AppliedChem

Article

Polyphenol-Based Preservation for Extended Shelf Life of

Pullman Bread

Marianna Arvaniti T, Dimitra Tsoliakou

@, Ioanna Mane }, Vaggelis-Ilias Dimopoulos !, Milia Tzoutzou >

and Panagiotis Skandamis *

W) Check for updates

Academic Editor: Dimitris

Kalompatsios

Received: 7 August 2026
Revised: 30 September 2026
Accepted: 26 October 2026
Published: 5 November 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Laboratory of Food Quality Control and Hygiene, Department of Food Science and Human Nutrition,
Agricultural University of Athens, Iera Odos 75, 11855 Athens, Greece; marvaniti93@gmail.com (M.A.);
dtsoliakou@gmail.com (D.T.); ioannamanel5@gmail.com (I.M.); iliasdimevag@gmail.com (V.-1.D.)
Department of Nutritional Science and Dietetics, University of the Peloponnese, 24100 Kalamata, Greece;
m.tzoutzou@go.uop.gr

*  Correspondence: pskan@aua.gr

These authors contributed equally to this work.

Abstract

The increasing demand for clean-label foods has led to the development of natural preserva-
tion strategies based on plant-derived bioactive compounds. Flavomix ACE, a commercial
polyphenol-based product, was evaluated as a natural antifungal treatment against spoilage
fungi isolated from pullman bread. Two isolates were identified as Penicillium spp. and
one as Cladosporium sp. ACE was assessed by surface spraying and agar incorporation
under bread-relevant conditions and compared with potassium sorbate (E202) and calcium
propionate (E282). ACE showed strong concentration- and inoculum-dependent antifungal
activity. When incorporated into agar, complete inhibition was achieved for the liquid
(1.7-5.0% v/v) and the powder form (1.3-4.6% w/v). Surface application required higher
concentrations, particularly at the level of 10° spores/spot. E202 demonstrated greater anti-
fungal activity than E282, which showed no inhibition of fungal growth at almost all tested
inoculum levels. In inoculated bread stored at 25 °C, sprays containing 5-10% ACE delayed
fungal growth for only 5-10 days. In contrast, 30% v/v ACE completely prevented visible
mold growth for 55 days, even at 10° spores/spot. Overall, ACE demonstrated prolonged
activity against bakery-associated fungi, outperforming E282 under the tested conditions.
ACE shows potential as a clean-label antifungal system for long-shelf-life pullman bread.

Keywords: bakery spoilage; fungi; clean-label antifungal; Flavomix ACE; natural antimicrobial;
polyphenol-based product; bakery products; Penicillium; Cladosporium

1. Introduction

Bakery products, e.g., pullman bread, represent a major sector of the global food supply
chain, providing essential nutrients such as carbohydrates, dietary energy, vitamins, miner-
als, and bioactive compounds [1-3]. Despite their nutritional and economic importance,
these products are highly susceptible to fungal spoilage due to their relatively high moisture
content and water activity. The growth of spoilage fungi, including Penicillium, Aspergillus,
and Rhizopus species, represents a significant challenge during storage and distribution,
leading to reduced shelf life, increased food waste, and potential risks associated with my-
cotoxin production [4,5]. Therefore, the development of effective and sustainable strategies
for controlling fungal growth remains a major priority for the bakery sector.
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Currently, fungal spoilage in bakery products, such as pullman bread, is mainly con-
trolled through the addition of synthetic preservatives, including calcium propionate and
potassium sorbate. Although these substances exhibit strong antifungal efficacy, there is an
increasing consumer demand for natural and minimally processed foods, which has led
research into alternative preservation techniques based on clean-label ingredients [6]. In
this context, naturally isolated bioactive compounds have attracted considerable attention
due to their multifunctional properties, including antimicrobial, antioxidant, and potential
health-promoting effects.

Among plant-derived bioactive molecules, phenolic compounds represent a particu-
larly promising class of natural antimicrobial preservatives due to their diverse chem-
ical structures and biological activities [7]. Polyphenols contain multiple hydroxyl-
functionalized aromatic structures that contribute to their antioxidant capacity and an-
timicrobial activity (i.e., potential binding to microbial membrane) [8,9]. Their antifungal
mechanisms have been associated with several molecular interactions, including alteration
of the microbial cell membrane integrity, the inhibition of essential enzymatic pathways, the
disruption of intracellular redox balance, and interference with cellular homeostasis [10,11].
In addition, phenolic compounds may improve oxidative stability and contribute to the
preservation of the physicochemical and sensory properties of food products [7,12] during
storage. Furthermore, studies on wafers have demonstrated that formulation techniques
applying bioactive phenolic ingredients can significantly improve oxidative stability during
storage, highlighting the importance of ingredient selection for extending shelf life [13].

Citrus juice industry generates substantial amounts of agro-industrial by-products,
mainly consisting of peels, seeds, and residual pulp. These materials represent valuable
renewable sources of phenolic compounds, flavonoids, essential oils, and other bioactive
metabolites [14]. Although traditionally considered waste streams, citrus by-products
have gained increasing interest as functional ingredients due to their antioxidant and
antimicrobial potential [15-17]. Their recovery and application in food systems are in
line with circular economy principles, enabling the conversion of agricultural residues
into high-value compounds while reducing environmental burdens associated with food
processing waste.

Recent studies have demonstrated that citrus-derived phenolic extracts and other
plant-based antimicrobial systems can effectively inhibit fungal growth in different food
matrices [15,18]. Their addition into bakery formulations or active packaging systems
has shown potential for delaying mold development, improving microbial stability, and
extending shelf life while meeting consumer expectations for clean-label products [5,19].
However, further research is required to evaluate their effectiveness under realistic food
processing and storage conditions, particularly regarding their interaction with bakery
ingredients and their influence on product quality.

Bread and similar bakery products, such as pullman bread, are especially vulner-
able to fungal contamination during post-baking operations, including cooling, slicing,
and packaging, where environmental exposure may facilitate microbial cross contamina-
tion [5]. Therefore, the development of natural antifungal strategies based on bioactive plant-
derived compounds represents an important approach for improving food preservation and
reducing waste.

The present study aimed to evaluate the antifungal effectiveness of a bioactive ingredi-
ent obtained from citrus by-products (Flavomix ACE) when applied into pullman bread.
The study examined its ability to inhibit fungal growth and extend product shelf life while
considering its potential application as a sustainable clean-label preservation strategy for the
bakery industry. The findings provide insights into the potential utilization of citrus-derived
bioactive compounds as functional antimicrobial ingredients in food applications.
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2. Materials and Methods
2.1. Isolation and Identification of Fungi
2.1.1. Morphological Identification

Moldy, uncut pullman bread samples were received from Polypan Company (Athens,
Greece) at room temperature (25 °C), as shown on Figure 1.

Figure 1. Moldy bread sample received from Polypan company.

The samples originated from a bakery production line and were used for the isolation
of fungal species associated with the production environment. Fungal colonies were isolated
from the contaminated surface of the bread based on their morphological characteristics.
Using sterile inoculation loops, material was carefully scraped from the spoiled areas and
inoculated onto Malt Extract Agar (MEA; Neogen, Lansing, MI, USA). The plates were
incubated at 25 °C for 7 days to promote fungal growth. Subsequently, morphologically
distinct fungal colonies were purified by streaking onto fresh MEA and incubated at 25 °C for
7 days. During incubation period, phase-contrast microscopy images were captured using
a Leica DMIi8 inverted microscope (Leica Microsystems, Wetzlar, Germany) to examine
morphological differences in hyphal structure and conidial development among the isolates.
Fungal spores were harvested from the surface of MEA by adding 10 mL of sterile 0.1%
Tween 80 solution and by gently scraping the fungal surface with a sterile spatula. For the
enumeration of isolated spore suspensions, serial ten-fold dilutions were prepared in %
Ringer’s solution (Oxoid, Thermo Fisher Scientific, Basingstoke, UK), and selected dilutions
were plated onto MEA at 25 °C for 3 days. The spore suspensions were stored in 60% v/v
glycerol at —20 °C.

2.1.2. Molecular Identification

Molecular identification of the isolated fungi was performed by sequencing the Internal
Transcribed Spacer (ITS) region, which enables genus-level identification of fungi according
to White et al. 1990 [20]. Specifically, the primer pair ITS1 (5'-TCCGTAGGTGAACCTGCGG-
3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-3') targeting the ITS1-1TS4 region was used
for Polymerase Chain Reaction (PCR) amplification. For this purpose, fungal DNA was
extracted according to the protocol described by Makariti et al. [5]. The process was
initiated by inoculation of 10 uL of frozen spore suspension into 20 mL of Malt Extract Broth
(MEB; Neogen) in Petri dishes. The resulting DNA pellets were resuspended in 30 uL of
sterile distilled water and used as the template in downstream PCR. PCR amplification
was performed according to White et al.’s method [20], with some modifications. The
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reaction was carried out in final volume of 25 uL, containing 10 ng of extracted genomic
DNA, 1 x Ready Mix (500U, Kapa Biosystems, Wilmington, MA, USA) and 1 uM of each
primer (ITS1 and ITS4). The cycling conditions were as follows: initial denaturation at
95 °C for 3 min, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 95 °C
for 30 s, extension at 55 °C for 30 s, and extension at 72 °C for 2 min, with a final extension
step at 72 °C for 10 min. PCR products were resolved on a 1% w/v agarose. The resulting
PCR products were subsequently sequenced using the Sanger method, and sequencing
analysis was performed by an external laboratory. Following Sanger sequencing, the raw
chromatogram data were subjected to quality assessment to ensure accurate base calling and
the removal of low-quality regions. The validated sequences were then compared against
nucleotide sequences in the NCBI database using the BLASTn (version 2.13.0) algorithm to
determine the closest taxonomic matches. Species similarity and percent identity values
were evaluated to assign each isolate to the most likely fungal genus.

2.2. Antimicrobial Agents and Experimental Conditions

The commercial product Flavomix ACE evaluated in this study was provided by
Polypan Group in both liquid and powder form. The typical composition of the total
polyphenols of Flavomix ACE expressed as tyrosol is 33,974.8 mg/Kg [40 DL. International
Olive Council, COI/T.20/Doc No 29]. For the extraction of the polyphenols, only water is
used as the solvent. Its antifungal activity against the isolated fungi was assessed through
the determination of the minimum inhibitory concentration (MIC) under the experimental
conditions described below.

In the in vitro evaluation of Flavomix ACE activity in liquid form using surface spraying,
commercial antimicrobial agents, potassium sorbate (E202, Shandog Kunda Biotechnology
Co., Ltd., Linyi, China) and calcium propionate (E282, Jiangsu Murpo Ift Corp., Lianyun-
gang, China), were prepared at an initial concentration of 5.1% w/v as positive controls at a
final concentration of 0.15% w/w corresponding to 1500 mg of antimicrobial per kg of MEA
medium. Since potassium sorbate and calcium propionate are salts, the conversion factors
of 0.746 and 0.798, respectively, were used to express the concentrations as sorbic acid and
propionic acid equivalents. As a result, the final concentrations corresponded to 1119 mg of
sorbic acid per kg of MEA medium and 1197 mg of propionic acid per kg of MEA medium.

In case of incorporation, 0.15% w/v were prepared by adding 0.15 g of powder in
100 mL of MEA medium. Conversely, the absence of the Flavomix ACE in any form was
employed as a negative control.

Each Petri dish contained 17 mL of MEA. The pH of MEA was adjusted to 5.5 using
10 N NaOH, and water activity (a,,) was adjusted to 0.91 using glycerol, thereby simulating
the physicochemical conditions of bread and allowing for a more relevant assessment of
microbial growth under conditions representative of the product. Both adjustments were
performed under aseptic conditions after sterilization using a digital pHmeter (pH 526,
WTW, Weinlheim, Germany) and an a,,-meter (LabTouch, Novasina AG, Lachen, Switzer-
land), respectively.

Five days prior to the experiment, 100 uL of fungal cultures was subcultured onto
MEA plates and incubated at 25 °C. The day of the experiment, spores were collected using
0.1% Tween 80 solution as described above. Serial 10-fold dilutions were performed in %
Ringer’s solution to obtain the desired spore concentration.

2.3. In Vitro Evaluation of Flavomix ACE Activity Against Isolated Fungi
2.3.1. In Vitro Evaluation of Flavomix ACE Activity in Liquid Form Using Surface Spraying

To simulate the practical bakery application of the liquid formulation, Flavomix ACE
solutions and positive controls (E202 and E282) were applied by surface spraying using
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disinfected spray bottles. The spray bottles were disinfected one day prior to the experiment
by sequential rinsing with 70% v/v ethanol and 100% v/v ethanol. The bottles were then
left open in a vertical laminar flow cabinet until complete evaporation of residual ethanol.
The liquid ACE formulation was diluted with sterilized water to concentrations of 30%,
20%, 15%, 12.5%, 10%, 7.5%, 6.25%, 5%, and 2.5% v/v of the initial liquid ACE, which were
evaluated for the determination of the minimal inhibitory concentration. In addition, the
undiluted initial liquid Flavomix ACE was also applied directly onto MEA to confirm its
inhibitory effectiveness under the tested conditions in all the experiments. A volume of
0.5 g was sprayed onto the surface of MEA plates, with a,, adjusted to 0.91 and pH adjusted
to 5.5 to simulate bread conditions. Experiments were conducted using different fungal
inoculation levels, specifically 10, 10%, and 10° spores per 10 uL spot. Plates were incubated
at 25 °C for 10 days, and fungal growth was monitored daily. Experiments were performed
in two independent biological replicates with each condition evaluated in triplicate.

2.3.2. In Vitro Evaluation of ACE Activity in Liquid and Powder Form Through
Incorporation into Malt Extract Agar

Both liquid and powder ACE formulations were incorporated into MEA at different
concentrations to determine the MIC. The liquid Flavomix ACE form was tested at serial
concentrations of the initial liquid Flavomix ACE, specifically 20%, 15%, 12.5%, 10%, 7.5%,
6.25%, 5%, 3.75%, 2.5%, 1.25%, and 0.625% v/v, whereas the powder form was examined
for the concentrations 15%, 12.5%, 10%, 7.5%, 5%, 3.75%, 2.5%, 1.25%, and 0.625% w/v.
For the powder formulation, the appropriate amount of ACE was added directly to the
culture medium before autoclaving. The agar concentration was also adjusted to 2.5%
w/v to ensure adequate solidification of medium. On the other hand, the appropriate
volume of liquid ACE was added to sterile medium after autoclaving to obtain the desired
final concentrations. The experiments were conducted using two fungal inoculation levels
corresponding to 10 spores and 10° spores per 10 pL spot. Plates were incubated at 25 °C
for 10 days and examined daily for visible fungal growth. Experiments were performed in
two independent biological replicates with each condition evaluated in triplicate.

2.4. In Situ Evaluation of Flavomix ACE Activity (Liquid Form) Through Surface
Spraying in Bread
2.4.1. Dough Preparation and Pullman Bread Making Process

The dough formulation was based on flour weight (baker’s percentage) to ensure
scalability and reproducibility. The ingredients and their respective concentrations used for
a standard batch size are summarized in Table 1.

Table 1. Pullman Bread dough formulation expressed in baker’s percentages, batch mass, and total
dough composition.

Baker’s Percentage Total Dough

Ingredient (% Flour Basis) Batch Mass (g) Composition (%)
Wheat Flour 100.00 9500.00 63.39
Water 49.93 4743.26 31.65
Sunflower Oil 3.38 320.71 2.14
Fresh Yeast

(Compressed) 211 200.82 1.34
Salt (NaCl) 1.61 152.86 1.02
Black Malt 0.73 68.94 0.46

Total 157.76 14,986.59 100.00
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Refined wheat flour was the base (100%), with water added at a hydration level of
49.93% (w/w, flour basis). The remaining formula consisted of sunflower oil (3.38% w/w),
fresh compressed yeast (2.11% w/w), sodium chloride (salt, 1.61% w/w), and black malt
(0.73% w/w). All ingredients were of commercial food-grade quality.

Dough mixing was performed in a two-speed spiral mixer (Sancassiano S.p.a, Roddi
d’Alba, Italy) using a total batch weight of approximately 15 kg. The mixing process was
executed in two consecutive stages to optimize gluten network development. Initially, the
dry ingredients (flour, salt, and black malt) were blended with water and yeast at low speed
(slow mixing) for 4 min. At the 3rd minute of this phase, the sunflower oil was incorporated
into the mixture. Subsequently, the mixer was switched to high speed (fast mixing) for an
additional 7 min to achieve complete dough development. The final dough temperature
directly after mixing was strictly maintained at 25 £ 1 °C.

Following the mixing stage, the bulk dough was allowed to rest for 10 to 15 min at
room temperature. After resting, the dough was divided and molded into individual loaves
with a target weight of 700 g each.

The molded dough portions were transferred to a proofing chamber (Sveba Dahlen,
Fristad, Sweden) for fermentation. Proofing was carried out for 70 to 75 min under controlled
environmental conditions, specifically at a temperature of 32-34 °C and a relative humidity
(RH) of 70-75%.

Immediately after proofing, the loaves were subjected to a baking process in a preheated
oven for a total duration of 28 min. The baking profile was divided into two distinct
temperature stages: an initial high-temperature phase at 200 °C for the first 5 min to promote
oven rise and crust setting, followed by a temperature reduction to 180 °C for the remaining
23 min to ensure uniform crumb baking and moisture stabilization. After baking, the
loaves were removed from the oven and allowed to cool to room temperature prior to
further analysis.

2.4.2. In Situ Evaluation of Activity Liquid ACE Through Surface Spraying in Bread

A total of 16 bread samples, weighing approximately 350 g each, were received in
closed sterile plastic bags for the inhibitory assessment of Flavomix ACE. Two samples
served as negative (non-inoculated) controls, while four non-inoculated half-bread samples
were surface sprayed with different examined concentrations of liquid ACE in order to
check the pH and the a,,. The appropriate spray solutions of Flavomix ACE were prepared
on the day of the experiment using sterile deionized water to a final volume of 200 mL. The
solutions were then transferred into aluminum spray bottles that had been disinfected one
day prior to use as described above.

Water activity was measured by carefully removing a uniform crust section using a
scalpel, ensuring no crumb was included. Subsequently, the pH was measured on the same
material following a modified AOAC 943.02 method. Briefly, 1 g of crust was homogenized
with 10 mL of distilled water and stirred every 5 min for a total of 30 min using a glass
stirring rod.

Twelve samples were inoculated. Six samples were inoculated at six distinct points
on the crust surface with 50 puL of each fungal resuspension to achieve a final load of 2 log
CFU/spot, followed by surface spraying with 5% and 10% v/v Flavomix ACE. The remaining
six samples were inoculated in the same manner to achieve 5 log CFU/spot and were treated
with 25% and 30% v/v ACE. Both inoculation and the spraying procedure were performed
in a laminar-flow cabinet, as shown in Figure 2.

All bread samples were incubated at 25 °C and evaluated at 5, 10, 14, 16, 19, 24, 44, and
55 days of storage.
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A. Bread inoculation B. Surface spraying

Figure 2. Inoculation of bread samples (A) and surface spraying with different concentrations of
ACEB (B).

2.5. Data and Statistical Analysis

For the in vitro experiments, three independent biological replicates were performed
for each experimental condition, with three technical replicates conducted for each one.
The mean MIC, standard deviation (SD), median, and coefficient of variation (CV) were
determined for each fungal isolation at different experimental conditions (inoculum levels,
spraying, and incorporation). For pairwise comparison between the means of the MIC of
incorporated Flavomix ACE liquid versus powder form at the same inoculum level, Students’
t test was performed (Graphpad Prism version 8.0.1). A p value < 0.05 was considered

statistically significant.

3. Results and Discussion

3.1. Characterization of Three Dominant Fungal Isolates from Bread Samples Using Morphological
Assessment and Molecular Identification

Three morphologically distinct fungal isolates were recovered from the bread sample
collected from a specific bread production environment. These isolates represent the
dominant fungal contaminants associated with this facility. These isolates were designated
as Isolate 1 (I1), Isolate 2 (I12), and Isolate 3 (I3). Macroscopic colony morphology and
microscopic characteristics reveal clear differences among the isolates as presented in
Figures 3 and 4, respectively.

Isolate | (11) Isolate Il (12) Isolate Il (I3)

Figure 3. Fungi with distinct morphological characteristics, which were isolated from bread samples.

The taxonomic identity of isolates was further investigated through sequencing of
the ITS region followed by BLASTn analysis. BLASTn analysis of the ITS sequence from
Isolate I produced multiple top-ranked matches to Penicillium species, including Penicillium
chrysogenum, P. rubens, P. echinulatum, and P. crustosum, with 100% sequence identity and
100% query coverage (E-value = 0) (Table 2).
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Figure 4. Phase-contrast microscopy images of the three fungal isolates [I1 (A), 12 (B), and I3 (C)]

after 5 days of growth at 25 °C. Images were captured using an inverted microscope, illustrating
morphological differences in hyphal structure and conidial development among the isolates.

Table 2. BLASTn analysis of the Sanger-sequenced Isolate I. The table shows the top sequence matches
from the NCBI database, including the species name, maximum alignment score (Max Score), total
alignment score (Total Score), percentage of the query sequence covered by the alignment (Query
Cover), e-value (E Value), and percent identity (Per. Ident). High percent identity and low e-values
indicate strong similarity between the query sequence and the database entries.

Sequences Producing

Significant Alignments Max Score Total Score Query Cover E Value Per. Ident
Penicillium dipodomyus 937 937 100% 0 100%
Penicillium chrysogenum 937 937 100% 0 100%
Penicillium echinulatum 937 937 100% 0 100%
Penicillium rubens 937 937 100% 0 100%
Penicillium olsonii 937 937 100% 0 100%
Penicillium granulatum 937 937 100% 0 100%
Penicillium griseoroseum 937 937 100% 0 100%
Penicillium crustosum 937 937 100% 0 100%
Penicillium dipodomyicola 937 937 100% 0 100%
Aspergillus oryzae 937 937 100% 0 100%
Aspergillus fumigatus 937 937 100% 0 100%
Trichoderma lixii 937 937 100% 0 100%
Zelopaecilomyces penicillatus 937 937 100% 0 100%
Actinomucor elegans 937 937 100% 0 100%
Penicillium sp. 937 937 100% 0 100%
Penicillium sp. 933 933 100% 0 99.80%

Although a few hits from other fungal genera such as Aspergillus, Trichoderma, and
Actinomucor were also observed, these likely reflect conserved ITS regions rather than true
taxonomic association. Based on the exceptionally high alignment scores and dominance of
Penicillium sequences, Isolate I was confidently assigned to the genus Penicillium. Similarly,
the Sanger sequencing results from Isolate II were analyzed using BLASTn, revealing high
similarity to sequences from the genus Penicillium. The top alignments included Penicillium
brevicompactum, P. kongii, P. biourgeianum, and other Penicillium species, all showing 100%
query coverage. Percent identities were exceptionally high, with several hits at 100% and
others at 99.8%, and e-values of 0, indicating highly significant matches (Table 3).
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Table 3. BLASTn analysis of the Sanger-sequenced Isolate II. The table shows the top sequence matches
from the NCBI database, including the species name, maximum alignment score (Max Score), total
alignment score (Total Score), percentage of the query sequence covered by the alignment (Query
Cover), e-value (E Value), and percent identity (Per. Ident). High percent identity and low e-values
indicate strong similarity between the query sequence and the database entries.

Sequences Producing

Significant Alignments Max Score Total Score Query Cover E Value Per. Ident
Penicillium brevicompactum 922 922 100% 0 100%
Penicillium brevicompactum 918 918 100% 0 99.80%
Penicillium kongii 922 922 100% 0 100%
Penicillium biourgeianum 922 922 100% 0 100%
Penicillium sp. 922 922 100% 0 100%
Penicillium sp. 918 918 100% 0 99.80%

These results confirm that the sequenced isolate belongs to the genus Penicillium.
However, BLASTn analysis of the sequenced Isolate III revealed strong similarity to multiple
species within the genus Cladosporium, as well as a few related taxa (Table 4).

Table 4. BLASTn analysis of the Sanger-sequenced Isolate III. The table shows the top sequence
matches from the NCBI database, including the species name, maximum alignment score (Max Score),
total alignment score (Total Score), percentage of the query sequence covered by the alignment (Query
Cover), e-value (E Value), and percent identity (Per. Ident). High percent identity and low e-values
indicate strong similarity between the query sequence and the database entries.

Sequences Producing

Max Score  Total Score Query Cover E Value Per. Ident

Significant Alignments
Cladosporium verrucocladosporioides 878 878 100% 0 100%
Cladosporium verrucocladosporioides 874 874 100% 0 99.79%
Cladosporium cladosporioides 878 878 100% 0 100%
Cladosporium subuliforme 878 878 100% 0 100%
Cladosporium pseudocladosporioides 878 878 100% 0 100%
Cladosporium austroafricanum 878 878 100% 0 100%
Cladosporium perangustum 878 878 100% 0 100%
Cladosporium uwebraunianum 878 878 100% 0 100%
Cladosporium colombiae 878 878 100% 0 100%
Cladosporium colombiae 874 874 100% 0 99.79%
Cladosporium australiense 878 878 100% 0 100%
Cladosporium crousii 878 878 100% 0 100%
Cladosporium uredinicola 878 878 100% 0 100%
Cladosporium anthropophilum 878 878 100% 0 100%
Cladosporium xylophilum 878 878 100% 0 100%
Cladosporium cucumerinum 878 878 100% 0 100%
Capnodiales sp. 878 878 100% 0 100%
Dothideomycetes sp. genotype 173 878 878 100% 0 100%
Lachnum virgineum 878 878 100% 0 100%
Ceratobasidium sp. 878 878 100% 0 100%

The top hits included Cladosporium verrucocladosporioides, C. cladosporioides, C. subuli-
forme, and several other Cladosporium species, all showing 100% query coverage. Percent
identities were predominantly 100%, with a few hits at 99.79%, and all e-values were 0,
indicating highly significant alignments. These results indicate that the isolate belongs to
the genus Cladosporium.
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3.2. Flavomix ACE Effectively Inhibits Both Penicillium and Cladosporium Using Surface
Spraying Method

The minimum inhibitory concertation (MIC) of liquid Flavomix ACE was determined
following its application onto MEA surface using the spraying technique. The concentration
required to complete inhibit fungal growth varied according to both fungal isolate and the
initial spot spore load (Table 5).

Table 5. Minimum inhibitory concentrations (MICs) of the antimicrobial Flavomix ACE sprayed onto
MEA, in liquid form, against three fungal isolates (I1-I3) at three different inoculation levels. MIC
values are expressed as a percentage of the initial ACE solution (% v/v for liquid form). Data are
presented as the mean + SD. The median and coefficient variation (CV) are also presented. Three
biological replicates were performed for each isolate and inoculation level.

MIC (% of Initial Liquid ACE)

10° Spores/Spot 103 Spores/Spot 10 Spores/Spot
Treatment Isolates
MIC SD Median CV  MIC SD Median CV MIC SD Median CcvV
I1 27.5 4.6 30 16.8 17.5 29 17.5 16.5 6.6 1.5 6.3 23.2
Liquid/Spray 12 17.2 6.0 15 35.1 14.4 1.3 15 8.7 7.0 2.1 6.9 30.0
13 14.1 2.7 12.5 18.9 12.5 2.0 12.5 16.3 53 0.9 5 16.6

Overall, increasing the inoculum level resulted in higher MIC values, indicating an
inoculum-dependent effect. At inoculum level 10° spores/spot, I1 showed the highest
tolerance to ACE, requiring 27.5% v/v (SD: 4.6, %CV: 16.8) of the initial liquid Flavomix
ACE for complete growth inhibition. The lowest MIC values were observed in 13 at 14.1%
v/v (SD: 2.7, %CV: 18.9) of the initial liquid ACE. The same trend was followed at both 103
spores/spot and 10 spores/spot. These results indicate that I1 has lower susceptibility to
ACE, whereas I3 was generally the most susceptible isolate.

The antifungal activity of ACE using surface spraying onto MEA was further compared
with that of widely used preservatives in bakery products: potassium sorbate (E202) and
calcium propionate (E282) at a final concentration in agar of 0.15 g per g MEA. Potassium
sorbate completely inhibited the growth of all isolates at the lowest spot inoculation level
(10 spores/spot). At a higher inoculum level, no visible growth was observed for any isolate.
In contrast, calcium propionate did not inhibit the growth of any tested isolates, as visible
growth was observed under all examined inoculum levels. The above findings highlight
the potential of ACE as an effective alternative antifungal agent against both Penicillium and
Cladosporium isolates even at high inoculum levels by the spraying method.

Potassium sorbate has previously reported to exhibit greater inhibitory efficacy than
calcium propionate against spoilage fungi relative to bakery products [21]. Although both
preservatives are salts of weak organic acid, sorbic acid is more lipophilic and can readily
permeate the fungal cell membrane. Once inside the cytoplasm, it dissociates, resulting
in rapid and sustained acidification of the cytosol, which can disrupt cellular homeostasis,
retard mycelia growth, and delay of spore germination [22].

3.3. Enhanced Antifungal Activity of Flavomix ACE MEA Agar Incorporation

The antifungal activity of Flavomix ACE was further evaluated by incorporating its
liquid and powder forms into MEA. Inoculation was performed at two different spore levels
(10° and 10 spores/spot). The performance of Flavomix ACE was also compared with that
of reference preservatives—potassium sorbate (E202) and calcium propionate (E282)—via
the incorporation of their liquid solutions into MEA. The resulting MICs against isolated
fungi are demonstrated in Figure 5.

https://doi.org/10.3390/appliedchem6040083


https://doi.org/10.3390/appliedchem6040083

AppliedChem 2026, 6, 83

11 of 17

ns ns % % % %k * ns

Mean MIC (v/w % or w/w % of initial ACE)
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Figure 5. Minimum inhibitory concentrations (MICs) of the antimicrobial Flavomix ACE incorporated
into MEA, in liquid and powder forms, against three fungal isolates (I1-I3) at two different inoculation
levels. MIC values are expressed as a percentage of the initial ACEB solution (% v/v for liquid form and
w/v for powder form). I1 is presented by black bars, 12 by dark gray, and I3 by light gray bars. Solid
bars indicate an inoculum level of 10° spores/spot, whereas dotted bars indicate an inoculum level of
10 spores/spot. Data are presented as the mean + SD. Three biological replicates were performed for
each isolate and inoculation level. Statistical significance is indicated as follows: ns, not significant;
* and ***, significant.

Complete growth inhibition was achieved at relatively low concentrations ranging
from 1.7% (SD: 0.6, %CV: 38.7) to 5% v/v (SD: 0, %CV: 0) of initial Flavomix ACE liquid form
depending on the isolate and inoculum level. I1 exhibited the higher resistance requiring
5% v/v (SD: 0, %CV: 0) Flavomix ACE for complete inhibition at both inoculum levels. 12
showed similar susceptibility, whereas I3 was most susceptible to Flavomix ACE, requiring
the lowest concentration.

A comparable trend with the liquid form was observed for Flavomix ACE in powder
form incorporating into MEA, as shown in Figure 5. MIC values ranged from 1.3% w/v
(SD: 0, %CV: 0) to 4.6% w/v (SD: 0.7, %CV: 11.7) of initial powder Flavomix ACE, with I1
exhibiting the highest tolerance and I3 the lowest.

A comparison of the mean MIC values between powder and liquid forms in each
inoculum level against three fungal isolates is presented in Figure 5. The mean MIC of
Flavomix ACE incorporated in MEA differed among the fungal isolates and between the
liquid and powder formulation. Comparison of the liquid and powder forms revealed no
significant differences (p < 0.05) in MIC values for I1 at any inoculum level. In contrast,
12 exhibited significantly lower mean MICs in powder form compared to liquid form at
both inoculum levels (p < 0.05). Regarding Isolate 3, a significant reduction in the MIC was
observed only at a high inoculum level (10° spores/spot) using the liquid form compared
with the powder form of Flavomix ACE. Overall, I3 exhibited the lowest mean MIC values
at an inoculum level of 10 spores/spot compared with isolates I1 and 12, indicating greater
susceptibility to Flavomix ACE in any incorporating form.

According to the controls, potassium sorbate completely inhibited the growth of I1,
12, and I3 at 10 spores/spores and I3 at 10° spores/spot in both incorporated liquid and
powder forms in MEA. However, calcium propionate could not act against fungal isolates at
any inoculum level, except for I3 at 10 spores/spores. These findings indicate that Flavomix
ACE, when incorporated in medium, exhibits strong inhibitory activity against fungi of the
genera Penicillium and Cladosporium.

Citrus peel extracts have demonstrated inhibitory effects against food spoilage fungi,
such as Aspergillus flavus [23]. The antifungal activity has been associated with their content
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of bioactive phenol compounds, which interfere with fungal cell membranes and cellular
metabolism. However, their efficacy may vary depending on the citrus species, fungal
species, and extraction conditions [24,25].

3.4. Effect of Flavomix ACE Concentration on Fungal Inhibition and the Physicochemical Properties
of Bread Samples During 55 Days of Storage

The efficacy of ACE against fungal spoilage was further evaluated on bread samples,
which were separately inoculated with isolated fungi I1, 12, and 13 and stored at 25 °C for
up to 55 days. Samples inoculated with 10? spores/ spot were sprayed with 5% and 10%
v/v of initial liquid Flavomix ACE, whereas samples inoculated with 10° spores/spot were
treated with 25% and 30% v/v of initial liquid Flavomix ACE. The results are demonstrated
in Table 6.

At the two lower concentrations, the Flavomix ACE was unable to suppress the fungal
growth beyond 5 to 10 days of storage. In contrast, bread treated with 25% and 30% v/v
ACE exhibited improved protection against fungi. Among them, 30% v/v of Flavomix
ACE provided the highest level of protection, maintaining the fungal growth inhibited
throughout the entire storage time of 55 days despite the high inoculum level.

These findings are consistent with previous reports showing that plant-derived
polyphenols can suppress spoilage microorganisms and extend the shelf life of bakery
products. Galanakis et al. [26] evaluated polyphenols recovered from olive mill wastewater
in bread and rusks and identified 200 mg polyphenols/kg flour as an optimal concentra-
tion; emulsification further enhanced the antimicrobial effect. In bread, olive polyphenol
treatments extended the reported shelf life from approximately 10 to 15 days. The present
results therefore support the same general conclusion that recovered plant polyphenols can
function as effective bakery preservatives. Notably, however, direct quantitative comparison
between studies should be made cautiously because the formulations, application methods,
microbial challenge, and storage protocols were different. Under the deliberately severe
challenge used here (10° spores/spot), 30% v/v Flavomix ACE prevented visible mold
growth for the full 55-day test period, demonstrating prolonged activity in the bread matrix
beyond the storage periods evaluated in the cited work.

A similar concentration-dependent antifungal response has been reported for other
polyphenol-rich botanical extracts. Wang and Zhu [27] incorporated aqueous staghorn
sumac (Rhus typhina) extract into wheat bread and observed delayed mold development,
with up to a 5-log reduction after 7 days of storage. Sumac addition also increased total
phenolic and anthocyanin contents, while formulations containing less than 4% extract
showed only limited changes in loaf volume, water activity, moisture, several texture param-
eters, and aroma. These observations agree with the dose-dependent inhibition obtained
with Flavomix ACE and reinforce the potential of polyphenol-rich plant ingredients to
combine antifungal functionality with acceptable bakery quality when an appropriate dose
is selected.

More recently, Costa et al. [28] reported that the incorporation of pomegranate extract
at 10-17% into sliced bread prevented detectable fungal growth throughout 15 days of
storage and significantly increased phenolic content and antioxidant activity.

During storage, the values of water activity (a,, ) of crust exhibited slight fluctuations
following the application of different Flavomix ACE concentrations (Figure 6).
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Table 6. Effect of ACE liquid treatments on inoculated bread samples stored for up to 55 days at 25 °C (+: growth, —: no growth).
Day 10 Day 14 Day 16 Day 19 Day 24 Day 44 & 55
Inoculum Level /Spot 10? 10° 10? 10° 10? 10° 10? 10° 10? 10° 10? 10° 10? 10°
P Spores Spores Spores Spores Spores Spores Spores Spores Spores Spores Spores Spores Spores Spores
Percentage of spraying 5% 10% 30% 5% 10% 25% 30% 5% 10% 25% 30% 5% 10% 25% 30% 5% 10% 25% 30% 5% 10% 25% 30% 5% 10% 25% 30%
n + - - + 4+ - - 4+ 4+ - - 4+ + - - 4+ + - - + + 4+ - + + + -
2 + - - + - - - 4 - - - 4+ - - - 4+ - - - 4+ - = - 4+ = = =
I3 - - - - - - - - = - - - - - - - - - - - - - - - - - -
Control 1 + + + + + +
Control 2 - - - - - -
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Figure 6. Changes in water activity (a,) of bread crust treated with different concentrations of
Flavomix ACE over 55 days of storage at 25 °C. Bread samples were sprayed on the crust surface with
5% (dark blue line), 10% (orange line), 25% (green line), or 30% (light blue line) v/v Flavomix ACE.
Although differences among treatments were observed during early stages (varied
from 0.84 to 0.90), a,, values became largely similar at the end of the incubation period. At
day 5 of storage, aw increased in all treatments and converged to approximately 0.91. This
increase may be attributed to moisture migration from the crumb to the crust, resulting in a
progressive redistribution of the water within the product. Subsequently, a reduction was
observed on day 10, explaining the gradual establishment of moisture equilibrium between
the bread and the headspace of storage container. Despite these fluctuations, water activity
never reached the levels considered restrictive for the growth of isolated fungi.
Changes in the pH of bread crust sprayed with different concentrations of liquid
Flavomix ACE during storage are presented in Figure 7.
5
4.5
—0
——
4
z \/’i ‘ D
o 3.5 —0—10%
——25%
3 —0—30%
2.5
0 10 20 30 40 50 60

Days of inoculation

Figure 7. Changes in pH of bread crust treated with different concentrations of Flavomix ACE over
55 days of storage at 25 °C. Bread samples were sprayed on the crust surface with 5% (dark blue line),
10% (orange line), 25% (green line), or 30% (light blue line) v/v of Flavomix ACE.
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Immediately after treatment, the pH values ranged from 3.9 to 4.5, which are consider-
ably lower than those typically observed on a commercial bread. This confirmed the acidic
nature of the antimicrobial agent, resulting in the lowest values at 25% and 30% v/v of
Flavomix ACE. The decrease in crust pH observed after Flavomix ACE application should
also be considered in relation to the findings of Costa et al. [28]. In that study, increasing the
incorporation of pomegranate extract from 10 to 17% did not significantly affect bread pH
or water activity, but higher inclusion levels progressively reduced the specific volume and
final height and also altered quality attributes such as color and texture. Thus, although the
physicochemical parameter affected was different, both studies indicate that high inclusion
rates of polyphenol-rich extracts may modify intrinsic and technological characteristics of
bread. In the present study, the pronounced initial acidification of the crust (pH 3.9-4.5),
particularly at 25-30% v/v Flavomix ACE, may have contributed to the observed antifungal
effect; at the same time, this pH shift reinforces the need to evaluate possible sensory and
technological consequences when defining the optimum industrial dose. Despite fluctu-
ations, the pH eventually returned close to the initial of each concentration at the end of
storage time (55 days).

The study provides several strengths that enhance the relevance of the findings. One is
the combination of controlled in vitro tests together with validation in a real bakery matrix,
which allows for a more comprehensive assessment of Flavomix ACE antifungal perfor-
mance. The prolonged antifungal protection achieved under a severe fungal challenge (10°
spores/spot) strengthens the practical relevance of the findings. The direct comparison with
commonly used preservatives (i.e., potassium sorbate and calcium propionate) provides
additional evidence regarding the relative effectiveness of Flavomix ACE as a potential
alternative preservation strategy. However, there are also some limitations that should be
addressed. The role of the acidic nature of Flavomix ACE in the observed antifungal activity
cannot be fully ruled out, as the decrease in crust pH might have acted as an additional
factor enhancing fungal inhibition. Although Flavomix ACE demonstrated strong anti-
fungal activity, the effect of the applied concentrations on sensory attributes or consumer
acceptance was not evaluated and requires further investigation.

4. Conclusions

This study evaluated a commercial polyphenol-based product (Flavomix ACE) as
a natural antifungal agent against key spoilage fungi (Penicillium spp. and Cladosporium
spp.) in bakery products. Through both spraying and agar incorporation (1.3-5.0%),
Flavomix ACE demonstrated strong dose- and inoculum-dependent inhibition, significantly
outperforming calcium propionate (E282), which showed no inhibitory effect. In the
spraying assay, potassium sorbate (E202) showed the highest antifungal efficacy, completely
inhibiting the growth of both Penicillium and Cladosporium isolates in all inoculum levels.
On high-spore-load bread, a 30% v/v Flavomix ACE spray completely prevented mold
growth for 55 days at 25 °C. Achieving 55 days of complete suppression under heavy
spore challenge (10° spores/spot) is a significant technical benchmark. It demonstrates
that Flavomix ACE, which is a plant-based antimicrobial agent, can protect long-shelf-life
products (such as sliced sandwich breads, pre-packaged snack cakes, or exported baked
goods). While plant polyphenols often lose efficacy in complex food matrices, Flavomix
ACE delivered robust, long-term mold control, offering a viable natural replacement for
synthetic preservatives aligned with clean-label consumer trends, despite an initial crust
pH drop (3.9-4.5) that warrants sensory evaluation. Future studies may address limitations
such as sensory evaluation and the application of Flavomix ACE in bakery formulations
enriched with fat and protein in order to assess whether these components may affect the
stability and potential deactivation of the polyphenols.
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