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Abstract: Natural compounds are a suitable alternative to synthetic food preservatives due to
their natural origin and health-promoting properties. In the current study, phenolic–phenolic and
phenolic–synthetic combinations were tested for their antibiofilm formation, anti-planktonic growth,
and anti-adhesion properties against Debaryomyces hansenii, Wickerhamomyces anomalus (formerly
Pichia anomala), Schizosaccharomyces pombe, and Saccharomyces cerevisiae. The phenolics were vanillin
and cinnamic acid, while the synthetic preservatives were sodium benzoate, potassium sorbate, and
sodium diacetate. The vanillin–cinnamic acid combination had synergistic effect in all the tested
yeasts for the biofilm inhibition with a fractional inhibitory concentration index (FICI) of ≤0.19 for
W. anomalus, 0.25 for S. pombe, 0.31 for S. cerevisiae, and 0.5 for D. hansenii. Most of the phenolic–
synthetic combinations had indifferent interaction regarding biofilm formation. The vanillin–cinnamic
acid combination also had higher activity against spoilage yeasts adhesion on the abiotic surface and
planktonic growth compared to the phenolic–synthetic combinations. For the phenolic–synthetic
anti-planktonic activity, synergistic interaction was present in all the vanillin–synthetic combinations
in S. pombe, vanillin–sodium benzoate and vanillin–potassium sorbate in S. cerevisiae, vanillin–sodium
benzoate in W. anomalus, and cinnamic acid–sodium diacetate in S. pombe. These results suggest a
novel antimicrobial strategy that may broaden the antimicrobial spectrum and reduce compound
toxicity against food spoilage yeasts.

Keywords: checkerboard method; combined effect; growth inhibition; phenolic compounds; spoilage
yeasts; synthetic preservatives

1. Introduction

Yeasts are an integral part of the Earth’s ecosystem, known and used since antiquity
in the production and development of valuable products such as ethanol, probiotics,
pigments, and pharmaceutical products [1]. While accepted as an illustrious microbe
that has positively impacted food and beverage production since the dawn of humanity,
some yeasts also play a role in food spoilage, causing massive economic losses due to
their high resilience in adverse conditions [2]. Yeast spoilage of foods may impair food
quality, make nutrients unavailable, and affect food safety [3,4]. Some Zygosaccharomyces
and Debaryomyces (e.g., Debaryomyces hansenii) species are osmotolerant and halotolerant
and may spoil honey and dried fruits [5]. Wickerhamomyces anomalus (formerly known as
Pichia anomala) is an ascomycetous heterothallic yeast that can grow at a broad pH range,
high osmotic pressure, and low water activity, and is hence capable of spoiling high-sugar
content foods [6]. Some yeast species contaminate fruit salads and juices, leading to spoilage
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through discoloration and production of off-flavors [7]. In fact, continuous attention should
be paid to preventive strategies that can reduce the activity of spoilage yeasts in foods and
are accepted as an ecofriendly approach by the consumers.

The use of chemical-based food preservatives in food production processes remains
the main strategy to control microbial food spoilage due to their low cost and strong
antimicrobial activity [8]. Though effective at inhibiting microbial proliferation in fresh
and stored foods, consumers’ demand for high-quality foods with little or no chemical
residue has led to a search for a safe and environmentally friendly alternative [9]. Chemical
food preservatives become toxic when ingested above the acceptable daily intake [10].
The addition of potassium sorbate, sodium acetate, sodium benzoate, and other chemical
additives during food processing is crucial for flavor and texture enhancement in addi-
tion to their antimicrobial effects [11]. However, high consumption of salts may lead to
hypertension and cardiovascular diseases [10,12]. It is believed that sodium benzoate
can be decarboxylated in the presence of vitamin C into benzene, a compound of high
toxicity and teratogenicity [13]. Sodium benzoate is also implicated in hormonal disrup-
tion, generation of oxidative stress, and reduced fertility, and it may influence tryptophan
metabolism [10,13]. A recent study reported distinct signatures of gut microbiota on mice
consuming potassium sorbate [14].

The use of natural compounds as food preservatives is gaining traction lately due to the
increasing interest in minimally processed foods and the desire to decrease chemical food
preservatives [15]. Natural food preservatives are available from several sources, including
plants, animals, and microorganisms [16]. Plant-derived preservatives include essential
oils and phenolic compounds, animal-derived preservatives include chitosan from animal
shells, and microbial preservatives include bacteriocins [16]. These natural products have
demonstrated great antimicrobial potential against food spoilage [17]. Natural phenolics
are ubiquitous compounds that form the major components of plants’ defense systems. Phe-
nolics’ appealing properties, such as the antimicrobial and antioxidant activities, including
their nutritive and pharmacological benefits, are well established and are of great scientific
interest [18]. These bioactive compounds have been applied in innovative ways in diverse
fields, such as in aquaculture [18], as biostimulants and bioprotectants [19], in the cosmetic
industry [20], in the improvement of sport performances [18], and in food preservation [21].
The antimicrobial properties of natural phenolics have received widespread attention due
to the potential negative health impact of the chemical antimicrobial agents [22]. However,
the natural phenolic additives may result in sensorial attributes in certain foods unaccept-
able to consumers [23]. The presence of synthetic additives in combination with natural
phenolics could help mitigate such unpalatable properties, thus preventing a complete loss
of the native food taste [8,24].

The application of antimicrobials in combination for food preservation may be more
advantageous than singular antimicrobials because the mixture could have synergistic
or additive effects [24]. An efficient antimicrobial combination selection is a non-trivial
task due to the multiple combinations possible [25]. A good in vitro estimation of the
concerted effects of the combined compounds can be determined using the checkerboard
method [26]. From the optical density results obtained, the percentage growth per well
can be calculated, and the minimum inhibitory concentration (MIC) of the combinations
determined. Such combinations may lead to different phenotypic effects, such as synergistic,
additive, indifferent, or antagonistic interactions, regarding the growth inhibition [25].
The combination results can be expressed as a fractional inhibitory concentration index
(FICI) [26]. There are few data on the effects of binary combinations of antimicrobials
against food spoilage yeasts. The present study aimed to elucidate the effect of phenolic–
phenolic and phenolic–synthetic preservative combinations against the planktonic and biofilm
growth and the adhesion capacity of D. hansenii, W. anomalus, Schizosaccharomyces pombe, and
Saccharomyces cerevisiae spoilage yeasts using the checkerboard method. Two phenolic
compounds, i.e., vanillin and cinnamic acid, were selected for the study because they
demonstrated high inhibitory properties against planktonic and biofilm growth of spoilage
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yeast in a previous investigation [27]. These bioactive compounds belong to different
classes of natural phenolics, vanillin being a phenolic aldehyde, while cinnamic acid is a
hydroxycinnamate. The synthetic preservatives used in the assay were sodium benzoate,
potassium sorbate, and sodium diacetate.

2. Materials and Methods
2.1. Yeast Strains and Growth Conditions

Four food spoilage yeasts, namely, D. hansenii SZMC 8045Mo, W. anomalus SZMC
8061Mo, S. cerevisiae SZMC 1279, and S. pombe SZMC 1280 were used in the assays. All the
yeast strains were obtained from the Szeged Microbiological Collection (SZMC) maintained
by the Department of Microbiology, University of Szeged, Hungary (http://szmc.hu/,
accessed on 3 February 2023). W. anomalus, S. cerevisiae, and S. pombe were grown on a malt
extract (ME) medium containing 5 g/L yeast extract (Biolab, Budapest, Hungary), 5 g/L
glucose (Biolab, Budapest, Hungary), and 50 mL/L 20% (v/v) malt extract (Merck, Budapest,
Hungary). D. hansenii was cultivated on yeast extract peptone dextrose (YPD) medium
containing 20 g/L glucose (Biolab, Budapest, Hungary), 20 g/L peptone (Sigma-Aldrich,
Munich, Germany), and 10 g/L yeast extract (Biolab, Budapest, Hungary). Before each
assay, fresh yeast cultures were prepared in 20 mL of the corresponding growth medium
and incubated for 24 h at 30 ◦C. At the end of the incubation period, the growth of the yeast
was in the stationary phase. After preparing a 10-fold serial dilution with the corresponding
growth medium, the cell number was set to 106 CFU/mL by counting in a Bürker chamber
under a light microscope.

2.2. Phenolic Compounds and Synthetic Preservatives

The two phenolic compounds used in the study, i.e., vanillin and cinnamic acid, and
the synthetic compounds, i.e., sodium benzoate, potassium sorbate, and sodium diacetate,
were purchased from Sigma-Aldrich (Munich, Germany). The phenolic compounds were
selected based on a previous investigation that indicated very high antimicrobial activity of
the two natural compounds against food spoilage yeasts [27]. The stock solutions of the
phenolics and synthetic compounds were prepared in 10% (v/v) ethanol.

2.3. Determination of Minimum Inhibitory Concentration (MIC)

The MICs of vanillin and cinnamic acid against planktonic growth of the tested yeasts
were reconfirmed using the microdilution technique described previously [27]. The MIC
values of the synthetic preservatives on planktonic yeasts were assayed through a mi-
croplate method previously described by Zambrano et al. [28]. Briefly, stock solutions
of synthetic preservatives were serially diluted with 10% (v/v) ethanol from 100 mg/mL
to 0.78125 mg/mL concentration. A volume of 100 µL from the diluted samples and the
corresponding stock solution were transferred to the wells of a 96-well polystyrene mi-
crotiter plate (Sarstedt, Nümbrecht, Germany). A volume of 100 µL of cell suspension
(105 CFU/mL) prepared in a double concentration medium was then added to each well,
giving a final concentration of 50 mg/mL to 0.390625 mg/mL for the compounds under
investigation. Positive controls contained the inoculated growth medium without the
synthetic preservative, while the negative controls had the synthetic preservative in sterile
medium. After 24 h incubation at 30 ◦C, absorbance was measured at 600 nm using a SPEC-
TROstar Nano (BMG Labtech, Offenburg, Germany) microplate reader. The concentration
of the synthetic preservative that caused 90% or higher growth inhibition compared to the
positive control was considered as the MIC.

The MIC of the synthetic and phenolic compounds on yeasts in a biofilm form was
determined as follows: 200 µL of 24 h old yeast culture with approximately 108 CFU was
pipetted in the wells of a 96-well microtiter plate and incubated for 4 h for cell adhesion
at 30 ◦C. After the incubation, the non-adhered planktonic cells were removed from each
well, and the plates were rinsed with physiological saline and left to dry for 10 min. After
drying, 100 µL of the compounds were dispensed in the wells followed by the addition
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of another 100 µL of two-fold concentrated sterile medium to have a final concentration
of 64 to 1 mg/mL for the synthetic and 32 to 1 mg/mL for the phenolic compounds. The
positive control had the adhered cells and the sterile medium, while the negative control
had the compounds and the sterile medium without the adhered cells. The plates were
incubated for 24 h at 30 ◦C, after which biofilms were detected by crystal violet staining
assay, as described by Kerekes et al. [29]. The concentration that caused 90% or higher
biofilm inhibition compared to the positive control was considered as the MIC.

In adhesion inhibition tests, the MIC for the antimicrobials was determined as follows:
the synthetic compounds were pipetted into microtiter plates to achieve a final concentra-
tion of 64 to 1 mg/mL, while the phenolics were dispensed in the wells to achieve a final
concentration of 32 to 1 mg/mL after the inoculum addition. The positive control had the
sterile medium and the inoculum, while the negative control had the sterile medium and
the compounds only. The plates were incubated for 4 h at 30 ◦C, after which the adhered
cells were detected by crystal violet staining, as described by Kerekes et al. [29]. The
concentration of the synthetic preservative that caused 90% or higher adhesion inhibition
compared to the positive control was considered as the MIC.

2.4. Checkerboard Assay for Planktonic Growth Inhibition

To evaluate the antimicrobial effect of the phenolic–phenolic and the phenolic–synthetic
combinations against the planktonic growth of food spoilage yeasts, the checkerboard
method was used, as described by Motyl et al. [30], with minor modifications. The assay
was performed using a 96-well polystyrene microtiter plate. Briefly, seven serial two-fold
dilutions of the synthetic compounds and six serial two-fold dilutions of the phenolics
were prepared. In a 96-well plate, 50 µL of each dilution of the synthetic compounds was
dispensed in each vertical row, and 50 µL of the phenolic compound dilution was dispensed
in each horizontal row. The selection of the range of concentrations was based on the MICs
obtained for the tested compounds against the spoilage yeasts. The final concentration
of the synthetic preservatives after microdilution ranged from 64 to 1 mg/mL, while that
of the phenolic compounds ranged from 4 to 0.125 mg/mL. The final concentration of
the inoculum in each well was 105 CFU/mL. After 24 h incubation at 30 ◦C under static
conditions, growth in each well was quantified spectrophotometrically at 600 nm using a
SPECTROstar Nano (BMG Labtech, Offenburg, Germany) microplate reader. Wells that
contained only the growth medium and the inoculum without the antimicrobial agents
formed the positive control, while the negative control had the sterile medium with the
antimicrobials without the inoculum. The percentage of growth in each well was calculated
as previously reported [31]. The MIC for each combination was defined as the concentration
of compounds that reduced growth by 90% and above compared to that of the yeasts grown
in the absence of the antimicrobials. The fractional inhibitory concentration index was
computed using the following equation:

FICI = FIC-A + FIC-B = (MIC-AB/MIC-A) + (MIC-BA/MIC-B)

where A and B are the antimicrobial compounds under combination. The FICI is the
fractional inhibitory concentration index, FIC-A is the fractional inhibitory concentration of
compound A, FIC-B is the fractional inhibitory concentration of compound B, and MIC-AB
is the MIC of compound A in the presence of compound B. MIC-BA is the MIC of compound
B in the presence of compound A. The interaction was interpreted as synergistic if the
FICI ≤ 0.5, additive when 0.5 < FICI ≤ 1, indifferent when 1 < FICI ≤ 4, and antagonistic
when FICI > 4.0 [24,32].

2.5. Checkerboard Assay for Biofilm Formation Inhibition

To evaluate the antibiofilm effects of the phenolic–phenolic and phenolic–synthetic
combinations, the compounds that had FICI < 1 in the planktonic growth inhibition were
sampled for the antibiofilm assay. The wells of a 96-well polystyrene microtiter plate were
filled with 200 µL of 24 h yeast culture with approximately 108 CFU, except for those wells
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that formed the negative control. After 4 h of cell adhesion at 30 ◦C, the planktonic cells
were removed from each well, and the plates were rinsed with physiological saline and left
to dry in a laminar flow for 10 min. After drying, the synthetic compounds were dispensed
in the wells as described in Section 2.4, while the phenolics had a final concentration range
of 32 to 1 mg/mL. The positive and the negative controls were as described in Section 2.4.
The prepared plates were incubated for 24 h at 30 ◦C, after which biofilm formation was
detected by crystal violet staining as described by Kerekes et al. [29]. The FIC index
calculation and the definition of the interactions were as described in Section 2.4.

2.6. Checkerboard Assay for Adhesion Inhibition

The combinations used in the antibiofilm assay were also evaluated for their ability to
inhibit spoilage yeasts adhesion on a polystyrene surface. The compounds were dispensed
as described in Section 2.5, followed by the addition of the inoculum to achieve a final cell
count of 108 CFU. The positive and the negative controls were as described in Section 2.4.
Plates were incubated for 4 h at 30 ◦C, after which the adhered cells were detected by
crystal violet staining [29]. The FIC index calculation and the definition of the interactions
were as described in Section 2.4.

2.7. Statistical Analysis

Assays were performed in at least three independent experiments, and the data
obtained were expressed as means ± standard deviation. Means and standard deviations
were calculated using Microsoft Office Excel 2016 function. Significance was calculated
by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test
in the GraphPad Prism 6.00 software (GraphPad Software Inc., San Diego, CA, USA). A
p-value of <0.05 was considered as statistically significant.

3. Results
3.1. Effects of Combination of Antimicrobial Agents on Planktonic Growth of Yeasts

Vanillin and cinnamic acid were separately combined with sodium benzoate, potas-
sium sorbate, and sodium diacetate synthetic food preservatives to create bipartite solutions
that were screened for their anti-yeast activity. The vanillin–cinnamic acid combination
was also screened for its efficacy in inhibiting planktonic growth of the food spoilage
yeasts. Results for the MIC reduction fold and FICI for the vanillin–cinnamic, vanillin–
synthetics, and cinnamic acid–synthetics combinations, are summarized in Table 1, Table 2,
and Table 3, respectively. In the vanillin–cinnamic acid combination assays, a synergistic
interaction, together with considerable growth inhibition, was identified in all the com-
binations (Figure S1). For S. pombe and S. cerevisiae, the FICI was ≤0.28 (p < 0.05), while
for D. hansenii and W. anomalus, it was ≤0.31 (p < 0.05) (Table 1). The MIC of vanillin was
reduced by 32-fold in S. pombe and S. cerevisiae and by 16-fold in D. hansenii and W. anomalus
when the two phenolics were applied in combination. In this context, a reduction in the
MIC of cinnamic acid was also detected (Table 1).

For the phenolic–synthetic combinations, synergistic interaction was present in all
the vanillin–synthetic combinations in S. pombe (Table 2). A synergism effect was also
present between vanillin–sodium benzoate and vanillin–potassium sorbate in S. cerevisiae
and vanillin–sodium benzoate in W. anomalus (Table 2). Checkerboard layouts depicting the
activity of some effective phenolic–synthetic combinations against the planktonic growth
of the spoilage yeasts tested are shown in Figure S2.
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Table 1. Effect of combination of vanillin and cinnamic acid on planktonic growth of food
spoilage yeasts.

Yeasts Phenolic
Compounds

MIC (mg/mL)
MIC Reduction (Fold) FIC Index Outcome

Single Combined

D. hansenii Cinnamic acid +
Vanillin

0.5
1

≤0.125
≤0.0625

≥4
≥16 ≤0.31 Synergy

W. anomalus Cinnamic acid +
Vanillin

0.5
1

≤0.125
≤0.0625

≥4
≥16 ≤0.31 Synergy

S. pombe Cinnamic acid +
Vanillin

0.5
2

≤0.125
≤0.0625

≥4
≥32 ≤0.28 Synergy

S. cerevisiae Cinnamic acid +
Vanillin

0.5
2

≤0.125
≤0.0625

≥4
≥32 ≤0.28 Synergy

Table 2. Effect of combination of vanillin and synthetic preservatives on planktonic growth of food
spoilage yeasts.

Yeasts Phenolic Agent +
Synthetic Preservative

MIC (mg/mL) MIC Reduction
(Fold) FIC Index Outcome

Single Combined

D. hansenii

Vanillin +
Sodium benzoate

1
50

2
1

0.5
50 2.02 Indifferent

Vanillin +
Potassium sorbate

1
50

2
32

0.5
1.56 2.64 Indifferent

Vanillin +
Sodium diacetate

1
50

2
16

0.5
3.13 2.32 Indifferent

W. anomalus

Vanillin +
Sodium benzoate

1
12.5

0.25
1

4
12.5 0.33 Synergy

Vanillin +
Potassium sorbate

1
3

0.25
1

4
3 0.58 Additive

Vanillin +
Sodium diacetate

1
6

4
4

0.25
1.5 4.67 Antagonism

S. pombe

Vanillin +
Sodium benzoate

2
6.25

0.5
1

4
6.25 0.41 Synergy

Vanillin +
Potassium sorbate

2
3

0.25
1

8
3 0.46 Synergy

Vanillin +
Sodium diacetate

2
12.5

0.5
2

4
6.25 0.41 Synergy

S. cerevisiae

Vanillin +
Sodium benzoate

2
25

0.5
2.34

4
10.68 0.34 Synergy

Vanillin +
Potassium sorbate

2
25

0.5
2.34

4
10.68 0.34 Synergy

Vanillin +
Sodium diacetate

2
50

1
8

2
6.25 0.66 Additive

For the cinnamic acid–synthetic combinations, synergism effect was only present
between cinnamic acid–sodium diacetate in S. pombe (Table 3). There was less antimicrobial
activity against D. hansenii in all the phenolic–synthetic combinations compared to the
other three spoilage yeasts (Tables 2 and 3). Cinnamic acid–sodium benzoate and cinnamic
acid–sodium diacetate were antagonistic in interaction against D. hansenii growth (Table 3).
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Table 3. Effect of combination of cinnamic acid and synthetic preservatives on planktonic growth of
food spoilage yeasts.

Yeasts Phenolic Agent +
Synthetic Preservative

MIC (mg/mL) MIC Reduction
(Fold) FIC Index Outcome

Single Combined

D. hansenii

Cinnamic acid +
Sodium benzoate

0.5
50

>4
>64

<0.13
<0.78 >9.28 Antagonism

Cinnamic acid +
Potassium sorbate

0.5
50

0.25
64

2
0.78 1.78 Indifferent

Cinnamic acid +
Sodium diacetate

0.5
50

2
64

0.25
0.78 5.28 Antagonism

W. anomalus

Cinnamic acid +
Sodium benzoate

0.5
12.5

0.25
1

2
12.5 0.58 Additive

Cinnamic acid +
Potassium sorbate

0.5
3.13

0.13
1

3.85
3.13 0.58 Additive

Cinnamic acid +
Sodium diacetate

0.5
6.25

2
1

0.25
6.25 4.16 Antagonism

S. pombe

Cinnamic acid +
Sodium benzoate

0.5
6

0.25
1

2
6 0.67 Additive

Cinnamic acid +
Potassium sorbate

0.5
3

0.25
1

2
3 0.83 Additive

Cinnamic acid +
Sodium diacetate

0.5
12.5

≤0.13
≤1

≥3.85
≥12.5 ≤0.34 Synergy

S. cerevisiae

Cinnamic acid +
Sodium benzoate

0.5
25

0.13
64

3.85
0.39 2.82 Indifferent

Cinnamic acid +
Potassium sorbate

0.5
25

0.13
64

3.85
0.39 2.82 Indifferent

Cinnamic acid +
Sodium diacetate

0.5
50

0.13
32

3.85
1.56 0.9 Additive

Taken together, when equal concentrations of vanillin/cinnamic acid and synthetic
preservatives were considered (see Figures 1 and 2), it can be observed that the phenolic–
synthetic combinations had generally higher planktonic growth inhibition than the syn-
thetic compounds alone, indicating that the addition of the phenolic compound even at
low concentrations had a positive effect on the antimicrobial properties of the mixture. In
most phenolic–synthetic combinations, the phenolics had a reducing effect on the MIC of
the synthetic additives (Tables 2 and 3). In D. hansenii, for instance, there was a 50-fold
reduction in the MIC of sodium benzoate in the presence of vanillin (Table 2). In S. cerevisiae,
potassium sorbate and sodium benzoate had a 10.7-fold reduction in their MIC when
combined with vanillin (Table 2). Combinations of vanillin–sodium benzoate and cinnamic
acid–sodium benzoate in W. anomalus and cinnamic acid–sodium diacetate in S. pombe
resulted in a 12.5-fold reduction in the MIC of the corresponding synthetic compound
(Tables 2 and 3). It is worth mentioning that the MIC values of vanillin and cinnamic acid
increased in some combination tests compared to those obtained in their single application
(Tables 2 and 3).

3.2. Effects of Combination of Antimicrobial Agents on Biofilm Formation

The phenolic–synthetic and phenolic–phenolic combinations were also tested against
the biofilm formation of spoilage yeasts. For the phenolic–synthetic combinations, only the
combinations with less than 1 FIC index for the planktonic growth were subjected to the
biofilm inhibitory assay. As shown in the checkerboard layouts, both the phenolic–synthetic
preservative (Figure S3) and the vanillin–cinnamic acid (Figure S4) combination assay
resulted in effective combinations against each yeast biofilm tested. Based on the FIC index
results, there was an indifferent compound interaction outcome for most phenolic–synthetic
combinations in anti-biofilm tests (Table 4). However, the MIC values of many synthetic
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preservatives were considerably reduced in the presence of phenolics. In W. anomalus,
for instance, sodium benzoate and potassium sorbate had a 16-fold MIC reduction in the
presence of vanillin (Table 4). In the case of S. pombe, sodium benzoate had a 64-fold
MIC reduction with cinnamic acid and a 32-fold reduction when combined with vanillin
(Table 4). A 32-fold MIC reduction was measured for both sodium benzoate and potassium
sorbate for S. cerevisiae in the presence of vanillin (Table 4).
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The phenolic–phenolic combination was synergistic in the case of all yeasts tested with
an FIC index of ≤0.5 (p < 0.05) (Table 5). The two phenolics also influenced each other’s
MIC with a reduction fold of ≥4 (Table 5).

3.3. Effects of Combination of Antimicrobial Agents on Adhesion Capacity

The antimicrobial combinations used in the biofilm assay were also evaluated for their
ability to inhibit the adhesion of the tested yeasts on a polystyrene surface. Synergistic
interaction was observed between vanillin and potassium sorbate in the case of W. anomalus
and S. pombe, with FIC index values of 0.25 and 0.38, respectively (p < 0.05) (Table 6). In
S. pombe, most phenolic–synthetic combinations were additive with the FIC index ranging
from 0.53–0.75 (p < 0.05) while for S. cerevisiae, all the phenolic–synthetic combinations were
indifferent in interaction, with the FIC index ranging from 1.5 to 2.5 (p < 0.05) (Table 6).
In W. anomalus, except for the vanillin–potassium sorbate combination, the rest were in-
different in interaction for adhesion inhibition (Table 6). The presence of phenolics had a
reducing effect on the MIC value of the synthetic preservatives used in most strains. In
W. anomalus, for instance, sodium benzoate and potassium sorbate had a 32-fold and 8-fold
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reduction in MIC in the presence of vanillin (Table 6). In S. pombe, sodium diacetate had
a 32-fold reduction in the MIC when vanillin was added to the growth medium, while
sodium benzoate had a 16-fold MIC reduction with cinnamic acid. In S. cerevisiae, potassium
sorbate had a 16-fold MIC reduction when combined with vanillin. The overall reduction
in the MIC value of synthetic preservatives in the presence of phenolics was between 1 and
32-fold (p < 0.05) (Table 6).
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Table 4. Effect of combination of phenolic compounds and synthetic preservatives on biofilm
formation of food spoilage yeasts.

Yeasts Phenolic Agent +
Synthetic Preservative

MIC (mg/mL) MIC Reduction
(Fold) FIC Index Outcome

Single Combined

W. anomalus

Vanillin +
Sodium benzoate

8
32

16
2

0.5
16 2.06 Indifferent

Vanillin +
Potassium sorbate

8
16

16
1

0.5
16 2.06 Indifferent

Cinnamic acid +
Sodium benzoate

8
32

2
32

4
1 1.25 Indifferent

Cinnamic acid +
Potassium sorbate

8
16

4
32

2
0.5 2.5 Indifferent
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Table 4. Cont.

Yeasts Phenolic Agent +
Synthetic Preservative

MIC (mg/mL) MIC Reduction
(Fold) FIC Index Outcome

Single Combined

S. pombe

Vanillin +
Potassium sorbate

8
16

16
1

0.5
16 2.06 Indifferent

Vanillin +
Sodium benzoate

8
64

8
2

1
32 1.03 Indifferent

Vanillin +
Sodium diacetate

8
32

4
8

2
4 0.75 Additive

Cinnamic acid +
Sodium diacetate

8
32

4
64

2
0.5 2.5 Indifferent

Cinnamic acid +
Sodium benzoate

8
64

8
1

1
64 1.02 Indifferent

Cinnamic acid +
Potassium sorbate

8
16

8
1

1
16 1.06 Indifferent

S. cerevisiae

Vanillin +
Potassium sorbate

8
32

16
1

0.5
32 2.03 Indifferent

Vanillin +
Sodium benzoate

8
32

16
1

0.5
32 2.03 Indifferent

Vanillin +
Sodium diacetate

8
64

4
32

2
2 1.00 Indifferent

Cinnamic acid +
Sodium diacetate

8
64

2
64

4
1 1.25 Indifferent

Table 5. Effect of combination of vanillin and cinnamic acid on biofilm formation of food
spoilage yeasts.

Yeasts Phenolic Compounds
MIC (mg/mL) MIC Reduction

(Fold) FIC Index Outcome
Single Combined

D. hansenii Cinnamic acid +
Vanillin

8
8

2
2

4
4 0.5 Synergy

W. anomalus Cinnamic acid +
Vanillin

8
8

≤1
≤0.5

≥8
≥16 ≤0.19 Synergy

S. pombe Cinnamic acid +
Vanillin

8
8

1
1

8
8 0.25 Synergy

S. cerevisiae Cinnamic acid +
Vanillin

8
8

2
0.5

4
16 0.31 Synergy

Table 6. Effect of combination of phenolic compounds and synthetic preservatives on polystyrene
surface adhesion of food spoilage yeasts.

Yeasts Phenolic Agent +
Synthetic Preservative

MIC (mg/mL) MIC Reduction
(Fold) FIC Index Outcome

Single Combined

W. anomalus

Vanillin +
Sodium benzoate

8
32

16
1

0.5
32 2.03 Indifferent

Vanillin +
Potassium sorbate

8
16

1
2

8
8 0.25 Synergy

Cinnamic acid +
Sodium benzoate

8
32

4
32

2
1 1.5 Indifferent

Cinnamic acid +
Potassium sorbate

8
16

8
8

1
2 1.5 Indifferent
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Table 6. Cont.

Yeasts Phenolic Agent +
Synthetic Preservative

MIC (mg/mL) MIC Reduction
(Fold) FIC Index Outcome

Single Combined

S. pombe

Vanillin +
Potassium sorbate

8
8

2
1

4
8 0.38 Synergy

Vanillin +
Sodium benzoate

8
16

4
2

2
8 0.63 Additive

Vanillin +
Sodium diacetate

8
32

4
1

2
32 0.53 Additive

Cinnamic acid +
Sodium diacetate

8
32

4
8

2
4 0.75 Additive

Cinnamic acid +
Sodium benzoate

8
16

4
1

2
16 0.56 Additive

Cinnamic acid +
Potassium sorbate

8
8

4
1

2
8 0.63 Additive

S. cerevisiae

Vanillin +
Potassium sorbate

8
16

16
1

0.5
16 2.06 Indifferent

Vanillin +
Sodium benzoate

8
16

16
8

0.5
2 2.5 Indifferent

Vanillin +
Sodium diacetate

8
32

8
16

1
2 1.5 Indifferent

Cinnamic acid +
Sodium diacetate

8
32

16
16

0.5
2 2.5 Indifferent

The vanillin–cinnamic acid combination was synergistic in interaction in all the yeasts
tested, except in D. hansenii, where an additivity effect was observed (Table 7). The com-
bination of these phenolic compounds also allowed the use of reduced concentrations,
showing a 2- to 16-fold MIC reduction (p < 0.05).

Table 7. Effect of combination of vanillin and cinnamic acid on adhesion on polystyrene surface of
food spoilage yeasts.

Yeasts Phenolic Compounds
MIC (mg/mL) MIC Reduction

(Fold) FIC Index Outcome
Single Combined

D. hansenii Cinnamic acid +
Vanillin

8
8

4
1

2
8 0.63 Additive

W. anomalus Cinnamic acid +
Vanillin

8
8

2
0.5

4
16 0.31 Synergy

S. pombe Cinnamic acid +
Vanillin

8
8

1
2

8
4 0.38 Synergy

S. cerevisiae Cinnamic acid +
Vanillin

8
8

2
2

4
4 0.5 Synergy

4. Discussion

The investigation of the interaction between antimicrobial agents can provide infor-
mation for developing new anti-yeast strategies for enhancing food safety. In fact, several
antimicrobial compounds may become more efficient inhibitors in combined application
than when used as single agents [33]. The combination may broaden the spectrum of
activity of individual compounds, reduce their toxicity, lower their effective dosages, and
reduce the chances of antimicrobial resistance [32–34].

In this study, vanillin–cinnamic acid and vanillin/cinnamic acid–sodium benzoate/
potassium sorbate/sodium diacetate synthetic preservative combinations were tested for
their anti-planktonic growth, antibiofilm, and antiadhesion properties against the food
spoilage yeasts D. hansenii, W. anomalus, S. pombe, and S. cerevisiae, using a checkerboard
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approach. In the vanillin–cinnamic acid combination, the FIC indices for the planktonic
growth inhibition were ≤0.31 (p < 0.05), indicating that the combination was synergistic in
action in all the spoilage yeasts (FICI ≤ 0.5). It has been reported that vanillin could interact
synergistically with membrane targeting antifungals, leading to inhibition of fungal drug
efflux pumps [35]. In another study, vanillin led to the disruption of fungal cell surface
integrity, dysfunctional mitochondria, and DNA damage when used as a single agent [36].
Cinnamic acid has been proposed as a possible fungal growth inhibitor by interacting with
benzoate 4-hydroxylase, crucial for aromatic detoxification [37]. To our knowledge, this is
the first study to investigate the antimicrobial effects of vanillin–cinnamic acid combination
against food spoilage yeasts.

For the phenolic–synthetic combinations, the prevalence of more synergistic interac-
tions in vanillin–synthetic combinations than in the cinnamic acid–synthetic combinations
is attributable to a host of molecular factors. For example, the formation of stable com-
plexes such as dimers and adducts with higher antimicrobial activity than that of the parent
compounds, targeting of multiple pathways, modulation of antimicrobial transport and
permeation, and inhibition of disease resistance mechanisms [10,32]. A synergic interaction
phenomenon has also been ascribed to the recovery of the stronger antioxidant by the
weaker antioxidant, as well as the dual targeting of translation fidelity increasing transla-
tion error rate thus inhibiting growth [10,34]. It is important to note that synergism effect
was not linearly dependent on the concentration of the strongest antimicrobial compound,
and in many instances a combination of two high concentrations of the parent compounds
did not always have a synergistic effect. In planktonic growth inhibition tests, certain
combinations showed different interactions depending on the yeast. For instance, the cin-
namic acid and sodium diacetate in combination was antagonistic in action for D. hansenii
and W. anomalus but synergistic in effect in the case of S. pombe and additive in action for
S. cerevisiae (Table 3). These strain-dependent antimicrobial effects of the combinations can
also be attributed to the physiological heterogeneity among the different fungi, which also
explains the apparent susceptibility of S. pombe and the relative resilience of D. hansenii
against the activity of the combinations. The halotolerant nature of D. hansenii has already
been reported and characterized [38]. This attribute is attested by the high MIC of the
three synthetic preservatives against D. hansenii (50 mg/mL) compared to the other tested
spoilage yeasts whose MIC of the synthetic preservatives was lower. This peculiarity has
been attributed to the adaptability of the plasma membrane components to external salinity,
mimicking the halophilic/halotolerant black yeasts [39], and its ability to decrease oxidative
stress under hypersaline conditions [40].

The antimicrobial activity of vanillin–synthetic preservatives against S. cerevisiae plank-
tonic growth was high (FICI 0.34 and 0.66) (p < 0.05). This contrasts with the activity of
the cinnamic acid–synthetic preservatives against the same strain, whose FIC indices were
0.9 and 2.82 (p < 0.05). Vanillin has been mentioned as a potent inhibitor of the planktonic
growth of S. cerevisiae, through the disassembly of polysomes and the consequent formation
of processing bodies and stress granules, suggesting it acts as a translational repressor in
S. cerevisiae [41]. Natural phenolics are also known to interfere with the cell membrane
integrity, leading to the leakage of cellular organelles and ions, reduction in ergosterol
biosynthesis, interference with the cell cycle leading to apoptosis, and inhibition of efflux
transporters leading to the accumulation of the antifungal compounds. However, the
mechanisms of the interaction of phenolics and other antifungals are less studied [42].
Experiments are mainly focused on interactions with the antifungal drugs generally used
against clinical isolates of yeasts [42,43].

Yeast biofilms are resilient structures that require diverse antifungal strategies to
obliterate due to the multifactorial nature of antifungal resistance [44]. In fact, fungal cells
in biofilms can be up to a thousand-fold more resistant to conventional antimicrobial agents
than in planktonic forms [45]. This trait is also manifested in our study where most of the
phenolic–synthetic combinations were indifferent against yeast biofilms. However, the
vanillin–cinnamic acid combination seems to be an effective strategy. The vanillin–cinnamic
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acid combination was also effective against yeast adherence on the abiotic surface and
might influence the initial stage of biofilm formation.

Vanillin is an aromatic aldehyde with an odor threshold of 0.008 and 100 µg/L in air
and water, respectively [46], and is lauded for its appetite-enhancing effects when present
in food as an additive [47]. According to the United States Food and Drug Administration
(FDA), the maximum permitted level of vanillin is 70 mg/kg of body weight [48]. Cinnamic
acid is known for its rapid absorption and elimination from the body and has no safety
concerns when used as a flavoring agent [49]. According to the joint FAO/WHO expert
committee on food and additives (JECFA), the acceptable daily intake (ADI) levels of
sodium diacetate, potassium sorbate, and sodium benzoate is 0–15, 0–25, and 0–5 mg/kg,
per body weight, respectively [50,51]. Based on our study, all the combinations with
synergistic interactions were within the permitted concentrations of food additives (see
Tables 1–7). All the compounds used in the study are generally recognized as safe (GRAS),
therefore, quite appealing for use in food realms.

5. Conclusions

The present investigation aimed to elucidate the effect of vanillin–cinnamic acid and
vanillin/cinnamic acid–synthetic preservative, i.e., sodium benzoate, potassium sorbate,
and sodium diacetate combinations against planktonic and biofilm growth and adhesion
of D. hansenii, W. anomalus, S. pombe, and S. cerevisiae spoilage yeasts. The outcome of
the investigation showed that the vanillin–cinnamic acid combinations were generally
more potent antimicrobials than the phenolic–synthetic compound combinations. The
mechanism of the dual action of vanillin and cinnamic acid remains to be elucidated;
however, chemogenomic profiling and “omics”-based technologies such as transcriptomics
and proteomics, as well as systems biology and in silico approaches, may provide insight
into the background of the antimicrobial activity achieved in the combined application.
In several combinations, the initial MIC of the synthetic preservative was reduced in
the presence of a phenolic compound, which may allow the use of a reduced amount of
synthetic preservative for food preservation. A phenolic compound-synthetic preservative
synergy effect was achieved in anti-planktonic growth and anti-adhesion tests, in which
vanillin was the more potent phenolic compound. Among the yeasts studied, planktonic
growth of D. hansenii was tolerant against the synthetic preservatives both in single and
combined application, while the S. pombe was generally the most sensitive towards the
combinations in anti-biofilm and anti-adhesion tests. The application of phenolics and
synthetic compounds in combination could provide a valuable approach for better food
preservation without significantly affecting their native organoleptic attributes. Phenolic–
phenolic and phenolic–synthetic combinations will also provide new formulations that
could attenuate antimicrobial resistance in food spoilage yeasts without the discovery of
new anti-yeast molecules. The fact that cinnamic acid is rapidly eliminated from the body
is crucial because it could prevent any unfavorable effects due to its accumulation. The
finding that all the synergistic combinations were within the permitted levels for food
additives allows them to be adopted in food preservation. Though all the compounds
used in the study are GRAS, it is a general requirement that compounds permitted for
direct addition to food should be used in the minimum quantities required to produce the
intended effect. The combinations at which the synergism effect occurred should be tested
for the ability to resist the development of antifungal resistance. In addition, the impact of
the effective combinations on the organoleptic properties of different foods as well as their
chemical compatibility should also be investigated for consumer safety.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12061338/s1, Figure S1: Checkerboard layout of vanillin–
cinnamic acid combinations used against the planktonic growth of D. hansenii (A), S. cerevisiae (B),
S. pombe (C), and W. anomalus (D) spoilage yeasts; Figure S2: Checkerboard layout of phenolic
compound–synthetic preservative combinations used against the planktonic growth of S. pombe (A
and C), W. anomalus (B), and S. cerevisiae (D); Figure S3: Checkerboard layout of phenolic compound–
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synthetic preservative combinations used against the biofilm growth of W. anomalus (A), S. pombe (B
and D), and S. cerevisiae (C); Figure S4: Checkerboard layout of vanillin–cinnamic acid combinations
used against the biofilm growth of D. hansenii (A), W. anomalus (B), S. cerevisiae (C), and S. pombe (D).

Author Contributions: Conceptualization, B.G.K., M.T. and E.B.K.; methodology, B.G.K., E.B.K.,
J.K. and M.T.; validation, M.T., T.P., E.B.K. and C.V. (Csaba Vágvölgyi); formal analysis, B.G.K.,
M.T., C.V. (Csaba Vágvölgyi) and E.B.K.; investigation, B.G.K., E.B.K., J.K. and C.V. (Csilla Veres);
resources, M.T., C.V. (Csaba Vágvölgyi) and T.P.; writing—original draft preparation, B.G.K. and
E.B.K.; writing—review and editing, E.B.K., M.T. and C.V. (Csaba Vágvölgyi); supervision, M.T. and
E.B.K.; project administration, M.T. and E.B.K.; funding acquisition, M.T., E.B.K. and T.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was funded by the National Research, Development and Innovation Office
(NKFI grant FK 134886). E.B.K. was supported by the NKFI grant PD 142122. T.P. and M.T. was
supported by the TKP-2021-EGA-28 project. T.P. was also supported by the NKFI K131796 and ELKH
2001007.

Data Availability Statement: Data are contained within the article and Supplementary Figures S1–S4.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Maicas, S. The role of yeasts in fermentation processes. Microorganisms 2020, 8, 1142. [CrossRef] [PubMed]
2. Riesute, R.; Salomskiene, J.; Moreno, D.S.; Gustiene, S. Effect of yeasts on food quality and safety and possibilities of their

inhibition. Trends Food Sci. Technol. 2021, 108, 1–10. [CrossRef]
3. Krisch, J.; Chandrasekaran, M.; Kadaikunnan, S.; Alharbi, N.S.; Vágvölgyi, C. Latest about spoilage by yeasts: Focus on the

deterioration of beverages and other plant-derived products. J. Food Prot. 2016, 79, 825–829. [CrossRef]
4. Hernández, A.; Pérez-Nevado, F.; Ruiz-Moyano, S.; Serradilla, M.J.; Villalobos, M.C.; Martín, A.; Córdoba, M.G. Spoilage yeasts:

What are the sources of contamination of foods and beverages? Int. J. Food Microbiol. 2018, 286, 98–110. [CrossRef] [PubMed]
5. Prista, C.; Michán, C.; Miranda, I.M.; Ramos, J. The halotolerant Debaryomyces hansenii, the Cinderella of non-conventional yeasts.

Yeast 2016, 33, 523–533. [CrossRef]
6. Satora, P.; Tarko, T.; Sroka, P.; Blaszczyk, U. The influence of Wickerhamomyces anomalus killer yeast on the fermentation and

chemical composition of apple wines. FEMS Yeast Res. 2014, 14, 729–740. [CrossRef]
7. Tournas, V.H.; Heeres, J.; Burgess, L. Moulds and yeasts in fruit salads and fruit juices. Food Microbiol. 2006, 23, 684–688. [CrossRef]
8. Yu, H.H.; Chin, Y.-W.; Paik, H.-D. Application of natural preservatives for meat and meat products against food-borne pathogens

and spoilage bacteria: A review. Foods 2021, 10, 2418. [CrossRef]
9. Perito, M.A.; Chiodo, E.; Serio, A.; Paparella, A.; Fantini, A. Factors influencing consumers’ attitude towards biopreservatives.

Sustainability 2020, 12, 10338. [CrossRef]
10. Olszowy-Tomczyk, M. Synergistic, antagonistic and additive antioxidant effects in the binary mixtures. Phytochem. Rev. 2020, 19, 63–103.

[CrossRef]
11. Phitaktim, S.; Chomnawang, M.; Sirichaiwetchakoon, K.; Dunkhunthod, B.; Hobbs, G.; Eumke, G. Synergism and the mechanism

of action of the combination of α-mangostin isolated from Garcinia mangostana L. and oxacillin against an oxacillin-resistant
Staphylococcus saprophyticus. BMC Microbiol. 2016, 16, 195. [CrossRef]

12. Zhang, Y.; Wei, J.; Qiu, Y.; Niu, C.; Song, Z.; Yuan, Y.; Yue, T. Structure-dependent inhibition of Stenotrophomonas maltophilia by
polyphenol and its impact on cell membrane. Front. Microbiol. 2019, 10, 2646. [CrossRef]

13. Piper, J.D.; Piper, P.W. Benzoate and sorbate salts: A systematic review of the potential hazards of these invaluable preservatives
and the expanding spectrum of clinical uses for sodium benzoate. Compr. Rev. Food Sci. Food Saf. 2017, 16, 868–880. [CrossRef]

14. Nagpal, R.; Indugu, N.; Singh, P. Distinct gut microbiota signatures in mice treated with commonly used food preservatives.
Microorganisms 2021, 9, 2311. [CrossRef] [PubMed]

15. Ullah, H.; Hussain, Y.; Santarcangelo, C.; Baldi, A.; Di Minno, A.; Khan, H.; Xiao, J.; Daglia, M. Natural polyphenols for the
preservation of meat and dairy products. Molecules 2022, 27, 1906. [CrossRef]

16. Mei, J.; Ma, X.; Xie, J. Review on natural preservatives for extending fish shelf life. Foods 2019, 8, 490. [CrossRef]
17. Ofosu, F.K.; Daliri, E.B.-M.; Elahi, F.; Chelliah, R.; Lee, B.-H.; Oh, D.-H. New insights on the use of polyphenols as natural

preservatives and their emerging safety concerns. Front. Sustain. Food Syst. 2020, 4, 525810. [CrossRef]
18. Floris, B.; Galloni, P.; Conte, V.; Sabuzi, F. Tailored functionalization of natural phenols to improve biological activity. Biomolecules

2021, 11, 1325. [CrossRef] [PubMed]
19. Kisiriko, M.; Anastasiadi, M.; Terry, L.A.; Yasri, A.; Beale, M.H.; Ward, J.L. Phenolics from medicinal and aromatic plants:

Characterisation and potential as biostimulants and bioprotectants. Molecules 2021, 26, 6343. [CrossRef]
20. Panzella, L. Natural phenolic compounds for health, food and cosmetic applications. Antioxidants 2020, 9, 427. [CrossRef]

http://doi.org/10.3390/microorganisms8081142
http://www.ncbi.nlm.nih.gov/pubmed/32731589
http://doi.org/10.1016/j.tifs.2020.11.022
http://doi.org/10.4315/0362-028X.JFP-15-324
http://doi.org/10.1016/j.ijfoodmicro.2018.07.031
http://www.ncbi.nlm.nih.gov/pubmed/30056262
http://doi.org/10.1002/yea.3177
http://doi.org/10.1111/1567-1364.12159
http://doi.org/10.1016/j.fm.2006.01.003
http://doi.org/10.3390/foods10102418
http://doi.org/10.3390/su122410338
http://doi.org/10.1007/s11101-019-09658-4
http://doi.org/10.1186/s12866-016-0814-4
http://doi.org/10.3389/fmicb.2019.02646
http://doi.org/10.1111/1541-4337.12284
http://doi.org/10.3390/microorganisms9112311
http://www.ncbi.nlm.nih.gov/pubmed/34835437
http://doi.org/10.3390/molecules27061906
http://doi.org/10.3390/foods8100490
http://doi.org/10.3389/fsufs.2020.525810
http://doi.org/10.3390/biom11091325
http://www.ncbi.nlm.nih.gov/pubmed/34572538
http://doi.org/10.3390/molecules26216343
http://doi.org/10.3390/antiox9050427


Foods 2023, 12, 1338 15 of 16

21. Takó, M.; Kerekes, E.B.; Zambrano, C.; Kotogán, A.; Papp, T.; Krisch, J.; Vágvölgyi, C. Plant phenolics and phenolic-enriched
extracts as antimicrobial agents against food-contaminating microorganisms. Antioxidants 2020, 9, 165. [CrossRef] [PubMed]

22. Vijayan, A.; Sivaraman, G.K.; Visnuvinayagam, S.; Mothadaka, M.P. Role of natural additives on quality and shelf life extension
of fish and fishery products. In Natural food additives; Prieto, M.A., Otero, P., Eds.; IntechOpen: London, UK, 2021; p. 77994.

23. Ritota, M.; Manzi, P. Natural preservatives from plant in cheese making. Animals 2020, 10, 749. [CrossRef]
24. Corrêa, J.A.F.; dos Santos, J.V.G.; Evangelista, A.G.; Pinto, A.C.S.M.; de Macedo, R.E.F.; Luciano, F.B. Combined application of

phenolic acids and essential oil components against Salmonella Enteritidis and Listeria monocytogenes in vitro and in ready-to-eat
cooked ham. LWT Food Sci. Technol. 2021, 149, 111881. [CrossRef]

25. Bellio, P.; Fagnani, L.; Nazzicone, L.; Celenza, G. New and simplified method for drug combination studies by checkerboard
assay. MethodsX 2021, 8, 101543. [CrossRef] [PubMed]

26. Doern, C.D. When does 2 plus 2 equal 5? A review of antimicrobial synergy testing. J. Clin. Microbiol. 2014, 52, 4124–4128.
[CrossRef] [PubMed]

27. Kimani, B.G.; Kerekes, E.B.; Szebenyi, C.; Krisch, J.; Vágvölgyi, C.; Papp, T.; Takó, M. In vitro activity of selected phenolic
compounds against planktonic and biofilm cells of food-contaminating yeasts. Foods 2021, 10, 1652. [CrossRef] [PubMed]

28. Zambrano, C.; Kerekes, E.B.; Kotogán, A.; Papp, T.; Vágvölgyi, C.; Krisch, J.; Takó, M. Antimicrobial activity of grape, apple and
pitahaya residue extracts after carbohydrase treatment against food-related bacteria. LWT Food Sci. Technol. 2019, 100, 416–425.
[CrossRef]

29. Kerekes, E.B.; Deák, É.; Takó, M.; Tserennadmid, R.; Petkovits, T.; Vágvölgyi, C.; Krisch, J. Anti-biofilm forming and anti-quorum
sensing activity of selected essential oils and their main components on food-related micro-organisms. J. Appl. Microbiol. 2013,
115, 933–942. [CrossRef]

30. Motyl, M.; Dorso, K.; Barret, J.; Giacobbe, R. Basic microbiological techniques used in antibacterial drug discovery. Curr. Protoc.
Pharmacol. 2005, 31, 13A.3.1–13A.3.22. [CrossRef]

31. Bellio, P.; Segatore, B.; Mancini, A.; Di Pietro, L.; Bottoni, C.; Sabatini, A.; Brisdelli, F.; Piovano, M.; Nicoletti, M.; Amicosante, G.;
et al. Interaction between lichen secondary metabolites and antibiotics against clinical isolates methicillin-resistant Staphylococcus
aureus strains. Phytomedicine 2015, 22, 223–230. [CrossRef] [PubMed]

32. Caesar, L.K.; Cech, N.B. Synergy and antagonism in natural product extracts: When 1 + 1 does not equal 2. Nat. Prod. Rep. 2019,
36, 869–888. [CrossRef] [PubMed]

33. Johnson, M.D.; Perfect, J.R. Use of antifungal combination therapy: Agents, order, and timing. Curr. Fungal Infect. Rep. 2010, 4, 87–95.
[CrossRef]

34. Moreno-Martinez, E.; Vallieres, C.; Holland, S.L.; Avery, S.V. Novel, synergistic antifungal combinations that target translation
fidelity. Sci. Rep. 2015, 5, 16700. [CrossRef] [PubMed]

35. Saibabu, V.; Fatima, Z.; Singh, S.; Khan, L.A.; Hameed, S. Vanillin confers antifungal drug synergism in Candida albicans by
impeding CaCdr2p driven efflux. J. Mycol. Med. 2020, 30, 100921. [CrossRef]

36. Saibabu, V.; Fatima, Z.; Khan, L.A.; Hameed, S. Mechanistic insights into the anticandidal action of vanillin reveal disruption of
cell surface integrity and mitochondrial functioning. Infect. Disord. Drug Targets. 2021, 21, 405–415. [CrossRef]

37. Korošec, B.; Sova, M.; Turk, S.; Kraševec, N.; Novak, M.; Lah, L.; Stojan, J.; Podobnik, B.; Berne, S.; Zupanec, N.; et al. Antifungal
activity of cinnamic acid derivatives involves inhibition of benzoate 4-hydroxylase (CYP53). J. Appl. Microbiol. 2014, 116, 955–966.
[CrossRef]

38. Michán, C.; Martínez, J.L.; Alvarez, M.C.; Turk, M.; Sychrova, H.; Ramos, J. Salt and oxidative stress tolerance in Debaryomyces
hansenii and Debaryomyces fabryi. FEMS Yeast Res. 2013, 13, 180–188. [CrossRef]

39. Turk, M.; Montiel, V.; Žigon, D.; Plemenitaš, A.; Ramos, J. Plasma membrane composition of Debaryomyces hansenii adapts to
changes in pH and external salinity. Microbiology 2007, 153, 3586–3592. [CrossRef]

40. Segal-Kischinevzky, C.; Romero-Aguilar, L.; Alcaraz, L.D.; López-Ortiz, G.; Martínez-Castillo, B.; Torres-Ramírez, N.; Sandoval,
G.; González, J. Yeasts inhabiting extreme environments and their biotechnological applications. Microorganisms 2022, 10, 794.
[CrossRef]

41. Iwaki, A.; Ohnuki, S.; Suga, Y.; Izawa, S.; Ohya, Y. Vanillin inhibits translation and induces messenger ribonucleoprotein (mRNP)
granule formation in Saccharomyces cerevisiae: Application and validation of high-content, image-based profiling. PLoS ONE 2013,
8, e61748. [CrossRef]

42. Teodoro, G.R.; Ellepola, K.; Seneviratne, C.J.; Koga-Ito, C.Y. Potential use of phenolic acids as anti-Candida agents: A review. Front.
Microbiol. 2015, 6, 1420. [CrossRef] [PubMed]

43. Ecevit, K.; Barros, A.A.; Silva, J.M.; Reis, R.L. Preventing microbial infections with natural phenolic compounds. Future Pharmacol.
2022, 2, 460–498. [CrossRef]

44. Tits, J.; Cammue, B.P.A.; Thevissen, K. Combination therapy to treat fungal biofilm-based infections. Int. J. Mol. Sci. 2020, 21, 8873.
[CrossRef] [PubMed]

45. Ramage, G.; Rajendran, R.; Sherry, L.; Williams, C. Fungal biofilm resistance. Int. J. Microbiol. 2012, 2012, 528521. [CrossRef]
46. de-la-Fuente-Blanco, A.; Ferreira, V. Gas chromatography olfactometry (GC-O) for the (semi)quantitative screening of wine aroma.

Foods 2020, 9, 1892. [CrossRef]
47. Ogawa, K.; Tashima, A.; Sadakata, M.; Morinaga, O. Appetite-enhancing effects of vanilla flavours such as vanillin. J. Nat. Med.

2018, 72, 798–802. [CrossRef]

http://doi.org/10.3390/antiox9020165
http://www.ncbi.nlm.nih.gov/pubmed/32085580
http://doi.org/10.3390/ani10040749
http://doi.org/10.1016/j.lwt.2021.111881
http://doi.org/10.1016/j.mex.2021.101543
http://www.ncbi.nlm.nih.gov/pubmed/34754811
http://doi.org/10.1128/JCM.01121-14
http://www.ncbi.nlm.nih.gov/pubmed/24920779
http://doi.org/10.3390/foods10071652
http://www.ncbi.nlm.nih.gov/pubmed/34359522
http://doi.org/10.1016/j.lwt.2018.10.044
http://doi.org/10.1111/jam.12289
http://doi.org/10.1002/0471141755.ph13a03s31
http://doi.org/10.1016/j.phymed.2014.12.005
http://www.ncbi.nlm.nih.gov/pubmed/25765826
http://doi.org/10.1039/C9NP00011A
http://www.ncbi.nlm.nih.gov/pubmed/31187844
http://doi.org/10.1007/s12281-010-0018-6
http://doi.org/10.1038/srep16700
http://www.ncbi.nlm.nih.gov/pubmed/26573415
http://doi.org/10.1016/j.mycmed.2019.100921
http://doi.org/10.2174/1871526520666200702134110
http://doi.org/10.1111/jam.12417
http://doi.org/10.1111/1567-1364.12020
http://doi.org/10.1099/mic.0.2007/009563-0
http://doi.org/10.3390/microorganisms10040794
http://doi.org/10.1371/journal.pone.0061748
http://doi.org/10.3389/fmicb.2015.01420
http://www.ncbi.nlm.nih.gov/pubmed/26733965
http://doi.org/10.3390/futurepharmacol2040030
http://doi.org/10.3390/ijms21228873
http://www.ncbi.nlm.nih.gov/pubmed/33238622
http://doi.org/10.1155/2012/528521
http://doi.org/10.3390/foods9121892
http://doi.org/10.1007/s11418-018-1206-x


Foods 2023, 12, 1338 16 of 16

48. Zhao, J.; Xia, H.; Yu, T.; Jin, L.; Li, X.; Zhang, Y.; Shu, L.; Zeng, L.; He, Z. A colorimetric assay for vanillin detection by
determination of the luminescence of o-toluidine condensates. PLoS ONE 2018, 13, e0194010. [CrossRef]

49. Adams, T.B.; Cohen, S.M.; Doull, J.; Feron, V.J.; Goodman, J.I.; Marnett, L.J.; Munro, I.C.; Portoghese, P.S.; Smith, R.L.; Waddell,
W.J.; et al. The FEMA GRAS assessment of cinnamyl derivatives used as flavor ingredients. Food Chem. Toxicol. 2004, 42, 157–185.
[CrossRef]

50. Mohammadzadeh-Aghdash, H.; Sohrabi, Y.; Mohammadi, A.; Shanehbandi, D.; Dehghan, P.; Dolatabadi, J.E.N. Safety assessment
of sodium acetate, sodium diacetate and potassium sorbate food additives. Food Chem. 2018, 257, 211–215. [CrossRef]

51. Mpountoukas, P.; Vantarakis, A.; Sivridis, E.; Lialiaris, T. Cytogenetic study in cultured human lymphocytes treated with three
commonly used preservatives. Food Chem. Toxicol. 2008, 46, 2390–2393. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1371/journal.pone.0194010
http://doi.org/10.1016/j.fct.2003.08.021
http://doi.org/10.1016/j.foodchem.2018.03.020
http://doi.org/10.1016/j.fct.2008.03.021

	Introduction 
	Materials and Methods 
	Yeast Strains and Growth Conditions 
	Phenolic Compounds and Synthetic Preservatives 
	Determination of Minimum Inhibitory Concentration (MIC) 
	Checkerboard Assay for Planktonic Growth Inhibition 
	Checkerboard Assay for Biofilm Formation Inhibition 
	Checkerboard Assay for Adhesion Inhibition 
	Statistical Analysis 

	Results 
	Effects of Combination of Antimicrobial Agents on Planktonic Growth of Yeasts 
	Effects of Combination of Antimicrobial Agents on Biofilm Formation 
	Effects of Combination of Antimicrobial Agents on Adhesion Capacity 

	Discussion 
	Conclusions 
	References

