 v/v aqueous dilution of the propolis extract
stock solution which corresponds to a final concentration of 3 mg/mL; E2: 1:50 v/v aqueous dilution of the
propolis extract stock solution which corresponds to a final concentration of 0.6 mg/mL Superscript letters (a—c):
Values in the same column followed by different letters differ from each other at the 5% probability level (p < 0.05);
(A,B): Values in the same line followed by different letters differ from each other at the 5% probability level
(p <0.05).

Pre- and postharvest application of propolis resulted in a significant increase in the
total phenolic content of the fruits, both at harvest time and after 5 months of cold storage.
However, after cold storage, a decrease in the total phenolic content was observed in
all treatments. This declining trend following cold storage is consistent with previous
reports in other pear species, such as Pyrus pyrifolia L. [77], different Italian cultivars of
Pyrus communis L. [78] or Pyrus serotina Rehd [79].

Postharvest treatments resulted in the highest increase in total phenolic content at
harvest; however, preharvest treatment was the one that allowed for better preservation of
these compounds during cold storage. The increase in polyphenol content in fruits treated
with propolis extracts was also reported in other fruits, namely in mangos [70] or dragon
fruit [13].

Interestingly, total phenolic content in pears does not rise linearly with propolis appli-
cation as no significant differences were detected between the two postharvest treatments
(Propolis E1 and Propolis E2). Zahid et al. [13] reported that the total phenolic content in
dragon fruit decreases with increasing concentrations of propolis ethanolic extract applied
in postharvest. This reduction was related to the lower respiration rates of fruits treated
with the lowest concentration. Moreover, the absence of a linear response may result from
possible restrictions in the absorption of bioactive compounds from propolis.

The antioxidant capacity, determined by DPPH and FRAP assays (Table 6) of fruits,
followed the same trend observed for the total phenolic content. Propolis treatments
resulted in a significant increase in the antioxidant capacity of the fruits, with this increase
being most evident at the end of the 5 months of cold storage. Moreover, for all treatments,
the antioxidant capacity of the fruits decreases during cold storage. The same trend was
reported by other authors [78]. The correlation between the levels of phenolic compounds
and the antioxidant capacity of the fruits is not surprising, since it is known that phenolic
compounds are an important class of natural antioxidants [80].
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Table 6. Antioxidant capacity of control (fruits sprayed with water) and propolis-treated fruits
(Propolis E1 or E2), corresponding to preharvest or postharvest assays, evaluated at harvest and after
5 months of cold storage (1 °C and 90% RH).

DPPH (mg AAE/100 g) FRAP (mg AAE/100 g)
Harvest 5 Months Harvest 5 Months
Control preharvest 105.95 4 4.28 bA 23.69 + 2.09 B 164.62 + 12.16 %A 75.33 4+ 20.37 <B
Propolis E1 103.59 + 3.39 bA 43.80 + 1.41 &B 170.32 + 12.05 beA 141.98 + 6.27 2B
preharvest
Control postharvest 96.48 + 11.83 A 20.82 + 0.40 B 151.32 + 29.55 A 63.61 + 16.88 <B
Propolis E1 126.99 + 8.55 aA 33.37 4 1.26 bB 207.63 + 19.43 abA 85.62 4 7.22 beB
postharvest
Propolis E2 141.67 + 3.97 @A 35.11 + 3.37bB 220.98 -+ 28.82 A 109.68 + 17.78 2B
postharvest

Means =+ standard deviations. FRAP: Ferric reducing antioxidant power; DPPH: 2,2-Diphenyl-1-picrylhydrazyl
radical; AAE: Ascorbic acid equivalents; E1: 1:10 v/v aqueous dilution of the propolis extract stock solution which
corresponds to a final concentration of 3 mg/mL; E2: 1:50 v/v aqueous dilution of the propolis extract stock
solution which corresponds to a final concentration of 0.6 mg/mL Superscript letters (a—c): Values in the same
column followed by different letters differ from each other at the 5% probability level (p < 0.05); (A,B): Values in
the same line followed by different letters differ from each other at the 5% probability level (p < 0.05).

Phenolic compounds play significant roles in plants” defensive mechanisms against
several biotic and abiotic factors, being able to prevent stresses and regulate defense mech-
anisms [81]. Factors such as drought, UV exposure or temperature lead to the induction of
the biosynthesis of specific types of phenolic compounds to counteract all the associated
adverse effects [81]. The treatment of apples with caffeic acid or with epicatechin (both
phenolic compounds) increases the resistance of apples to gray mold by promoting the ac-
cumulation of lignin and flavonoids, respectively, due to the activation of different branches
of the phenylpropanoid pathway [82]. High levels of polyphenols can limit or delay the
growth of the pathogen, whereas lignification can enhance the mechanical resistance to
pathogen penetration [39]. Therefore, inducing the biosynthesis and/or preventing the
degradation of phenolic compounds can contribute to preserving the postharvest fruit
quality [20].

Besides the positive impact on fruit preservation, the increase in total phenolic content
could also be valuable for consumers. Polyphenols can affect the organoleptic characteristics
of the fruits, namely the visual appearance and the flavor [20]. Furthermore, polyphenols
are important bioactive elements and play a key role in improving fruits’ nutritional value
and health benefits, including protection against chronic diseases such as cardiovascular
and neurodegenerative diseases, diabetes, and cancer [80,83,84].

Pears are composed of two distinct edible fractions: peel and pulp. Although both are
edible, the peel is often discarded. Therefore, from a human consumption perspective, it is
important to analyze these two fractions separately [84].

For all fruits (control and treated), the total phenolic content and antioxidant capacity
were higher in peel and decreased from the outermost fractions of the pulp (outer pulp)
to the innermost ones (inner pulp) (Table 7). These results are in agreement with those
reported by other authors for the ‘Rocha’ pear produced in five different locations in
Portugal [84], as well as for other pear varieties from Serbia [85].
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Table 7. Total phenolic content and antioxidant capacity of control (fruits sprayed with water)
and propolis-treated fruits (Propolis E1 or E2), corresponding to preharvest or postharvest assays,
evaluated after 5 months of cold storage (1 °C and 90% RH).

Total Phenolic Compounds (mg GAE/100 g Pear Fraction)

Peel

Outer Pulp

Inner Pulp

Control
Propolis E1 Preharvest
Propolis E1 Postharvest

421.65 + 12.36 &4
522.04 + 14.55 aA
497.03 + 20.96 bA

51.25 + 8.94 ¢B
95.12 + 6.56 @B
67.04 + 5.17 bB

27.52 + 6.67 <€
41.56 + 2.61 €
35.60 + 2.82 bC

Propolis E2 Postharvest 541.34 4 12.87 @4 67.65 + 8.49 bB 4292 4 453 3¢
DPPH (mg AAE/100 g pear fraction)
Peel Pulp 1 Pulp 2

Control
Propolis E1 Preharvest
Propolis E1 Postharvest
Propolis E2 Postharvest

602.19 + 25.43 oA
708.33 + 52.62 bA
660.80 + 22.46 bA
794.00 + 25.97 a4

48.17 +2.83 4B
125.13 + 3.95 2B
76.64 + 9.38 B
92.64 + 5.09 bB

19.39 + 1.86 <€
26.83 + 0.17 b€
27.91 + 0.34 bC
35.34 + 1.702€

Means =+ standard deviations. GAE: Gallic acid equivalents; DPPH: 2,2-Diphenyl-1-picrylhydrazyl radical; AAE:
Ascorbic acid equivalents; E1: 1:10 v/v aqueous dilution of the propolis extract stock solution which corresponds
to a final concentration of 3 mg/mL; E2: 1:50 v/v aqueous dilution of the propolis extract stock solution which
corresponds to a final concentration of 0.6 mg/mL; Outer pulp: Pulp located approximately 1 cm beneath the
peel; Inner pulp: Pulp located approximately 2 cm beneath the peel and adjacent to the core. Superscript letters
(a—d): Values in the same column followed by different letters differ from each other at the 5% probability level
(p < 0.05); (A—C): Values in the same line followed by different letters differ from each other at the 5% probability
level (p < 0.05).

After 5 months of cold storage, and compared to the control, treatments with propolis
resulted in a significant increase in the total phenolic content and antioxidant capacity of
both peel and pulp fractions (Table 7). Once again, the preharvest treatment seems to be the
one that allowed for better preservation of phenolic compounds during cold storage, in the
three fractions analyzed. Although propolis treatments have resulted in the fortification
of pears with phenolic compounds, both in the pulp and the peel, the results showed that
discarding the peel results in the loss of valuable compounds, and so, the ingestion of both
fractions could be beneficial regarding the health-promoting effects of polyphenols.

3.4. Effect of Propolis Treatments on Polyphenol Oxidase Enzymatic Activity

Polyphenol oxidase (PPO) catalyzes the oxidation of phenols into quinones, which are
prone to polymerization, giving rise to brown pigments that reduce the sensorial quality
of the fruits [86]. The results presented in Table 8 show that the application of propolis,
both pre- and postharvest, prevented an increase in PPO activity after the 5 months of cold
storage. Thus, while in the control group there was a significant increase of approximately
3.5-fold in PPO activity, in pears treated with propolis, both pre- and postharvest, PPO
activity remained stable and without significant differences compared to the value recorded
at harvest.

PPO inhibition may be one of the factors contributing to improved preservation of
phenolic compounds during refrigerated storage (Table 5), since the degradation of these
compounds in pears can result from their direct oxidation by this enzyme [77].
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Table 8. Polyphenol oxidase enzymatic activity of control (fruits sprayed with water) and propolis-
treated fruits (Propolis E1 or E2), corresponding to preharvest or postharvest assays, evaluated at
harvest and after 5 months of cold storage (1 °C and 90% RH).

Harvest Polyphenol oxidase (U/mg protein)
Control 32244+21°

Propolis E1 Preharvest 33.94 +22P
5 months Polyphenol oxidase (U/mg protein)
Control 112.78 £37.75%

Propolis E1 Preharvest 51.45 £ 3.64°

Propolis E1 Postharvest 2430 4+9.01°

Propolis E2 Postharvest 36.14 4+ 10.54®

Means =+ standard deviations. E1: 1:10 v/v aqueous dilution of the propolis extract stock solution, which
corresponds to a final concentration of 3 mg/mL; E2: 1:50 v/v aqueous dilution of the propolis extract stock
solution, which corresponds to a final concentration of 0.6 mg/mL. Values followed by different superscript letters
(a,b) differ from each other at the 5% probability level (p < 0.05).

Consistent with the results presented, other authors have reported increased PPO
activity during pear storage [77,83,87,88]. PPO activity is directly associated with the occur-
rence of brown core in pears throughout the oxidation of phenolic compounds [87], and
positive correlations between internal browning and PPO activity have been reported [88].
Several treatments have shown positive effects in inhibiting PPO, making it possible to
extend the storage of pears. For example, the application of boric acid [77], cysteine [83] or
salicylic acid [87] has demonstrated positive effects.

Other studies reported the inhibitory effects of polyphenols on the PPO activity.
For example, a honey extract rich in polyphenols showed high inhibition of PPO from
apple juice, while CAPE, one of the compounds identified in the propolis extract used
(Table 2), also showed inhibitory activity, although lower than that of the honey extract [89].
Thus, by inhibiting PPO activity, propolis treatment can be beneficial in reducing the
incidence of internal browning in pears, helping to preserve the fruit’s acceptability and
nutritional value.

3.5. a-Farnesene, Conjugated Trienols and Superficial Scald Development

Superficial scald is one of the most common and damaging postharvest disorders. The
most generally approved theory to explain this chilling-induced oxidative disorder is linked
to the synthesis of «-farnesene and its auto-oxidation into conjugated trienols (CTs), which
accumulate in the peel. These oxidation products disrupt membrane integrity, causing
cellular compartmentalization to fail. This allows PPO to contact phenolic substrates,
leading to enzymatic browning. Symptoms begin during cold storage but intensify when
fruits are returned to ambient temperatures [90-92].

The accumulation of x-farnesene during the first months of storage and its subsequent
stabilization or decline has already been described for pome fruits in general, and for
‘Rocha’ pear in particular [3,40]. In this study, we found that both «-farnesene and CTs
contents increased during the first three months of storage and then decreased until the end
of the storage period, regardless of the treatment applied (Figures 4 and 5). At 3 months,
a-farnesene levels were higher in the propolis-treated pears, particularly in the postharvest
treatment with E2, where levels reached values about 37% higher than in the control
(Figure 5). However, this increase did not yield a corresponding rise in CTs concentrations,
suggesting a potential delay in o-farnesene oxidation, thus, a potential positive effect in
preventing scald. This protective effect appears to be more closely associated with the
higher phenolic content and antioxidant capacity observed in treated fruits, particularly in
the peel (Tables 5-7), than with the phenolic content of the propolis extract itself, since the
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effect is more evident in the diluted extract than in the concentrated one. By the fifth month,
the levels of a-farnesene and CTs were essentially indistinguishable among all treatments.
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Figure 4. Concentrations of x-farnesene and conjugated trienols (CTs) in control (fruits sprayed
with water) and propolis-treated pears sprayed with Propolis E1 (3 mg/mL) on the tree 1 month
before harvest (preharvest treatment), analyzed at harvest and after 3 and 5 months of cold storage
followed by 7 days at room temperature. Values are means + standard deviations. Treatments at
the same sampling time with the same lowercase letter (a) are not significantly different (p < 0.05);
different uppercase letters (A—C) indicate significant differences (p < 0.05) over the storage period for
the same treatment.
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Figure 5. Concentrations of x-farnesene and conjugated trienols (CTs) in control (fruits sprayed with
water) and propolis-treated pears, sprayed with Propolis E1 (3 mg/mL) or Propolis E2 (0.6 mg/mL)
immediately after harvest (postharvest treatment), analyzed immediately after application (Harvest),
and after 3 and 5 months of cold storage followed by 7 days at room temperature. Values are
means + standard deviations. Treatments at the same sampling time with the same lowercase letter
(a) are not significantly different (p < 0.05); different uppercase letters (A-C) indicate significant
differences (p < 0.05) over the storage period for the same treatment.

Despite these temporal increases, the absolute concentrations of conjugated trienols
remained very low (Figures 4 and 5) and below the threshold levels typically associated with
superficial scald risk in “Rocha’ pear, around 4 pg/cm? [40]. Indeed, even after 5 months of
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cold storage followed by 7 days at room temperature, no scald symptoms were observed in
any of the experimental groups, regardless of treatment. On the other hand, Gago et al. [68]
reported differential effects of nanocoatings on superficial scald in ‘Rocha’ pears: coatings
enriched with lemongrass prevented scald, whereas those enriched with citral exacerbated
it. Under the experimental conditions of the present study, propolis treatment similarly did
not induce scald development, irrespective of whether it was applied pre- or postharvest.

3.6. Development of Internal Disorders

General internal disorders, which lack external symptoms but significantly compzro-
mise fruit quality, are often associated with oxidative stress. Under stress conditions,
reactive oxygen species (ROS) tend to accumulate, damaging cellular membranes and lead-
ing to physiological disorders such as internal browning. The application of edible coatings
or compounds capable of forming semipermeable biofilms on the fruit surface, such as
propolis, can modify the internal atmosphere by altering gas exchange rates, thereby slow-
ing senescence and reducing ROS accumulation [67,93-95]. Moreover, such coatings can
enhance the fruit’s intrinsic defense mechanisms by stimulating the activity of antioxidant
enzymes, including catalase, ascorbate peroxidase and peroxidase, as well as by increasing
the levels of protective compounds such as phenols, flavonoids, and other antioxidants [95].

The first symptoms of internal browning were observed after 5 months of storage
plus 7 days at room temperature. All the pears corresponding to the controls showed a
brown area around the core. However, a significant reduction in browning incidence was
observed in propolis-treated pears (Figure 6), with an approximate 50% decrease when
applied preharvest, and a more pronounced reduction of about 85% when propolis was
applied postharvest. Interestingly, although the incidence was significantly reduced, no
dose-dependent effects were observed, as no differences were found between treatments
using concentrated or diluted extracts.

120
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Internal disorders (%)
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Figure 6. Internal disorders incidence in control (pears sprayed with water) and propolis-treated
pears, sprayed with Propolis E1 (3 mg/mL) or Propolis E2 (0.6 mg/mL), corresponding to preharvest
or postharvest assays, analyzed after 5 months of cold storage followed by 7 days under room
temperature conditions. Values are means =+ standard deviations. Different letters (a—c) indicate
statistically significant differences (p < 0.05).

The observed protective effect appears to be related to the elevated levels of phenolic
compounds and antioxidants in the treated fruits (Table 7), in addition to the reduction in
PPO activity (Table 8). These findings suggest that the use of propolis extract is a promising
strategy for mitigating internal browning and warrants further investigation.
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3.7. Microbiological Analyses

To assess the microbial load present on pear skin, fruit samples from all modalities
under study were subjected to microbiological analysis. This involved quantifying total
aerobic microorganisms, as well as molds and yeasts (Table 9).

Table 9. Results of the microbiological analyses of fruit peels sprayed with water (control) and with
propolis (Propolis E1 or E2), corresponding to preharvest or postharvest assays, evaluated after
propolis application in the trees (July), at harvest (August) and after 3 and 5 months of cold storage
(1 °Cand 90% RH).

Total Aerobic Microorganisms at 30 °C (Log CFU/g)

July Harvest (August) 3 months 5 months
Control preharvest 3.98+0.072 45440132 4.50 +0.13 2P 379+£0.102
Propolis E1 3.08 + 0.08 3.99 4+ 022" 4314018 3.1140.13¢
preharvest
Control postharvest - 4.37 £0.20 4.70 +£0.04° 3.52+£0.113
Propolis E1 ) 239 + 0,09 d 420+ 0.07 2.86 +0.23 ¢
postharvest
Propolis E2 - 3.07+0.21°¢ 445 £ 0.09 *€ 3.27 4 0.25 <
postharvest
Yeast and molds (Log CFU/g)
July Harvest (August) 3 months 5 months
Control preharvest 3.55+0.142 4.59 £ 0.07 2P 444 +0.09° 3.53+0.172
Propolis E1 230 4 028" 3.98 + 0.20 d 3.88 4+ 0.07P 3.06 4+ 0.18 €
preharvest
Control postharvest - 47940112 4.36 +0.082 3.34 +0.122P
Propolis E1 ~ 4.09 + 0.09 <4 4.02 + 0.02 P 3.25 4 0.04 b
postharvest
Propolis E2 ; 4.40 + 0.08 < 414 4017° 3.36 4 0.04 2P
postharvest

Means =+ standard deviations. (-): Not applicable; E1: 1:10 v/v aqueous dilution of the propolis extract stock
solution, which corresponds to a final concentration of 3 mg/mL; E2: 1:50 v/v aqueous dilution of the propolis
extract stock solution, which corresponds to a final concentration of 0.6 mg/mL. CFU: Colony-forming units. In
each column, values followed by different superscript letters (a—d) differ from each other at the 5% probability
level (p < 0.05).

Results showed that the application of propolis, both in preharvest and in postharvest,
reduces the total aerobic microorganisms at 30 °C and the yeast and mold count. This
reduction is most pronounced immediately after treatment (in July for preharvest treatment
and in August for postharvest treatment), becoming less pronounced over the course of
cold storage. Thus, immediately after preharvest treatment, compared to the control, a
0.9-log reduction for total aerobic microorganisms and a 1.2-log reduction for yeast and
molds were observed, while at the end of the cold storage, these reductions were 0.7-log and
0.5-log, respectively. For the postharvest treatment, immediately after propolis application,
reductions of 2.0-log for E1 and 1.3-log for E2 for total aerobic microorganisms’ counts were
observed, while at the end of the cold storage, these reductions were 0.7-log and 0.3-log,
respectively. In the case of molds and yeasts, immediately after postharvest treatment, a
reduction in counts of 0.7-log for E1 and 0.4-log for E2 was observed, while at the end of
the cold storage, only treatment E1 showed a reduction of 0.1-log, compared to the control.

The reduction in microbial counts was related to propolis concentration, as the posthar-
vest treatment with Propolis E1 (3 mg/mL) showed higher reductions than the postharvest
treatment with Propolis E2 (0.6 mg/mL).
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Results obtained confirm the antimicrobial activity of propolis. This activity appears to
be related to its phenolic constituents and may be exerted by various mechanisms, including
interference with the cell membrane, inhibition of nucleic acid and protein synthesis, as
well as enzyme inhibition [27]. The antimicrobial activity of caffeic acid and CAPE, two
of the main compounds identified in the propolis extract (Table 2), has been previously
reported [73,74]. Moreover, diisooctyl phthalate, the compound with the highest abundance
in the propolis extract, has also been identified in ethanolic extracts of Arthrospira platensis,
being associated with the antimicrobial activity of both extracts [96]. The second most
abundant compound, an anthraquinone, and the third, a flavanone, belong to two classes
of compounds that exert pharmacological actions including antimicrobial effects [97,98].

These results corroborate previous reports in the literature for apples, cherries and
grapefruits treated with propolis ethanolic extract [99-101]. Ethanolic extracts of propolis
have been shown to be efficient in preventing and reducing the incidence of fungal diseases
during the postharvest period (4 weeks) of cherries [99] and preventing fungal decay in
grapefruits [100]. Moreover, Feas et al. [102] reported that when applied in the sanitation
of lettuce, propolis proved to be slightly more effective in reducing microbiological con-
tamination than commercial sodium hypochlorite. These authors describe a reduction of
two or three logarithmic cycles in total mesophilic and psychrotrophic counts, respectively,
with the application of propolis at contact times of 15 and 30 min.

In addition to propolis, other natural extracts have shown good results in reducing
the microbial load in fruits. Castillo et al. [10], showed that the application of an aloe vera
extract as a pre-harvest treatment in table grape vineyards resulted in a significant decrease
in total aerobic microorganism counts, as well as in yeast and mold counts. These authors
showed that this antimicrobial effect persisted during storage and that, at the end of the
storage period, the percentage of rotted berries was significantly lower in treated than
in control fruit [10]. Wei et al. [11] showed that the preharvest spraying with tea tree oil
effectively reduces bacterial and fungal counts on the strawberry surface at harvest. These
reductions in microbial load were identified as one of the factors contributing to the success
of tea tree oil treatment in controlling postharvest decay in strawberries.

Several authors studied the effect of propolis extracts and other natural preservatives
(e.g., chitosan, alginate, pectin) on postharvest quality of fruits and vegetables [103], namely
in apples [101,104], bananas [105,106], and strawberries [25]. Most of these works also
reported positive effects on controlling microbial growth, reducing weight loss, maintaining
firmness, and/or increasing total phenolic content. However, these studies refer only to
postharvest treatments and do not investigate the possibility of preharvest application.
Furthermore, most of these studies use significantly higher propolis concentrations (be-
tween 1% and 10%) than those used in the present work (0.06% and 0.3%). Thus, this study
stands out for demonstrating the effectiveness of both preharvest treatment and propolis
extract at concentrations lower than those normally tested. The use of lower concentrations
contributes to the economic viability and sustainability of propolis treatment. Further-
more, the use of low concentrations reduces the risk of problems related to allergies or
alterations in the natural aroma of the fruits [103]. Compared to other natural products,
the use of propolis can have the advantage of adding value to a bee product that is often
underestimated by most beekeepers.

4. Conclusions

This study demonstrates that pre- and postharvest treatments with propolis extract
positively influence ‘Rocha’ pear quality and storability during cold storage under normal
atmosphere, without the use of preservatives or synthetic postharvest fungicides. Propolis
extract did not compromise fruit quality; on the contrary, it improved preservation by
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significantly reducing water loss (by up to 44%) and limiting firmness degradation (by
approximately 13-33%). Furthermore, when the extract was applied postharvest, the in-
cidence of physiological disorders was reduced by approximately 85%, regardless of the
concentration used. This effect is likely associated with increased levels of phenolic com-
pounds and antioxidant capacity throughout the fruit, together with reduced polyphenol
oxidase activity. The enhancement of phenolic content not only strengthens the fruit’s
resistance to oxidative processes but also contributes to its nutritional value. Overall, these
findings indicate that propolis extract, a natural and underutilized bioactive compound,
represents a promising and sustainable alternative for maintaining fruit quality and reduc-
ing reliance on chemical inputs in postharvest management. With respect to the application
method, all propolis treatments outperformed the control; however, considering all evalu-
ated parameters, postharvest application of the most concentrated extract (E1) proved to
be the most effective strategy. Nevertheless, further optimization is required to enhance
treatment efficacy. Future research should prioritize the improvement of formulations
through the incorporation of surfactants, adjuvants, or stabilizers, as well as the assessment
of alternative application strategies, including different preharvest timings, additional
treatments, or combined pre- and postharvest applications. In addition, to overcome limita-
tions associated with variability in propolis composition and biological activity linked to
geographic and botanical origin, the investigation of individual extract fractions is recom-
mended. This approach would enable the identification of key bioactive compounds and
support the development of standardized and effective propolis-based treatments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s5u18052413/s1, Table S1. Components detected in the chromato-
graphic profile of the propolis extract.
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AAE Ascorbic acid equivalents

CFU Colony forming unit

CTs Conjugated trienols

DPPH 2,2-Diphenyl-1-picrylhydrazyl radical
FRAP Ferric reducing antioxidant power
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