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ARTICLE INFO ABSTRACT
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The microbial stability of wine can be compromised by the presence of lactic acid bacteria (LAB) and acetic acid
bacteria (AAB), which can cause spoilage via off flavour production, increased acetic acid production, or biofilm
formation. To manage the growth of LAB in winemaking, fumaric acid (FA) has been proposed as an alternative
to traditional antimicrobial agents, such as sulfur dioxide (SO3). This study aimed to evaluate the inhibitory
effects of FA on the growth of LAB and AAB based on the influence of pH and ethanol in a synthetic wine-like
medium.

The research involved the determination of the individual, 2 x 2 combined, and combined minimum inhib-
itory concentrations (MICs) of fumaric acid, pH, and ethanol. Specifically, the MIC90 was defined as the con-
centration required to inhibit the growth of more than 90 % of the initial population, and the MIC50 was defined
as the concentration required to inhibit the growth of more than 50 % of the initial population. These thresholds
were assessed in 19 bacterial strains (13 LAB and 6 AAB strains) at pH values of 3.5 and 4.0 and ethanol con-
centrations of 0, 4, 8 and 12 % v/v. Additionally, the impact of FA on biofilm formation was evaluated in the ten
bacterial strains that were observed to be most resistant to FA.

The results revealed that the inhibitory effects of FA were enhanced at lower pH values and at higher ethanol
concentrations. LAB strains (such as Oenococcus oeni) were particularly sensitive to FA, whereas non-Oenococcus
LAB strains demonstrated resistance to concentrations exceeding 2 g/L under the tested pH (3.5-4.0) and ethanol
(0-12 % v/v) conditions. AAB strains (such as Acetobacter aceti) tolerated FA concentrations greater than 2 g/L at
PH 4.0 in the absence of ethanol; however, the susceptibility increased with increasing ethanol concentrations
and decreasing pH. Furthermore, FA significantly inhibited biofilm formation (particularly at a pH of 3.5 and
ethanol concentrations greater than 8 % v/v).

In conclusion, when combined with low pH and high ethanol concentrations, FA offers a promising strategy for
controlling bacterial growth and biofilm formation in winemaking. This approach has the potential to comple-
ment or replace the use of traditional chemical preservatives, such as SOa.
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1. Introduction

The production of wine involves various fermentations performed by
microorganisms that influence the flavour, aroma, and spoilage of the
wine (Ribéreau-Gayon et al., 2006). The first phase, which involves
alcoholic fermentation (AF) and requires the conversion of sugars into
alcohol, is well understood and is largely dominated by the yeast

* Corresponding author.
E-mail address: nicolasrozes@urv.cat (N. Rozes).

https://doi.org/10.1016/j.fm.2025.104808

Saccharomyces cerevisiae (Ruiz-de-Villa et al., 2023). Moreover, lactic
acid bacteria (LAB) (such as Oenococcus oeni) drive a secondary
fermentation process known as malolactic fermentation (MLF). The
primary biochemical transformation in MLF involves the decarboxyl-
ation of L-malic acid into L-lactic acid and carbon dioxide, thereby
reducing the acidity of the wine and creating a smoother mouthfeel
(Pardo and Ferrer, 2021). Winemakers may encourage MLF in certain
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styles of wine, such as red wines or white wines containing high con-
centrations of L-malic acid or total acidity, in which a rounder, smoother
taste is preferred (Pardo and Ferrer, 2021). However, in wines in which
an acidic profile is desirable (such as most white and sparkling wines),
MLF is typically avoided (Bauer and Dicks, 2004; Pardo and Ferrer,
2021).

Wine spoilage may occur due to the activity of yeasts and bacteria
that thrive in the wine environment, thereby leading to undesirable
flavours, aromas, and textures (Malfeito-Ferreira, 2011; Mendes Ferreira
and Mendes-Faia, 2020). Certain LAB species, including Levilactobacillus
brevis, Lactiplantibacillus plantarum, Leuconostoc mesenteroides, Oeno-
coccus oeni, and Pediococcus damnosus, can contribute to spoilage by
producing unwanted compounds such as acetic acid, diacetyl, exopo-
lysaccharides, tetrahydropyridines, acrolein, ethyl carbamate, or
biogenic amines (Bartowsky, 2009; Du Toit and Pretorius, 2000). LAB
that become adapted to wine conditions can survive at low pH values
(<3.5), high sulfur dioxide levels (50 mg/L), and ethanol concentrations
exceeding 10 % (v/v) (Lonvaud-Funel, 1999).

Additionally, acetic acid bacteria (AAB), such as Acetobacter aceti,
Acetobacter pasteurianus, and Gluconobacter oxydans, are significant
factors in winemaking, as they oxidise ethanol into acetic acid, thus
resulting in vinegar-like off-flavours; moreover, they can produce ace-
toin from lactic acid and glycerol (Bartowsky, 2009; Bartowsky and
Pretorius, 2009). These AAB species thrive in grape musts and wines
with pH values between 3.0 and 4.0, with G. oxydans being more
commonly documented in grape musts, whereas A. aceti predominates in
wines (Du Toit and Pretorius, 2002).

An additional challenge for regulating wine microbial stability in-
volves biofilm formation. Biofilms are structured communities of mi-
croorganisms that adhere to surfaces and that are encased in a self-
produced extracellular matrix (Donlan and Costerton, 2002; Kubota
et al., 2008). In winemaking, LAB and AAB can colonise surfaces such as
fermentation tanks and barrels (Gosset et al., 2022; Tristezza et al.,
2010). These biofilms may include LAB species such as Lpb. plantarum or
O. oeni (Bastard et al., 2016; Gosset et al., 2022; Kubota et al., 2008;
Pannella et al., 2020); AAB species such as Gluconacetobacter xylinus
(Yamada et al., 2012); and spoilage yeasts such as Brettanomyces spp.
(Tristezza et al., 2010), thus demonstrating that these species could be a
persistent threat to the quality of winemaking. Biofilm formation is
influenced by nutrient availability, environmental conditions, and the
presence of antimicrobial compounds (Donlan and Costerton, 2002;
Gosset et al., 2022). Biofilms protect microorganisms from chemical
preservatives, which indicates that their persistence can increase in
winery environments (Diez et al., 2010; Zgardan et al., 2023).
Furthermore, microorganisms in biofilms are often relatively resistant to
chemical cleaning and disinfecting agents (Donlan and Costerton,
2002).

To prevent wine spoilage, several physical and chemical methods are
employed to remove or inactivate microorganisms (Bartowsky, 2009).
Sulfur dioxide is the most commonly used preservative, alongside other
agents such as dimethyl dicarbonate (DMDC), chitosan, lysozyme, and
bacteriocin (Costa et al., 2008; Tedesco et al., 2022). However, the use of
new substitutes for SO, is currently being investigated due to the po-
tential health effects of SO5 (such as allergies), as well as the increasing
trend towards producing wines with minimal interventions. Recently,
fumaric acid (FA) has been approved for use in winemaking at a
maximum concentration of 0.6 g/L to control MLF (OIV-OENO
581A-2021, 2021), based on its utilisation in other foods (Pérez-Diaz,
2011; Tsukatani and Sakata, 2022; Wei et al., 2022). Previous studies
have investigated the inhibitory effects of FA on LAB (Cofran and Meyer,
1970; Morata et al., 2020, 2023; Ough and Kunkee, 1974; Pilone et al.,
1974). Additionally, the combination of FA with LAB has been demon-
strated to exert inhibitory effects on biofilm formation by foodborne
bacteria (Ji et al., 2023). These findings provide new avenues for the use
of FA to inhibit MLF and AAB growth in winemaking.

In conclusion, the prevention of spoilage by LAB and AAB is crucial
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for maintaining the organoleptic and hygienic qualities of wine. Ad-
vances in the understanding of microbial behaviours, such as biofilm
formation and resistance to FA, have provided winemakers with addi-
tional strategies to ensure wine stability while reducing the use of sulfur
dioxide. Therefore, this study aimed to evaluate i) the effects of FA on
the growth of LAB and AAB,; ii) the synergistic inhibitory effects of FA
combined with changes in pH and ethanol; and iii) the impact of FA on in
vitro biofilm formation by LAB and AAB.

2. Materials and methods
2.1. Strain maintenance and inoculum conditions

The strains of the different species of LAB and AAB that were used in
this study are listed in Table 1. All of the strains were isolated from grape
musts, wines, vinegars and other fermenting foods and were selected
from the collections of the Microbiology Laboratory at the Instituto
Superior de Agronomia (ISA) of Lisbon (Portugal) and from the Oeno-
logical Biotechnology Group of the Department of Biochemistry and
Biotechnology at the Faculty of Oenology of the Rovira i Virgili Uni-
versity (URV) of Tarragona (Spain). Some of the selected strains
belonged to the American Type Culture Collection (ATCC) and the
Spanish Type Culture Collection (CECT), whereas some of the other
strains are commercial strains of LAB. We used the following microor-
ganisms: 13 strains of LAB, including Lentilactobacillus hilgardii (1
strain), Lpb. plantarum (2 strains), Liquorilactobacillus mali (1 strain),
Lacticaseibacillus casei (1 strain), Lvb. brevis (1 strain), P parvulus (1
strain), L. mesenteroides (1 strain), and O. oeni (4 strains), as well as 6
strains of AAB, including A. aceti (3 strains), Acetobacter cerevisiae (1
strain), and G. oxydans (2 strains).

Strains were maintained in 40 % glycerol (Panreac, Barcelona,
Spain) at —80 °C. An inoculating loop was used to inoculate LAB in 10
mL of modified MRS liquid medium (Margalef-Catala et al., 2016),
which was further incubated at 30 °C for 48 h. AAB were cultured in

Table 1
Classification, names of the species, codes and origin of the strains of lactic acid
bacteria and acetic bacteria used in the study.

Group Species® Code ISA-URV code or Brand and
commercial name or Culture
collection code ”//Origin of
isolate

Lactic acid Lentilactobacillus LH1 ISA4387//Wine

bacteria hilgardii
Lactiplantibacillus LP1 ISA4395//Wine
plantarum LP2 Lallemand ML PRIME™//Wine
Liquorilactobacillus LM1 ISA4403//Grape must
mali
Lacticaseibacillus casei ~ LC1 CECT745//Rumen of sheep
Levilactobacillus LB1 CECT216//Beer
brevis
Pediococcus parvulus PP1 1SA4401//Wine
Leuconostoc LMES1  CECT219//Fermenting olives
mesenteroides
Oenococcus oeni 002 ISA4400//Wine
003 Lallemand Lalvin VP41//Wine
004 ATCC BAA-331//Wine
005 Christian Hansen CH11//Wine
006 URV1PW13//Wine
Acetic acid  Acetobacter aceti AA1 ISA4201//Vinegar
bacteria AA2 ISA4417//Vinegar
AA3 CECT298//Vinegar
Acetobacter cerevisiae AC1 ISA4723//Vinegar
Gluconobacter GO2 ISA4245//Vinegar
oxydans GO3 URV390//Grape must

@ Present taxonomic denomination of the species Lactobacillus hilgardii,
Lactobacillus plantarum, Lactobacillus mali, Lactobacillus casei and Lactobacillus
brevis.

> GECT (Spanish Type Culture Collection), ATCC (American Type Culture
Collection).
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modified GY consisting of 5 % (w/v) glucose, 1 % (w/v) yeast extract
and 1 % (w/v) peptone (with all reagents obtained from Panreac) and
incubated at 28 °C for 72 h in the presence of oxygen.

To determine the inoculum growth point, growth curves of optical
density (OD) versus colony-forming units per millilitre (CFU/mL) were
established, and linear regression was performed. The regression line
was validated via a coefficient of determination (R%) exceeding 90 %
(Table SD1). The OD was measured at 600 nm via a Chromate Model
4300 spectrophotometer and Chromate Manager 6.3.1.302 software
(Awareness Technology, Inc., Florida, USA). Viable cells were chosen
after decimal dilutions with a saline solution of 0.9 % NaCl inoculated in
solid media. LAB were plated on modified MRS media (Margalef-Catala
et al., 2016) supplemented with 2 % agar (Scharlau, Barcelona, Spain)
and incubated for 7 days at 30 °C. For AAB, counts were performed on
GYC (a solid medium consisting of GY supplemented with 1 % calcium
carbonate and 2 % agar [Panreac]), which was subsequently incubated
for 72 h at 28 °C. The relationship between the OD and viable counts
(CFU/mL) was used to determine the inoculum volume that was
required to achieve an initial viable count of approximately 10°
cells/mL.

2.2. Minimum inhibitory concentration (MIC) determination

2.2.1. Culture medium

To evaluate the ability of different bacterial strains to grow in the
presence of inhibitors, a wine-like medium (WLM) was prepared
following the protocol described by Bordas et al. (2015) (the complete
composition of the WLM is provided in Supplementary Table SD1). The
WLM was modified to include fumaric acid (FA) at concentrations
ranging from O to 2 g/L (Ravago Chemicals, Barcelona, Spain), pH levels
of 3.5 and 4.0, and ethanol concentrations of 0, 4, 8 and 12 % v/v (AGA -
Alcool e Géneros Alimentares, S.A., Vila Nova de Gaia, Portugal). The
pH was measured using a HANNA HI5221 pH meter (Hanna Instruments
Portugal, Lisbon, Portugal).

2.2.2. Experimental design

Forty distinct WLM conditions were prepared based on a full factorial
experimental design (Fig. 1), with considerations for the different
combinations of FA concentrations, pH levels, and ethanol concentra-
tions. The following variables and their respective levels were utilised: i)
FA:0,0.5,1, 1.5 and 2 g/L; ii) pH: 3.5 and 4.0; and iii) ethanol: 0, 4, 8, or
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12 % (v/v). All of the conditions were established in 400 pL 96-well
microplates (Wuxi Nest Biotechnology Co., Ltd., Jiangsu, China), with
each well containing 200 pL of inoculated WLM. The bacterial strains
were inoculated at a concentration of 10° cells/mL. Blank wells were
prepared for each WLM condition without any bacterial inoculation to
serve as controls. The microplates were statically incubated at 25 °C for
7 days. After the mixture was shaken once a day for 30 s to homogenise
the suspension, the OD at 600 nm was measured. The Chromate spec-
trophotometer (Model 4300) and the Chromate Manager 6.3.1.302
software (Awareness Technology) were used for analysis at times of 0 h
and every 24 h for seven days, with a preagitation step of 20 s occurring
before each measurement (DSG Titertek, Flow Laboratories, Lancashire,
United Kingdom). A total of 760 fermentations were conducted (19
strains x 5 FA concentrations x 2 pH levels x 4 ethanol concentrations);
additionally, for each condition, four biological replicates (four inde-
pendent samples treated in the same manner from the same inoculum)
were performed, thus resulting in a total of 3040 fermentations.

2.2.3. Determination of MICs

The minimum inhibitory concentrations (MICs) of FA that were
required to reduce growth by 50 % (MIC50) and by more than 90 %
(MIC90) compared with the control conditions (0 g/L FA, pH 4.0, and 0
% v/v ethanol) were determined by measuring the optical density (OD),
which represents total growth, after seven days of incubation.

The MIC50 and MIC90 values were calculated for all of the condi-
tions described in Section 2.1.2. The final total growth under each
condition was determined as the difference between the OD value at the
end of the 7-day incubation period (ODt;) and the OD value at the start
of incubation on Day 0 (ODty), as explained in Equation (1). To evaluate
the effect of each condition on bacterial growth, the percentage reduc-
tion was calculated by comparing the total growth under each experi-
mental condition to the total growth observed under the control
conditions (0 g/L FA, pH 4.0, and 0 % v/v ethanol) for each strain. This
calculation was performed using the formula described by (Nagalakshmi
etal., 2019) and is detailed in Equation (2). The MIC50 and MIC90 were
defined as the lowest concentrations of FA that resulted in a reduction in
total growth of approximately 50 % and 90 %, respectively, relative to
the control conditions.

Total growth = ODt; — ODt, Equation 1

% of growth = (Total growth / Total growthcontrol) *100  Equation 2

35
B 40
f,. 39
J. g9 IBr
(R
.':2'3:7:7: 11 30
iz 28 ({5
a | 20em | ™
ih "~ ~._| 20
N
19 |
&=
3o : 10
7 2
1
o Fumaric acid (/L)

Fig. 1. Illustration of the full factorial experimental design of the studied conditions (1-40) of wine-like medium in the growth during seven days for all the strains of
lactic acid bacteria and acetic acid bacteria, where x is pH (3.5 and 4), y is fumaric acid (0, 0.5, 1, 1.5 and 2 g/L), and z is ethanol (0, 4, 8 and 12 % v/v).
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2.3. Determination of the effects of fumaric acid, pH and ethanol via
response surface methodology (RSM)

The individual and combined effects of FA, pH and ethanol on mi-
crobial growth were analysed via response surface methodology (RSM).
For this purpose, the experimental factors were normalised and coded
into equally spaced levels ranging from —1 to 1 and with a mean value of
0 (rather than using the actual values of FA, pH, and ethanol). This
normalisation approach enhances the robustness of the model and en-
sures that the magnitude of each coefficient directly reflects the
importance of the corresponding factor, which is consistent with the
interpretation methodology described by Box et al. (2005).

After the experimental conditions for each strain were normalised, a
first-order polynomial equation was employed to calculate the individ-
ual effects of FA, pH, and ethanol on the growths of various LAB and
AAB strains. Using this approach, the polynomial equation was fitted by
the least squares method to model the observed percentage of total
growth as a function of the primary effects of the three factors (FA, pH,
and ethanol), as well as their secondary (two-factor) and tertiary (three-
factor) interactions. This relationship is described in Equation (3) (Box
et al., 2005):

%Total growth =, + f,-[FA] + p,-pH + f5-[Ethanol] + j,-[FA]-pH
+ f5-[FA]-[Ethanol] + f¢-pH:[Ethanol] + j,-[FA|-pH: [Ethanol| + ¢
Equation 3

Po: intercept ([FA], pH and [Ethanol] = 0)

B1, P2 ..., Pi: regression coefficients

€: error term.

For the regression coefficients corresponding to each effect or
interaction, positive values indicated a decrease in growth when the
value of the factor decreased, as was expected for pH. Conversely,
negative values indicated a decrease in growth when the value of the
factor increased, as was expected for FA and ethanol. All of these effects
suggested an inhibition of growth, with the magnitude of the coefficient
as an absolute value directly reflecting the strength of the effect. For
interactions between two or three factors, the signs could vary
depending on the involved factors and their respective directions (either
+ or -). This analysis was performed using the MATLAB code provided
by Dr. Marko Laine from the Finnish Meteorological Institute, Helsinki,
Finland.

2.4. Effects of fumaric acid, pH and ethanol on biofilm formation

The assessment of the effects of FA on biofilms involved a multistep
experimental approach adapted from Salamandane et al. (2023). In that
study, the experimental conditions were varied to test the influence of
different environmental factors on the robustness of biofilm formation
and its response to FA under controlled conditions. This study was
conducted in two stages. In the first stage, the ability of the strains to
form biofilms was tested using nutrient-rich media (both MRS-modified
and YPD media). In the second stage, the formation of biofilms was
performed in liquid media to evaluate the cells in two states: the
planktonic (individual cells growing freely in the liquid medium) and
biofilm (cells in an adherent state) states. Moreover, biofilm formation
was assessed in WLMs with different concentrations of FA and ethanol,
as well as two different levels of pH.

Initially, in the first phase, the 10 selected bacterial strains (including
7 strains of LAB and 3 strains of AAB) exhibiting the highest MIC90
values (which were most resistant to FA) were selected for the first
experiment. These strains were tested to determine whether they had
the ability to form biofilms via MRS-modified medium for LAB and YPD
growth medium for AAB. For testing, an inoculum of 10® CFU/mL of
these selected strains was prepared in liquid media, as detailed in Sec-
tion 2.1.2, followed by vortex mixing to ensure homogeneity.
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Subsequently, 1 mL of the inoculum was transferred into each well of a
sterile 24-well microplate (P24) (maximum volume of 3 mL, Wuxi Nest
Biotechnology Co., Ltd.), where a sterile stainless-steel plate coupon (1
cm x 1 cm and 1 mm thick, type 304, 2B finish; Metalurgica Quinacorte,
Lda, Lousa, Portugal) was placed on the same well to facilitate biofilm
formation. This procedure was conducted three times for each strain. In
the empty wells, 1 mL of distilled water or Ringer’s solution (Biokar
Diagnostics, Beauvais, France) was added to maintain consistent envi-
ronmental conditions. The microplates were incubated at 30 °C for LAB
and 27 °C for AAB for 72 h. After incubation, a new microplate was
utilised for the subsequent step, where a 3 mm layer of glass beads
(Witeg Labortechnik GmbH, Wertheim, Germany) was placed at the
bottom of each well. Sterile tweezers were employed to carefully handle
and wash a steel coupon with 2 mL of Ringer’s solution (1 mL per side),
thereby ensuring gentle washing to remove any loosely attached cells.
Following this washing step, the coupon was inserted into the well
containing the beads, and additional beads (along with 1 mL of Ringer’s
solution) were added to the top side of the coupon. The microplate was
placed on a plate shaker and agitated at maximum speed for 2 min to
promote interaction between the coupon and the beads. Finally, serial
dilutions of up to 10-fold were performed for each well containing a
coupon, and 100 pL of each dilution was plated onto the appropriate
medium for the respective microorganism. After the incubation period
was completed, the colonies were counted, and strains that formed
biofilms exceeding 10* CFU/mL after 72 h were selected for final testing
with WLM to determine the effect of FA on the formation of biofilms.

The second step involved the preparation of the WLM, where both
planktonic growth without coupons and biofilm formation were tested
for each condition. Two FA concentrations (null or 0.6 g/L) were used,
with the latter concentration representing the maximum concentration
allowed in wine (OIV-OENO 581A-2021, 2021), with two pH values (3.5
and 4.0) and four ethanol concentrations (0, 4, 8, and 12 % v/v) also
being utilised. The same FA, pH, and ethanol conditions were tested as
controls without coupons to evaluate the growth of the strains in liquid
containing WLM under planktonic conditions. To assess growth capac-
ity, serial dilutions in solid media were performed after 7 days. A total of
960 conditions were analysed (10 strains x 2 FA conditions x 2 pH
levels x 4 ethanol concentrations x 2 liquid and biofilm growth con-
ditions x 3 biological replicates).

2.5. Statistical analysis

The data were processed and analysed using Excel 2024, version
16.89 (Microsoft Corporation, Redmond, WA, USA). To investigate the
inhibitory effects of pH, ethanol, and formic acid (FA) on microbial
growth, a MATLAB code provided by Professor Marko Laine from the
Finnish Meteorological Institute in Helsinki was used. This code in-
tegrates linear regression analysis with the design of the experiments
and response surface methodology (RSM). Additionally, ANOVA-
simultaneous component analysis (ASCA) was conducted to explore
the interaction effects and patterns within the data. This analysis was
performed using the PLS Toolbox (Eigenvector Research, Inc.) within
MATLAB (The MathWorks, Inc.). Finally, a dendrogram of RSM values
was generated using agglomerative hierarchical clustering (AHC), and
the similarity between the bacteria was calculated via the Pearson cor-
relation coefficient, which was performed with XLSTAT version
2022.5.1.1388.

3. Results and discussion
3.1. MIC50 and MIC90 determinations

The MIC50 and MIC90 effects induced by FA during bacterial growth
with different combinations of pH and ethanol are listed in Table 2.

For LAB, most of the specified Lactobacillus species exhibited greater
resistance to FA at pH 4, with MIC values often exceeding 2.0 g/L.
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Table 2
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Fumaric acid concentration (g/L) from which Minimum Inhibitory Concentration (MIC50 and MIC90) was observed for all strains of lactic acid bacteria and acetic acid
bacteria under different pH (3.5 and 4.0) and ethanol conditions (0, 4, 8 and 12 % v/v). (—) no observed growth.

Species Strain pH MIC50 MIC90
Ethanol (% v/v) Ethanol (% v/v)

0 4 8 12 0 4 8 12

Lentilactobacillus hilgardii LH1 4.0 >2.0 1.5 1.5 0.5 >2.0 >2.0 >2.0 2.0
3.5 1.5 1.5 1.0 - >2.0 >2.0 1.5 -

Lactiplantibacillus plantarum LP1 4.0 >2.0 >2.0 0.5 - >2.0 >2.0 >2.0 2.0
3.5 1.5 0.5 - - >2.0 >2.0 1.0 -

LP2 4.0 >2.0 >2.0 0.5 - >2.0 >2.0 2.0 1.0
3.5 2.0 1.5 0.5 - >2.0 >2.0 1.0 -
Liquorilactobacillus mali LM1 4.0 2.0 1.5 0.5 - >2.0 1.5 1.0 -
3.5 1.0 0.5 - - 1.5 1.0 0.5 -

Lacticaseibacillus casei LC1 4.0 1.0 0.5 0.5 - 1.0 0.5 0.5 0.5
3.5 - - - - 0.5 0.5 - -

Levilactobacillus brevis LB1 4.0 2.0 1.0 - - >2.0 1.5 1.5 1.5
3.5 - - - - 0.5 0.5 0.5 -

Pediococcus parvulus PP1 4.0 0.5 0.5 - - 1.0 0.5 0.5 0.5
3.5 0.5 0.5 - - 0.5 0.5 - -

Leuconostoc mesenteroides LMES1 4.0 0.5 0.5 0.5 - >2.0 0.5 0.5 0.5
3.5 0.5 0.5 - - 0.5 0.5 - -

Oenococcus oeni 002 4.0 0.5 0.5 - - 0.5 0.5 0.5 0.5
3.5 0.5 - - - 0.5 0.5 0.5 -

003 4.0 0.5 0.5 0.5 - 1.0 1.0 0.5 0.5
3.5 0.5 0.5 - - 0.5 0.5 0.5 -
004 4.0 1.0 1.0 - - 1.5 1.5 1.5 -
3.5 1.0 - - - 1.0 0.5 - -

005 4.0 0.5 - - - 1.0 1.0 1.0 0.5
3.5 - - - - 0.5 0.5 0.5 -

006 4.0 1.0 0.5 0.5 - 1.5 1.5 1.5 1.0
3.5 0.5 - - - 0.5 0.5 0.5 -

Acetobacter aceti AA1 4.0 >2.0 >2.0 0.5 0.5 >2.0 >2.0 >2.0 1.5
3.5 1.0 - - - 2.0 2.0 0.5 -
AA2 4.0 >2.0 >2.0 2.0 - >2.0 >2.0 2.0 -
3.5 0.5 - - - >2.0 1.5 - -

AA3 4.0 >2.0 - - - >2.0 0.5 0.5 0.5
3.5 >2.0 - - - >2.0 - - -

Acetobacter cerevisiae AC1 4.0 1.5 1.5 1.0 1.0 2.0 2.0 1.5 1.5
3.5 1.5 1.5 1.0 - 2.0 1.5 1.5 -

Gluconobacter oxydans GO2 4.0 >2.0 >2.0 1.5 - >2.0 >2.0 >2.0 0.5
3.5 1.5 - - - >2.0 >2.0 - -
GO3 4.0 2.0 2.0 0.5 - >2.0 >2.0 >2.0 -
3.5 - - - - 2.0 2.0 - -

However, their sensitivity to FA increased as the pH decreased to 3.5,
particularly at ethanol concentrations above 4 %, where the MIC values
decreased to approximately 1.0 g/L or lower. Certain strains (such as LIb.
hilgardii and Lpb. plantarum) exhibited significant resistance, whereas
other strains (such as Lbs. casei) were more sensitive and exhibited a
marked decline in growth at pH 3.5 and higher ethanol levels. Lib. hil-
gardii is commonly found in wines with high ethanol contents (Jin et al.,
2022). Some strains of Lpb. plantarum are well adapted to acidic and
high-ethanol environments in wine (Brizuela et al., 2019), where
resistance to FA may be attributed to its conversion to succinic acid via
the reductive tricarboxylic acid cycle (Dudley and Steele, 2005; Tsuji
etal., 2013). Indeed, Romero-Gil et al. (2016) reported that 2 g/L FA did
not affect the growth of Lpb. plantarum at pH 4. The resistance of Lvb.
brevis has also been observed throughout the fermentation process,
thereby suggesting that it can withstand increasing ethanol concentra-
tions (Maluleke et al., 2023). In the present study, the MIC values of FA
for P. parvulus PP1 and L. mesenteroides LMES]1 followed similar patterns,
with increased sensitivity being observed at pH 3.5. The resistance of
P. parvulus PP1 to relatively high ethanol concentrations may be due to
the production of exopolysaccharides, which play a significant role in
adhesion and biofilm formation (Dols-Lafargue, 2018). Among the
different strains of O. oeni, the MIC values were generally low, especially
at pH 3.5, where a concentration of 0.5 g/L FA inhibited growth. This
finding indicates the greater vulnerability of O. oeni to FA under
wine-related conditions compared with other LAB species, as described
by Morata et al. (2020, 2023). Other studies have demonstrated that FA

concentrations below 300 mg/L can effectively inhibit several strains of
O. oeni in the presence of ethanol (Manca de Nadra and Strasser de Saad,
1991). Across all of the tested strains, the antimicrobial activity of FA
significantly increased under more acidic conditions (lower pH) and
higher ethanol concentrations. Lower MIC values at decreasing pH levels
are associated with a greater proportion of undissociated acid, as
determined by the pKal and pKa2 values of 3.03 and 4.44, respectively
(Gancel et al., 2022). For example, at pH 3.5, the proportions of un-
dissociated acid were al = 25.3 % and a2 = 89.7 %, whereas the pro-
portions of undissociated acid were al = 9.7 % and a2 = 73.4 % at pH
4.0, according to the Henderson-Hasselbalch equation (Henry and
Senozan, 2001). Thus, at pH 3.5, there is approximately 2.6 times more
undissociated acid than at pH 4.0, thereby allowing the acid to more
freely penetrate the membrane, lower the intracellular pH, disrupt
metabolism, and reduce viability (Shah et al.,, 2016). Additionally,
previous studies have shown that FA can inhibit the glutamate decar-
boxylase (GAD) system, which regulates the intracellular pH under
acidic conditions. This system transforms glutamate into GABA, which is
a reaction that consumes protons and increases the intracellular pH to
prevent intracellular acidification (Barnes and Karatzas, 2020). In gen-
eral, the resistance to FA at pH 4 can be attributed to the maintenance of
cellular integrity and metabolic function in the presence of weak organic
acids, which is a common feature of many LAB species (Zapasnik et al.,
2022). Other studies have demonstrated that most LAB possess genes
that encode the enzyme fumarate reductase (which is involved in the
conversion of fumarate into succinic acid); moreover, this enzyme
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activity explained the metabolic capacity of FA and the resistance fea-
tures of these microorganisms (Kaneuchi et al., 1988; Verce et al., 2019).
However, the expression of this gene varies according to species and
strain, which could explain the observed variability in the metabolic
capacities of these bacteria (Verce et al., 2019). This variability extends
to acid stress resistance mechanisms, thereby further explaining the
differences observed across species and strains (Barnes and Karatzas,
2020). Increased ethanol levels also affect the cytoplasmic membrane,
thus altering its structure and function. Specifically, ethanol increases
membrane fluidity, which enhances intracellular acid transport and
leads to intracellular acidification. This process depends on the lipid
composition of the membrane, as ethanol reduces interactions between
fatty acid chains, thus increasing phospholipid mobility and organic acid
entry (Bonomo et al., 2018). The results of this study were obtained by
using a WLM, which enabled the estimation of the actual behaviour of
LAB in wines, where the maximum authorised dose of FA is 0.6 g/L. This
concentration was not effective against the strains Llb. hilgardii LH1, Lpb.
plantarum LP1 and LP2, Lgb. mali LM1 and Lvb. brevis LB1 under the
investigated conditions. In contrast, this concentration demonstrated
effectiveness against Lbs. casei, P. parvulus, and O. oeni at ethanol con-
centrations greater than 4 % (v/v) at pH levels of 3.5 and 4.0.

Similar patterns were observed for the AAB strains (including Ace-
tobacter and Gluconobacter species). At pH 4.0, most of the strains
exhibited MIC values exceeding 2.0 g/L FA, which decreased with
increasing ethanol concentrations and decreasing pH. Acetobacter aceti
demonstrated high resistance to FA, with MIC values decreasing as
ethanol levels increased, particularly at 12 % (v/v) (where no growth
was observed). These results align with the ability of this strain to
metabolise ethanol into acetic acid (Sakurai et al., 2011) and its ability
to adapt to low-pH environments (Du Toit and Pretorius, 2002). Addi-
tionally, some studies have shown that some strains of A. aceti possess
two types of fumarate hydratases that provide the ability to metabolise
FA (Sakurai et al., 2011), which consequently induces tolerance to acetic
acid and other organic acids (Lynch et al., 2019). A. cerevisiae is a typical
AAB found in grape must that is known for its tolerance to wine con-
ditions (Navarro et al., 2013) and resistance to FA; moreover, it grows
well below pH 4 (Song et al., 2016). In this study, G. oxydans (another
common AAB strain documented in winemaking) demonstrated greater
resistance to FA compared to Acetobacter, although its growth decreased
at higher ethanol concentrations and lower pH values. G. oxydans can
grow in high ethanol concentrations but is more prevalent in grape must,
wherein it thrives at pH 3.5 (Deppenmeier et al., 2002; Mamlouk and
Gullo, 2013).

Overall, the results demonstrate that the antimicrobial activity of FA
is significantly influenced by pH and ethanol concentration, as has been
widely reported (Peh et al., 2020; Bonomo et al., 2018; Drysdale and
Fleet, 1989; Guerzoni et al., 1995; Navarro et al., 2013; Sumby et al.,
2019). By comparing bacterial behaviours under similar conditions, this
study highlights the variable resistance of species and strains to FA at
concentrations exceeding the maximum permitted concentration of 0.6
g/L under challenging pH and ethanol conditions.

3.2. Determination of the individual and combined effects of fumaric
acid, pH and ethanol via response surface methodology (RSM)

The interaction of FA with pH and ethanol was assessed via the RSM
approach. The growth percentages of the 19 strains of LAB and AAB
were analysed by quantifying the significance of the effect and inter-
action of each factor affecting growth. To interpret the results, coeffi-
cient values (cv) with positive or negative signs were used for the
individual factors, and absolute coefficient values were used for the
combined factors. This inhibitory effect was reflected in the individual
coefficients of the evaluated ranges, where the coefficient values were
negative for FA and ethanol (thus indicating that higher concentrations
resulted in reduced growth), and positive coefficient values were
observed for pH (thus indicating that higher pH promoted growth). For
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interactions, the signs of the coefficients were dependent on the influ-
encing factors. The significance of the calculated coefficients was
determined using p values.

FA strongly inhibited the growth of all of the LAB strains (Table 3,
Fig. 2 and Supplementary Figure SD1). Among these strains, O. oeni
strains demonstrated the highest sensitivity to FA, followed by Lib. hil-
gardii LH1 (cv = —21.21) and P. parvulus PP1 (cv = —21.18). These
results align with those of previous studies demonstrating the ability of
FA to inhibit O. oeni (Cofran and Meyer, 1970; Morata et al., 2020,
2023). In contrast, the effect of pH varied among the strains, although
increased pH consistently promoted growth. Lvb. brevis LB1 (cv = 16.10)
exhibited the greatest positive response to increased pH, followed by Lib.
hilgardii LH1 (cv = 11.82), thereby suggesting that these strains were
more affected by lower pH levels. However, pH was the factor exhibiting
the least overall impact and significance. Compared with other species,
O. oeni and P. parvulus strains generally demonstrated greater tolerance
to low pH, as evidenced by their minimum cv values of 2.31 and the
lower coefficients for the combined effects of FA and pH. These findings
were consistent with previous studies indicating that LAB are naturally
adapted to thrive in acidic environments, where rapid decreases in
external pH do not constitute acid shock (Siegumfeldt et al., 2000). With
respect to the individual effects of ethanol, the cv values ranged from
—15.99 to 8.61, with a coefficient of variation of approximately 54 %
being noted, thus indicating significant disparity between species. The
strains that were most affected by ethanol were Lpb. plantarum LP1 and
LP2 (cv = —25.63 and —33.25, respectively), followed by Lib. hilgardii
LH1 (cv = —25.98). These results align with studies showing that
ethanol significantly limits LAB growth, especially at concentrations
greater than 6 % (Diez et al., 2010; Pielech-Przybylska et al., 2019).
Conversely, O. oeni exhibits greater resilience to ethanol, which is
consistent with its ability to adapt to wine-related stress conditions
(Bonomo et al., 2018; Tourdot-Marechal et al., 2000). In terms of the
interactions between the inhibitors, the combination of FA and pH
exerted a significant negative effect on the growth of some strains, with
the strongest impacts being observed in Lbs. casei LC1 (cv = —14.94),
Lvb. brevis LB1 (cv = —10.65), and O. oeni 006 (cv = —10.02). The
combined effect of FA and ethanol generally had a more pronounced
impact across all of the strains, particularly on P. parvulus PP1 (cv =
—19.16), O. oeni 002 (cv = —17.36), and O. oeni 004 (cv = —19.66).
Moreover, the interaction between pH and ethanol elicited a significant
effect on Lgb. mali LM1 (cv = —8.82) and Lvb. brevis LB1 (cv = —13.42).
However, for the remaining strains, the combination of pH and ethanol
did not play a critical role in growth inhibition. The three-way inter-
action between FA, pH, and ethanol significantly affected only Lib. hil-
gardii LH1 (cv = —8.75) and O. oeni 004 (cv = 8.67), thereby suggesting
that these strains are particularly vulnerable to the combined stress of all
three factors. Most of the strains demonstrated high R? values, thus
indicating that the inhibitors explained most of the observed growth
variability. However, P. parvulus PP1 (57.21 %), O. oeni 003 (54.51 %),
and O. oeni 005 (65.58 %) exhibited lower R? values, thereby sug-
gesting that other factors (such as experimental error) may have influ-
enced their growth (Box et al., 2005; Hwang and Lee, 2018).

With respect to the inhibitory effect on AAB strains (Table 4, Fig. 3
and SD1), FA exhibited a highly significant inhibitory effect on all of the
strains, with the strongest impact being observed in A. aceti strains (cv =
—22.69, —10.44, and —11.06) and A. cerevisiae AC1 (cv = —39.49). The
G. oxydans strains were less sensitive, thereby indicating a milder
inhibitory effect, which is consistent with previous studies that high-
lighted the ability of G. oxydans to synthesise FA (Neffe-Skocinska et al.,
2024). An increase in pH positively influenced growth in all of the
strains, although it had the least impact on growth compared to the
other factors. A. aceti AA1 (cv = 20.38) and G. oxydans GO3 (cv = 15.85)
were the most responsive strains to increasing pH levels. AAB generally
grow within a broader pH range (3.0-8.0), thereby demonstrating their
adaptability to acidic conditions (Sengun and Karabiyikli, 2011); how-
ever, optimal growth occurs between pH levels of 5.4 and 6.3 (Navarro
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Fig. 2. The Response Surface Methodology (RSM) of strains Lentilactobacillus hilgardii LH1, Lactiplantibacillus plantarum LP1, Liquorilactobacillus mali LM1, Levi-
lactobacillus brevis LB1, Leuconostoc mesenteroides LMES1, Oenococcus oeni 004, under the influence of fumaric acid (0-2 g/L), pH (3.5 and 4.0), and ethanol (0-12 %
v/v) on their growth expressed in % of optical density at 600 nm. The RSM was represented in three graphs: Graph A shows the relationship between pH and fumaric
acid (x: pH, y: fumaric acid, z: % OD); Graph B shows the relationship between ethanol and fumaric acid (x: ethanol, y: fumaric acid, z: % OD) and Graph C shows the

relationship between ethanol and pH (x: ethanol, y: pH, z: % OD).

Table 4

Individual and combined effects of fumaric acid ([FA] 0-2 g/L), pH (3.5-4), and ethanol ([Ethanol] 0-12 % v/v) expressed as significance coefficients of regression on
the growth of acetic bacteria calculated by Response Surface Methodology. The table shows the coefficients for the individual factors ([FA], pH, and [Ethanol]), their
pairwise interactions ([FA] * pH, [FA] * [Ethanol] and pH * [Ethanol]), and their three-way interaction ([FA] * pH * [Ethanol]), as well as the corresponding values of
the coefficient of determination (R?) for each RSM model. Statistical significance: ***, p < 0.001; **, p < 0.01; *, p < 0.1.

Species Acetobacter aceti Acetobacter cerevisiae Gluconobacter oxydans
Factors/Strain AAl AA2 AA3 AC1 GO2 GO3
Intercept 41.76 22.81 41.35 44.05 18.06 24.47
[FA] —22.69%** —10.44%** —11.06** —39.49%* —10.97** —8.49%**
pH 20.37%** 8.28*** 13.58*** 8.53** 6.43* 15.85%**
[Ethanol] —25.94%** —26.80%** —39.86%** —27.69%* —26.76%** —21.34%**
[FA] * pH -2.22 -2.96 —6.76 —4.22 —5.23 —3.61*
[FA]* [Ethanol] 2.62 9.35%#* 2.03 10.35* 10.05 7.98%**
pH * [Ethanol] -3.14 —5.73%* 1.15 1.47 —-5.83 —10.17%**
[FA] * pH * [Ethanol] —19.05%** —-0.32 -1.72 —15.88%* -0.29 1.92
R? 0.9480 0.9217 0.8573 0.8833 0.7211 0.9267

A A
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B c B c €
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Fig. 3. The Response Surface Methodology (RSM) of strains Acetobacter aceti AA2, Acetobacter cerevisiae AC1 and Gluconobacter oxydans GO3, under the influence of
fumaric acid (0-2 g/L), pH (3.5 and 4.0), and ethanol (0-12 % v/v) on their growth expressed in % of optical density at 600 nm. The RSM was represented in three
graphs: Graph A shows the relationship between pH and fumaric acid (x: pH, y: fumaric acid, z: % OD); Graph B shows the relationship between ethanol and fumaric
acid (x: ethanol, y: fumaric acid, z: % OD) and Graph C shows the relationship between ethanol and pH (x: ethanol, y: pH, z: % OD).
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Fig. 4. ASCA (ANOVA-Simultaneous Component Analysis) plot depicting the effects of fumaric acid, pH, and ethanol on lactic acid bacteria and acetic acid bacteria
strains for the absolute values of the regression coefficients of RSM models. The panel A shows the “Strain Scores on PC1”, where LAB strains are represented in red
and acetic acid bacteria strains in green. The panel B displays the “Strain Loadings on PC1,” indicating the contributions of each inhibitor to the principal component.
Strain code as described in Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

literature (Drysdale and Fleet, 1989; Mamlouk and Gullo, 2013). The
separation between the AAB and LAB strains highlighted their different
sensitivities to the inhibitors. Although LAB strains generally exhibited
greater sensitivity to FA, and AAB strains generally exhibited greater
sensitivities to pH and ethanol, there were exceptions. For example,
certain Lactobacillus strains in the LAB group exhibited a response
similar to that of the AAB strains, whereas A. cerevisiae in the AAB group
demonstrated a distinct response pattern.

In conclusion, the LAB and AAB strains exhibited different trends in
sensitivities to FA, pH, and ethanol, with FA generally being more
effective in inhibiting the growth of LAB compared with AAB.

Agglomerative hierarchical clustering (AHC) was performed to
examine whether similarities existed among all of the LAB and AAB
strains based on their responses to FA, pH, and ethanol (Fig. 5). To
construct the dendrogram, the absolute values of the regression co-
efficients derived from RSM were used. This visualisation allowed for
the identification of strain clusters with similar behaviours. The analysis
revealed three main clusters. Cluster C1 (green) included Lib. hilgardii
LH1, Lpb. plantarum LP1 and LP2, Lgb. mali LM1, Lvb. brevis LB1, A. aceti
AA2 and AA3, and G. oxydans GO2 and GO3. These strains of the genus
Lactobacillus (with the exception of Lacticaseibacillus casei, Acetobacter,
and Gluconobacter) exhibited a homogeneous response to the

G. oxydans GO2

A. aceti AA2

A. aceti AA3

Lpb. plantarum LP2
Lpb. plantarum LP1
LIb. hilgardii LH1
G. oxydans GO3
Lgb. mali LM1
Lvb. brevis LB1

A. cerevisiae AC1
A. aceti AA1

0. oeni 006

Lbs. casei LC1

0. oeni 002

P. parvulus PP1

investigated conditions, with a similarity greater than 65 % being
observed. Cluster C2 (blue) consisted of Lbs. casei LC1, P. parvulus PP1,
L. mesenteroides LMES1, and O. oeni strains (002, 003, 004, 005, and
006). These strains exhibited highly homogeneous responses to the
analysed conditions, with nearly 80 % similarity being observed;
moreover, they were grouped together as bacterial cocci, with a
response demonstrating less sensitivity. Cluster C3 (red) comprised
A. cerevisiae AC1 and A. aceti AA1, which are predominantly acetic acid
bacteria (AAB); moreover, these strains exhibited strong similarity
(above 75 %) and nearly identical responses to the investigated factors.
From a taxonomic perspective, this clustering revealed that Leuconostoc
and Oenococcus species were closely grouped, whereas Lactiplantibacillus
formed a distinct group on its own. The genera Levilactobacillus, Lacti-
caseibacillus, and Pediococcus were more distantly related to Lactiplanti-
bacillus in the taxonomic clusters (Dicks and Endo, 2009).

3.4. Effects of fumaric acid, pH and ethanol on the formation of biofilms

To evaluate the effects of FA on biofilm formation, 7 strains of LAB
(LIb. hilgardii LH1, Lpb. plantarum LP1, Lgb. mali LM1, Lvb. brevis LB1,
L. mesenteroides LMES1, O. oeni 004 and O. oeni O05) and 3 strains of
AAB (A. aceti AA2, A. cerevisiae AC1 and G. oxydans GO3) were selected

C3

Cl1

0. oeni 005
0. oeni 003
L. mesenteroides LMES1
0. oeni 004

091 081

071 061 051 041

Similarity

Fig. 5. Dendrogram representing the hierarchical relationships among all strains of lactic acid bacteria and acetic acid bacteria based on their response to the effects
of fumaric acid, pH, and ethanol, using the absolute values of the regression coefficients derived from the Response Surface Methodology.



V. Garcia-Vinola et al.

due to their higher MIC90 values. The inhibitory effects of FA at 0 and
0.6 g/L (the maximum legal dose) on growth and biofilm formation were
assessed under different ethanol concentrations (0, 4, 8, and 12 % v/v)
and pH levels (3.5 and 4.0).

The results revealed that, in the case of LAB (Table 5), Llb. hilgardii
LH1 grew at pH 4 under all of the ethanol concentrations in both
planktonic and biofilm conditions. Moreover, FA did not exhibit an
inhibitory effect on biofilm formation at ethanol concentrations of 0 %
and 4 % v/v. However, at 8 % v/v ethanol, FA began to inhibit biofilm
formation, and this inhibition persisted at 12 % v/v ethanol. At pH 3.5,
the strain grew at ethanol concentrations of 0 % and 4 % v/v; however,
when present, FA inhibited growth at both concentrations. No growth
was observed at ethanol concentrations of 8 % and 12 %. For Lpb.
plantarum LP1, at pH levels of 4 and 3.5, growth was detected at ethanol
concentrations of 0 % and 4 % v/v, with FA consistently demonstrating
an inhibitory effect in all cases. However, no growth occurred at ethanol
concentrations of 8 % and 12 % v/v at pH 3.5, which prevented the
assessment of the inhibitory effects of FA at these higher ethanol con-
centrations. In Lgb. mali LM1, at pH 4, growth was observed at ethanol
concentrations of 0, 4 and 8 % v/v, with FA consistently inhibiting
growth and preventing biofilm formation in all cases. At pH 3.5, the
growth pattern was similar, with growth being detected at ethanol
concentrations of 0 %, 4 %, and 8 % v/v and inhibition by FA being
observed in both the planktonic and biofilm states. At 12 % v/v ethanol,
no growth was observed under any condition. For Lvb. brevis LB1,
growth was recorded at all of the ethanol concentrations at pH 4 (both in
liquid and biofilm cultures). However, FA did not inhibit biofilm for-
mation in the presence of concentrations of 0 %, 4 %, or 12 % v/v
ethanol, whereas inhibition was observed in liquid cultures under the
same ethanol conditions. At pH 3.5, growth occurred at concentrations
of 0 % and 4 % v/v ethanol, with FA inhibiting growth in both cases. At
higher ethanol concentrations, no growth was observed, except in the
liquid culture at 4 % v/v ethanol, where FA inhibited growth. These
findings suggest that biofilm formation may provide some protection,
which is a phenomenon that has been previously documented in Lvb.
brevis (a common biofilm producer associated with wine spoilage)
(Tristezza et al., 2010). For L. mesenteroides LMES1, growth was

Table 5
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observed at concentrations of 0 %, 4 % and 8 % v/v ethanol at pH 4 in
liquid cultures, whereas biofilm formation only occurred at a concen-
tration of 0 % v/v ethanol. Additionally, FA consistently inhibited
planktonic growth. Moreover, no growth was observed at 12 % v/v
ethanol. At pH 3.5, growth was only detected in liquid ethanol at ethanol
concentrations of 0 % and 4 % v/v, with FA inhibiting growth in both
cases, thereby indicating that L. mesenteroides LMES1 lacked the ability
to form biofilms.

For O. oeni 004, growth was observed at all of the ethanol concen-
trations (0, 4, 8and 12 % v/v) at pH 4 in liquid media. Biofilm formation
occurred at 0 % and 4 % v/v ethanol, with FA consistently inhibiting
growth in all of the samples. At pH 3.5, growth in liquid cultures
occurred only at ethanol concentrations of 0 % v/v and 4 % v/v, and
biofilm formation was restricted to 0 % v/v ethanol, with FA exhibiting
inhibitory effects under all of the conditions. Similarly, for O. oeni OO5,
growth in liquid cultures was observed at all of the ethanol concentra-
tions at pH 4, and FA inhibited growth in all of the cases.

Biofilm formation occurred only at 0 % v/v ethanol, with FA
demonstrating inhibitory effects. At pH 3.5, growth occurred at ethanol
concentrations of 0 % v/v and 4 % v/v, with FA inhibiting growth;
moreover, no biofilm formation was observed under any condition.
O. oeni is capable of producing exopolysaccharides under specific con-
ditions (Dimopoulou et al., 2016), and the production of exopoly-
saccharides in O. oeni depends on both glucose and fructose
availabilities, ethanol levels, and nitrogen content in the medium;
moreover, this production is strain dependent (Ibarburu et al., 2007).
Across all of the strains, with the exception of Llb. hilgardii LH1 and Lvb.
brevis LB1 (a common biofilm former in wine), a general trend was
observed where higher ethanol concentrations and lower pH levels
reduced bacterial growth and biofilm formation. FA consistently
demonstrated inhibitory effects at 0.6 g/L, particularly in terms of bio-
film formation, with the impact being more pronounced at lower pH
values (3.5). Furthermore, Ji et al. (2023) and Tsukatani & Sakata
(2022) reported that the combination of FA with lactic and ferulic acids
(a hydroxycinnamic acid found in wine) significantly reduced biofilm
formation in foodborne pathogens, thereby suggesting a synergistic ef-
fect that enhances microbial safety in food products.

Effect of fumaric acid (0 and 0.6 g/L), pH (3.5 and 4) and ethanol (0, 4, 8 and 12 % v/v) in the growth after seven days in planktonic (growth free in wine-like medium)
and in the formation of biofilms (in stainless-steel plate coupon in wine-like medium) on different strains of lactic and acetic acid bacteria. Letters “g” indicates growth,
“ng” indicates no growth, inhibition was recorded as positive (+) if 0.6 g/L of fumaric acid reduced growth in liquid or biofilm formation, and negative (-) if no
inhibition in liquid or biofilm formation was observed. Biological replicates = 4.

Ethanol (% v/v) 0 4 8 12
Planktonic Biofilm Planktonic Biofilm Planktonic Biofilm Planktonic Biofilm
Strain pH/ 0 0.6 0 0.6 0 0.6 0 0.6 0 0.6 0 0.6 0 0.6 0 0.6
Fumaric g/ g/L g/ g/L g/ g/L g/ g/L g/ g/L g/ g/L g/ g/L g/ g/L
acid L L L L L L L L
LACTIC ACID Lib. hilgardii LH1 4.0 g - g - g - g - g - g + g + g +
BACTERIA 3.5 g + g + g + ng ng g + ng ng ng ng ng ng
Lpb. plantarum 4.0 g + g + g + g + g + g + g + g +
LP1 3.5 g + g + g + ng ng g + ng ng ng ng ng ng
Lgb. mali LM1 4.0 g + g + g + g + 8 + g + ng ng ng ng
3.5 g + g + g + g + g + ng ng ng ng ng ng
Lvb. brevis LB1 4.0 g + g - g + g - g + g - g 8 -
3.5 g + g + 8 + g + ng ng g ng - ng ng
L. mesenteroides 4.0 g + g + g + ng ng 8 + ng ng g ng ng
LMES1 3.5 g + ng ng g + ng ng ng ng ng ng ng ng ng ng
O. oeni 004 4.0 g + g + g + g + 8 + ng ng 8 + ng ng
3.5 g + g + g + ng ng ng ng ng ng ng ng ng ng
O. oeni 005 4.0 g + g + g + ng ng g + ng ng g + ng ng
3.5 g + ng ng g + ng ng g + ng ng ng ng ng ng
ACETIC ACID A. aceti AA2 4.0 g - g - g - g - g + g + g + g +
BACTERIA 3.5 g - g - g - g - g + g + ng ng g +
A. cerevisiae AC1 4.0 g - g - g - ng ng g + ng ng g + ng ng
3.5 g g - g ng ng ng + ng ng ng ng ng ng
G. oxydans GO3 4.0 g - g - g - g - g + ng ng ng ng ng ng
3.5 g - g - g - g - ng  ng ng  ng ng  ng ng  ng
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The results for the AAB strains are shown in Table 5. For A. aceti AA2,
growth was observed at all of the ethanol concentrations at pH 4 under
both liquid and biofilm conditions. FA had no inhibitory effect at ethanol
concentrations of 0 % and 4 % v/v. Additionally, at pH 3.5, growth in
liquid cultures occurred at ethanol concentrations of 0 %, 4 %, and 8 %
v/v, with FA exhibiting inhibitory effects only at 8 % v/v. With 12 % v/v
ethanol, no growth occurred in the liquid cultures; however, biofilm
formation was observed with FA inhibition. These results revealed the
capacity of A. aceti to form biofilms in wine under stress conditions
(Bartowsky and Henschke, 2008; Tristezza et al., 2010). For A. cerevisiae
AC1, growth in liquid cultures was observed under all of the conditions
at pH 4, with no inhibition by FA being observed at ethanol concen-
trations greater than 8 % v/v. Biofilm formation occurred only at 0 %
v/v ethanol, and FA exerted no inhibitory effect at pH 3.5. A similar
trend was observed; specifically, growth occurred at ethanol concen-
trations of 0 % and 4 % without inhibition by FA; however, no growth
was detected at higher ethanol concentrations. Thus, A. cerevisiae lacks
the ability to form biofilms under these stress conditions. For G. oxydans
GO3 at pH 4, growth in liquid medium was observed at ethanol con-
centrations of 0 %, 4 %, and 8 %, with inhibition by FA occurring only at
8 % ethanol. Biofilm formation occurred at concentrations of 0 % and 4
% ethanol without inhibition by FA. At pH 3.5, growth in liquid medium
and biofilm formation were observed at ethanol concentrations of 0 %
and 4 %, with no inhibitory effects of FA being observed on either
growth or biofilm formation.

In summary, the combined effects of pH, ethanol, and FA on biofilm
formation were evident. At pH 4, the strains exhibited greater growth
capacity, even at higher ethanol concentrations. In contrast, at pH 3.5,
growth was more restricted. Moreover, FA exhibited minimal inhibitory
effects, particularly at lower ethanol concentrations, which was likely
due to the relatively low concentration of FA that was used (0.6 g/L).
However, with 12 % (v/v) ethanol, the inhibitory effect of FA became
more pronounced in some strains, particularly concerning biofilm for-
mation. At the highest ethanol concentration (12 %), growth was
significantly limited, thus making it difficult to fully assess the inhibitory
potential of FA under these conditions.

4. Conclusions

These results demonstrate the effectiveness of FA in inhibiting the
growth of LAB and AAB under wine-like conditions with pH values of 3.5
and 4 and ethanol concentrations of 0 %, 4 %, 8 %, and 12 % (v/v). In
terms of the MIC values, the concentration of FA required to reduce
bacterial populations by 50 % (MIC50) and 90 % (MIC90) was influ-
enced by pH and ethanol concentration in most cases. Specifically, a
lower pH (3.5) and higher ethanol concentration (>8 % v/v) enhanced
the inhibitory effects of FA, thereby reducing the MIC required to inhibit
growth. This trend was consistently demonstrated across most of the
LAB and AAB strains.

The inhibitory effects of FA on LAB strains were most pronounced in
O. oeni, which exhibited the lowest MIC values under the investigated
pH and ethanol ranges. Conversely, Lactobacillus species demonstrated
greater resistance, requiring higher FA concentrations (MIC90 values of
up to 2.0 g/L) for effective inhibition under these conditions. Similarly,
the AAB strains also exhibited notable resistance to FA, with MIC values
being observed near 2 g/L under favourable conditions (a high pH level
of 4 and 0 % ethanol). However, their growth was significantly reduced
at higher ethanol concentrations, with G. oxydans emerging as the most
resistant AAB species to FA compared with A. aceti and A. cerevisiae.
Overall, the MIC50 and MIC90 values were highly strain dependent
among the investigated species.

The regression coefficients that were calculated using RSM revealed
that all three factors (pH, ethanol, and FA) significantly affected the
growth of individual LAB and AAB strains. In general, LAB strains were
more sensitive to FA, whereas AAB strains were more sensitive to pH and
ethanol. Notable exceptions were observed, as many Lactobacillus strains
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exhibited behaviour similar to that of AAB strains. Additionally,
A. cerevisiae was observed to be more sensitive to FA than to pH and
ethanol.

Hierarchical clustering analysis grouped all of the strains into three
distinct clusters. The first cluster predominantly included Lactobacillus,
Acetobacter, and Gluconobacter strains. The second cluster consisted of
coccus-shaped LAB strains such as P. parvulus, L. mesenteroides, and
O. oeni. The third cluster contained only two AAB species.

With respect to biofilm formation, the combination of FA, low pH,
and high ethanol concentrations effectively minimised biofilm forma-
tion, particularly in LAB strains.

These findings highlight the high efficacy of FA against O. oeni,
which is the primary LAB responsible for MLF in wine, although its
effectiveness was reduced against certain Lactobacillus species. These
results provide a solid foundation for optimising FA use in winemaking,
thereby demonstrating its potential as a viable alternative to sulfur di-
oxide for controlling bacterial spoilage, preventing MLF, and enhancing
the microbiological stability and overall quality of wine.

CRediT authorship contribution statement

Violeta Garcia-Vinola: Writing — original draft, Methodology,
Investigation. Jokin Ezenarro: Supervision, Data curation. Cristina
Reguant: Writing — original draft, Supervision, Funding acquisition.
Nicolas Rozes: Writing — review & editing, Supervision, Funding
acquisition. Manuel Malfeito Ferreira: Writing — original draft, Visu-
alization, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Thanks to Marko Laine from the Finnish Meteorological Institute,
Helsinki, Finland, for providing the MATLAB code of RSM. We are also
grateful to the Department of Climate Action, Food and Rural Agenda of
the Generalitat de Catalunya for the Demonstration Activities project (56-
30161-2021-2A), to the URV for the Marti Franques scholarship
(2021PMF-PIPF-5) and scholarship Erasmus + Programme 2023-2024
for Violeta Garcfa Vinola.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.fm.2025.104808.

References

Barnes, R.H., Karatzas, K.A.G., 2020. Investigation into the antimicrobial activity of
fumarate against Listeria monocytogenes and its mode of action under acidic
conditions. Int. J. Food Microbiol. 324. https://doi.org/10.1016/j.
ijfoodmicro.2020.108614.

Bartowsky, E.J., 2009. Bacterial spoilage of wine and approaches to minimize it. Lett.
Appl. Microbiol. 48 (2), 149-156. https://doi.org/10.1111/j.1472-
765X.2008.02505.x.

Bartowsky, E.J., Henschke, P.A., 2008. Acetic acid bacteria spoilage of bottled red wine-
A review. Int. J. Food Microbiol. 125 (1), 60-70. https://doi.org/10.1016/j.
ijfoodmicro.2007.10.016.

Bartowsky, E.J., Pretorius, 1.S., 2009. Microbial formation and modification of flavor and
off-flavor compounds in wine. In: Biology of Microorganisms on Grapes. Springer
Berlin Heidelberg, pp. 209-231. https://doi.org/10.1007/978-3-540-85463-0_11.
Must and in Wine.

Bastard, A., Coelho, C., Briandet, R., Canette, A., Gougeon, R., Alexandre, H., Guzzo, J.,
Weidmann, S., 2016. Effect of biofilm formation by Oenococcus oeni on malolactic
fermentation and the release of aromatic compounds in wine. Front. Microbiol. 7
(613). https://doi.org/10.3389/fmicb.2016.00613.


https://doi.org/10.1016/j.fm.2025.104808
https://doi.org/10.1016/j.fm.2025.104808
https://doi.org/10.1016/j.ijfoodmicro.2020.108614
https://doi.org/10.1016/j.ijfoodmicro.2020.108614
https://doi.org/10.1111/j.1472-765X.2008.02505.x
https://doi.org/10.1111/j.1472-765X.2008.02505.x
https://doi.org/10.1016/j.ijfoodmicro.2007.10.016
https://doi.org/10.1016/j.ijfoodmicro.2007.10.016
https://doi.org/10.1007/978-3-540-85463-0_11
https://doi.org/10.3389/fmicb.2016.00613

V. Garcia-Vinola et al.

Bauer, R., Dicks, L.M.T., 2004. Control of malolactic fermentation in wine. A review.
South Afr. J. Enol. Vitic. 25 (2). https://doi.org/10.21548/25-2-2141.

Bertinetto, C., Engel, J., Jansen, J., 2020. ANOVA simultaneous component analysis: a
tutorial review. Anal. Chim. Acta X, 6. https://doi.org/10.1016/j.
acax.2020.100061. Elsevier B.V.

Bonomo, M.G., Di Tomaso, K., Calabrone, L., Salzano, G., 2018. Ethanol stress in
oenococcus Oeni: transcriptional response and complex physiological mechanisms.
J. Appl. Microbiol. 125 (1), 2-15. https://doi.org/10.1111/jam.13711.

Bordas, M., Araque, 1., Bordons, A, et al., 2015. Differential expression of selected
Oenococcus oeni genes for adaptation in wine-like media and red wine. Ann.
Microbiol. 65, 2277-2285. https://doi.org/10.1007/s13213-015-1069-2.

Box, G.E.P., Hunter, J.S., Hunter, W.G., 2005. Statistic for experimenters. Design,
Innovation, and Discovery (2’\). John Wiley & Sons, Inc.

Brizuela, N., Tymczyszyn, E.E., Semorile, L.C., Valdes La Hens, D., Delfederico, L.,
Hollmann, A., Bravo-Ferrada, B., 2019. Lactobacillus plantarum as a malolactic starter
culture in winemaking: a new (old) player? Electron. J. Biotechnol. 38, 10-18.
https://doi.org/10.1016/j.jbt.2018.12.002.

Cofran, D.R., Meyer, B.J., 1970. The effect of fumaric acid on malo-lactic fermentation.
Am. J. Enol. Vitic. 21 (4), 189-192. https://doi.org/10.5344/ajev.1970.21.4.189.

Costa, A., Barata, A., Malfeito-Ferreira, M., Loureiro, V., 2008. Evaluation of the
inhibitory effect of dimethyl dicarbonate (DMDC) against wine microorganisms.
Food Microbiol. 25 (2), 422-427. https://doi.org/10.1016/j.fm.2007.10.003.

Deppenmeier, U., Hoffmeister, M., Prust, C., 2002. Biochemistry and biotechnological
applications of Gluconobacter strains. Appl. Microbiol. Biotechnol. 60 (3), 233-242.
https://doi.org/10.1007/500253-002-1114-5.

Dicks, L.M.T., Endo, A., 2009. Taxonomic status of lactic acid bacteria in wine and key
characteristics to differentiate species. South Afr. J. Enol. Vitic. 30 (1), 72-90.
https://doi.org/10.21548/30-1-1427.

Diez, L., Guadalupe, Z., Ayestaran, B., Ruiz-Larrea, F., 2010. Effect of yeast
mannoproteins and grape polysaccharides on the growth of wine lactic acid and
acetic acid bacteria. J. Agric. Food Chem. 58 (13), 7731-7739. https://doi.org/
10.1021/jf100199n.

Dimopoulou, M., Bardeau, T., Ramonet, P.Y., Miot-Certier, C., Claisse, O., Doco, T.,
Petrel, M., Lucas, P., Dols-Lafargue, M., 2016. Exopolysaccharides produced by
Oenococcus oeni: from genomic and phenotypic analysis to technological
valorization. Food Microbiol. 53, 10-17. https://doi.org/10.1016/j.fm.2015.07.011.

Dols Lafargue, M., 2018. Polysaccharide production by wine lactic acid bacteria:
negative trait or potential advantage? A review. Appl. Microbiol.: Open Access 4 (1).
https://doi.org/10.4172/2471-9315.1000143.

Donlan, R.M., Costerton, J.W., 2002. Biofilms: survival mechanisms of clinically relevant
microorganisms. Clin. Microbiol. Rev. 15 (2), 167-193. https://doi.org/10.1128/
CMR.15.2.167-193.2002.

Drysdale, G.S., Fleet, G.H., 1989. The growth and survival of acetic acid bacteria in wines
at different concentrations of oxygen. Am. J. Enol. Vitic. 40 (2). https://doi.org/
10.5344/ajev.1989.40.2.99.

Du Toit, M., Pretorius, L.S., 2000. Microbial spoilage and preservation of wine: using
weapons from nature’s own arsenal- A review. South Afr. J. Enol. Vitic. 21 (Special
Issue), 74-96. https://doi.org/10.21548/21-1-3559.

Du Toit, W.J., Pretorius, 1.S., 2002. The occurrence, control and esoteric effect of acetic
acid bacteria in winemaking. Ann. Microbiol. 52, 155-179.

Dudley, E.G., Steele, J.L., 2005. Succinate production and citrate catabolism by Cheddar
cheese nonstarter lactobacilli. J. Appl. Microbiol. 98 (1), 14-23. https://doi.org/
10.1111/j.1365-2672.2004.02440.x.

Ezenarro, J., Schorn-Garcia, D., Palou, A., Mestres, M., Acefia, L., Abadias, M., Aguil6-
Aguayo, 1., Busto, O., Boqué, R., 2024. Characterisation of position-dependant
ripening dynamics of nectarines using near-infrared spectroscopy and ASCA.

J. Chemometr. 38 (9). https://doi.org/10.1002/cem.3576.

Gancel, A.L., Payan, C., Koltunova, T., Jourdes, M., Christmann, M., Teissedre, P.L.,
2022. Solubility, acidifying power and sensory properties of fumaric acid in water,
hydro-alcoholic solutions, musts and wines compared to tartaric, malic, lactic and
citric acids. Oeno One 56 (3), 137-154. https://doi.org/10.20870/0eno-
one.2022.56.3.5455.

Gosset, M., Roques, C., Taillandier, P., 2022. Microbial biofilms in oenology. Oeno One
56 (3), 167-184. https://doi.org/10.20870/0eno-one.2022.56.3.5537.

Guerzoni, M.E., Sinigaglia, M., Gardini, F., Ferruzzi, M., Torriani, S., 1995. Effects of pH,
temperature, ethanol, and malate concentration on Lactobacillus plantarum and
Leuconostoc oenos: modelling of the malolactic activity. Am. J. Enol. Vitic. 46 (3),
368-374. https://doi.org/10.5344/ajev.1995.46.3.36.

Gullo, M., Verzelloni, E., Canonico, M., 2014. Aerobic submerged fermentation by acetic
acid bacteria for vinegar production: process and biotechnological aspects. Process
Biochem. 49 (10), 1571-1579. https://doi.org/10.1016/j.procbio.2014.07.003.

Henry, N. Po, Senozan, N.M., 2001. The Henderson-Hasselbalch equation: its history and
limitations. J. Chem. Educ. 78 (11), 1499-1503. https://doi.org/10.1021/
ed078p1499.

Hwang, H., Lee, J.H., 2018. Characterization of arginine catabolism by lactic acid
bacteria isolated from kimchi. Molecules 23 (11). https://doi.org/10.3390/
molecules23113049.

Ibarburu, 1., Soria-Diaz, M.E., Rodriguez-Carvajal, M.A., Velasco, S.E., Tejero-Mateo, P.,
Gil-Serrano, A.M., Irastorza, A., Duenas, M.T., 2007. Growth and exopolysaccharide
(EPS) production by Oenococcus oeni 14 and structural characterization of their EPSs.
J. Appl. Microbiol. 103 (2), 477-486. https://doi.org/10.1111/j.1365-
2672.2006.03266.x.

Ji, Q.Y., Wang, W., Yan, H., Qu, H., Liu, Y., Qian, Y., Gu, R., 2023. The effect of different
organic acids and their combination on the cell barrier and biofilm of Escherichia coli.
Foods 12 (16). https://doi.org/10.3390/foods12163011.

12

Food Microbiology 131 (2025) 104808

Jin, G., Jiranek, V., Hayes, A.M., Grbin, P.R., 2022. Isolation and characterization of
high-ethanol-tolerance lactic acid bacteria from Australian wine. Foods 11 (9).
https://doi.org/10.3390/foods11091231.

Kaneuchi, C., Seki, M., Komagata, K., 1988. Production of succinic acid from citric acid
and related acids by Lactobacillus Strains. Appl. Environ. Microbiol. 54 (12),
3053-3056. https://doi.org/10.1128/aem.54.12.3053-3056.1988.

Kubota, H., Senda, S., Nomura, N., Tokuda, H., Uchiyama, H., 2008. Biofilm formation
by lactic acid bacteria and resistance to environmental stress. J. Biosci. Bioeng. 106
(4), 381-386. https://doi.org/10.1263/jbb.106.381.

Lonvaud-Funel, A., 1999. Lactic acid bacteria in the quality improvement and
depreciation of wine. Antonie Leeuwenhoek: International Journal of General and
Molecular Microbiology 76, 317-331. https://doi.org/10.1023/A:1002088931106.

Lynch, K.M., Zannini, E., Wilkinson, S., Daenen, L., Arendt, E.K., 2019. Physiology of
acetic acid bacteria and their role in vinegar and fermented beverages. Compr. Rev.
Food Sci. Food Saf. 18 (3), 587-625. https://doi.org/10.1111/1541-4337.12440.

Malfeito-Ferreira, M., 2011. Yeasts and wine off-flavours: a technological perspective.
Ann. Microbiol. 61 (1), 95-102. https://doi.org/10.1007/s13213-010-0098-0.

Maluleke, E., Lekganyane, M.A., Moganedi, K.L.M., 2023. Microbial diversity of marula
wine during spontaneous fermentation. Fermentation 9 (10). https://doi.org/
10.3390/fermentation9100862.

Mamlouk, D., Gullo, M., 2013. Acetic acid bacteria: physiology and carbon sources
oxidation. Indian J. Microbiol. 53 (4), 377-384. https://doi.org/10.1007/512088-
013-0414-z.

Manca de Nadra, M.C., Strasser de Saad, A.M., 1991. Effect of organic acids on the
growth of Leuconostoc oenos and Lactobacillus hilgardii strains isolated from red wine.
J. Int. Sci. Vigne Vin 25 (2), 99-108. https://doi.org/10.20870/0eno-
one.1991.25.2.1217.

Margalef-Catala, M., Araque, 1., Bordons, A., Reguant, C., Bautista-Gallego, J., 2016.
Transcriptomic and proteomic analysis of Oenococcus oeni adaptation to wine stress
conditions. Front. Microbiol. 7. https://doi.org/10.3389/fmicb.2016.01554.

Mendes Ferreira, A., Mendes-Faia, A., 2020. The role of yeasts and lactic acid bacteria on
the metabolism of organic acids during winemaking. Foods 9 (9). https://doi.org/
10.3390/foods9091231.

Morata, A., Adell, E., Lépez, C., Palomero, F., Sudrez, E., Pedrero, S., Baniuelos, M.A.,
Gonzalez, C., 2023. Use of fumaric acid to inhibit malolactic fermentation in bottled
Rioja wines: effect in pH and volatile acidity control. Beverages 9 (1). https://doi.
org/10.3390/beverages9010016.

Morata, A., Banuelos, M.A., Lépez, C., Song, C., Vejarano, R., Loira, 1., Palomero, F.,
Suarez Lepe, J.A., 2020. Use of fumaric acid to control pH and inhibit malolactic
fermentation in wines. Food Addit. Contam. Part A Chemistry, Analysis, Control,
Exposure and Risk Assessment 37 (2), 228-238. https://doi.org/10.1080/
19440049.2019.1684574.

Nagalakshmi, S., Saranraj, P., Sivasakthivelan, P., 2019. Determination of minimum
inhibitory concentration (MIC) and percentage bacterial growth inhibition of
essential oils against gram positive bacterial pathogens. J. Drug Deliv. Therapeut. 9
(3), 33-35. https://doi.org/10.22270/jddt.v9i3.2596.

Navarro, D., Mateo, E., Torija, M., Mas, A., 2013. Acetic acid bacteria in grape must.
Acetic Acid Bacteria 2 (s1), 19-23. https://doi.org/10.4081/aab.2013.s1.e4.

Neffe-Skociniska, K., Dtugosz, E., Szulc-Dabrowska, L., Zieliniska, D., 2024. Novel
Gluconobacter oxydans strains selected from Kombucha with potential postbiotic
activity. Appl. Microbiol. Biotechnol. 108 (1), 1-12. https://doi.org/10.1007/
$00253-023-12915-4.

Ough, C.S., Kunkee, R.E., 1974. The effect of fumaric acid on malolactic fermentation in
wines from warm areas. Am. J. Enol. Vitic. 25 (4). https://doi.org/10.5344/
ajev.1974.25.4.188.

Pannella, G., Lombardi, S.J., Coppola, F., Vergalito, F., Iorizzo, M., Succi, M.,
Tremonte, P., Iannini, C., Sorrentino, E., Coppola, R., 2020. Effect of biofilm
formation by Lactobacillus plantarum on the malolactic fermentation in model wine.
Foods 9 (6). https://doi.org/10.3390/foods9060797.

Pardo, 1., Ferrer, S., 2021. Malolactic fermentation in white wines. In: White Wine
Technology. Elsevier, pp. 177-185. https://doi.org/10.1016/B978-0-12-823497-
6.00016-8.

Peh, E,, Kittler, S., Reich, F., Kehrenberg, C., 2020. Antimicrobial activity of organic
acids against Campylobacter spp. and development of combinations-A synergistic
effect? PLoS One 15 (9). https://doi.org/10.1371/journal.pone.0239312.

Pérez-Diaz, .M., 2011. Preservation of acidified cucumbers with a combination of
fumaric acid and cinnamaldehyde that target lactic acid bacteria and yeasts. J. Food
Sci. 76 (7). https://doi.org/10.1111/j.1750-3841.2011.02299.x.

Pielech-Przybylska, K., Balcerek, M., Ciepielowski, G., Pacholczyk-Sienicka, B.,
Albrecht, L., Dziekohska-Kubczak, U., Bonikowski, R., Patelski, P., 2019. Effect of co-
inoculation with Saccharomyces cerevisiae and lactic acid bacteria on the content of
propan-2-ol, acetaldehyde and weak acids in fermented distillery mashes. Int. J. Mol.
Sci. 20 (7). https://doi.org/10.3390/ijms20071659.

Pilone, G.J., Rankine, B.C., Pilone, D.A., 1974. Inhibiting malo-lactic fermentation in
Australian dry red wines by adding fumaric acid. Am. J. Enol. Vitic. 25 (2), 99-107.
https://doi.org/10.5344/ajev.1974.25.2.99.

Ribéreau-Gayon, P., Dubourdieu, D., Doneche, B., Lonvaud, A., 2006. Front matter. In:
Handbook of Enology. John Wiley & Sons, Ltd. https://doi.org/10.1002/
0470010363.fmatter.

Romero-Gil, V., Garcia-Garcia, P., Garrido-Fernandez, A., Arroyo-Lépez, F.N., 2016.
Susceptibility and resistance of lactic acid bacteria and yeasts against preservatives
with potential application in table olives. Food Microbiol. 54, 72-79. https://doi.
org/10.1016/j.fm.2015.10.014.

Ruiz-de-Villa, C., Poblet, M., Cordero-Otero, R., Bordons, A., Reguant, C., Rozes, N.,
2023. Screening of Saccharomyces cerevisiae and Torulaspora delbrueckii strains in


https://doi.org/10.21548/25-2-2141
https://doi.org/10.1016/j.acax.2020.100061
https://doi.org/10.1016/j.acax.2020.100061
https://doi.org/10.1111/jam.13711
https://doi.org/10.1007/s13213-015-1069-2
http://refhub.elsevier.com/S0740-0020(25)00088-7/sref9
http://refhub.elsevier.com/S0740-0020(25)00088-7/sref9
https://doi.org/10.1016/j.ejbt.2018.12.002
https://doi.org/10.5344/ajev.1970.21.4.189
https://doi.org/10.1016/j.fm.2007.10.003
https://doi.org/10.1007/s00253-002-1114-5
https://doi.org/10.21548/30-1-1427
https://doi.org/10.1021/jf100199n
https://doi.org/10.1021/jf100199n
https://doi.org/10.1016/j.fm.2015.07.011
https://doi.org/10.4172/2471-9315.1000143
https://doi.org/10.1128/CMR.15.2.167-193.2002
https://doi.org/10.1128/CMR.15.2.167-193.2002
https://doi.org/10.5344/ajev.1989.40.2.99
https://doi.org/10.5344/ajev.1989.40.2.99
https://doi.org/10.21548/21-1-3559
http://refhub.elsevier.com/S0740-0020(25)00088-7/sref21
http://refhub.elsevier.com/S0740-0020(25)00088-7/sref21
https://doi.org/10.1111/j.1365-2672.2004.02440.x
https://doi.org/10.1111/j.1365-2672.2004.02440.x
https://doi.org/10.1002/cem.3576
https://doi.org/10.20870/oeno-one.2022.56.3.5455
https://doi.org/10.20870/oeno-one.2022.56.3.5455
https://doi.org/10.20870/oeno-one.2022.56.3.5537
https://doi.org/10.5344/ajev.1995.46.3.36
https://doi.org/10.1016/j.procbio.2014.07.003
https://doi.org/10.1021/ed078p1499
https://doi.org/10.1021/ed078p1499
https://doi.org/10.3390/molecules23113049
https://doi.org/10.3390/molecules23113049
https://doi.org/10.1111/j.1365-2672.2006.03266.x
https://doi.org/10.1111/j.1365-2672.2006.03266.x
https://doi.org/10.3390/foods12163011
https://doi.org/10.3390/foods11091231
https://doi.org/10.1128/aem.54.12.3053-3056.1988
https://doi.org/10.1263/jbb.106.381
https://doi.org/10.1023/A:1002088931106
https://doi.org/10.1111/1541-4337.12440
https://doi.org/10.1007/s13213-010-0098-0
https://doi.org/10.3390/fermentation9100862
https://doi.org/10.3390/fermentation9100862
https://doi.org/10.1007/s12088-013-0414-z
https://doi.org/10.1007/s12088-013-0414-z
https://doi.org/10.20870/oeno-one.1991.25.2.1217
https://doi.org/10.20870/oeno-one.1991.25.2.1217
https://doi.org/10.3389/fmicb.2016.01554
https://doi.org/10.3390/foods9091231
https://doi.org/10.3390/foods9091231
https://doi.org/10.3390/beverages9010016
https://doi.org/10.3390/beverages9010016
https://doi.org/10.1080/19440049.2019.1684574
https://doi.org/10.1080/19440049.2019.1684574
https://doi.org/10.22270/jddt.v9i3.2596
https://doi.org/10.4081/aab.2013.s1.e4
https://doi.org/10.1007/s00253-023-12915-4
https://doi.org/10.1007/s00253-023-12915-4
https://doi.org/10.5344/ajev.1974.25.4.188
https://doi.org/10.5344/ajev.1974.25.4.188
https://doi.org/10.3390/foods9060797
https://doi.org/10.1016/B978-0-12-823497-6.00016-8
https://doi.org/10.1016/B978-0-12-823497-6.00016-8
https://doi.org/10.1371/journal.pone.0239312
https://doi.org/10.1111/j.1750-3841.2011.02299.x
https://doi.org/10.3390/ijms20071659
https://doi.org/10.5344/ajev.1974.25.2.99
https://doi.org/10.1002/0470010363.fmatter
https://doi.org/10.1002/0470010363.fmatter
https://doi.org/10.1016/j.fm.2015.10.014
https://doi.org/10.1016/j.fm.2015.10.014

V. Garcia-Vinola et al.

relation to their effect on malolactic fermentation. Food Microbiol. 112. https://doi.
org/10.1016/j.fm.2022.104212.

Sakurai, K., Arai, H., Ishii, M., Igarashi, Y., 2011. Transcriptome response to different
carbon sources in Acetobacter aceti. Microbiology 157 (3), 899-910. https://doi.org/
10.1099/mic.0.045906-0.

Salamandane, A., Correia, J., Muetanene, B.A., dos Santos, M., Malfeito-Ferreira, M.,
Brito, L., 2023. Methicillin resistance of food-borne biofilm-forming Staphylococci.
Appl. Sci. 13 (7725). https://doi.org/10.3390/app13137725.

Sengun, 1.Y., Karabiyikli, S., 2011. Importance of acetic acid bacteria in food industry.
Food Control 22 (5), 647-656. https://doi.org/10.1016/j.foodcont.2010.11.008.

Shah, M.V., van Mastrigt, O., Heijnen, J.J., van Gulik, W.M., 2016. Transport and
metabolism of fumaric acid in Saccharomyces cerevisiae in aerobic glucose-limited
chemostat culture. Yeast 33 (4), 145-161. https://doi.org/10.1002/yea.3148.

Siegumfeldt, H., Rechinger, K.B., Jakobsen, M., 2000. Dynamic changes of intracellular
pH in individual lactic acid bacterium cells in response to a rapid drop in
extracellular pH. Appl. Environ. Microbiol. 66 (6), 2330-2335. https://doi.org/
10.1128/AEM.66.6.2330-2335.2000.

Song, N.E., Cho, S.H., Baik, S.H., 2016. Microbial community, and biochemical and
physiological properties of Korean traditional black raspberry (Robus coreanus
Miquel) vinegar. J. Sci. Food Agric. 96 (11), 3723-3730. https://doi.org/10.1002/
jsfa.7560.

Sumby, K.M., Niimi, J., Betteridge, A.L., Jiranek, V., 2019. Ethanol-tolerant lactic acid
bacteria strains as a basis for efficient malolactic fermentation in wine: evaluation of
experimentally evolved lactic acid bacteria and winery isolates. Aust. J. Grape Wine
Res. 25 (4), 404-413. https://doi.org/10.1111/ajgw.12410.

Tedesco, F., Siesto, G., Pietrafesa, R., Romano, P., Salvia, R., Scieuzo, C., Falabella, P.,
Capece, A., 2022. Chemical methods for microbiological control of winemaking: an
overview of current and future applications. Beverages 8 (58). https://doi.org/
10.3390/beverages8030058.

13

Food Microbiology 131 (2025) 104808

Tourdot-Marechal, R., Gaboriau, D., Beney, L., Divies, C., 2000. Membrane fluidity of
stressed cells of Oenococcus oeni. Int. J. Food Microbiol. 55 (1-3), 269-273. https://
doi.org/10.1016/5S0168-1605(00)00202-6.

Tristezza, M., Lourengo, A., Barata, A., Brito, L., Malfeito-Ferreira, M., Loureiro, V., 2010.
Susceptibility of wine spoilage yeasts and bacteria in the planktonic state and in
biofilms to disinfectants. Ann. Microbiol. 60 (3), 549-556. https://doi.org/10.1007/
513213-010-0085-5.

Tsuji, A., Okada, S., Hols, P., Satoh, E., 2013. Metabolic engineering of Lactobacillus
plantarum for succinic acid production through activation of the reductive branch of
the tricarboxylic acid cycle. Enzym. Microb. Technol. 53 (2), 97-103. https://doi.
org/10.1016/j.enzmictec.2013.04.008.

Tsukatani, T., Sakata, F., 2022. Combined effects of fumaric, lactic, and ferulic acid
against food-borne pathogenic biofilms. Food Control 138. https://doi.org/10.1016/
j.foodcont.2022.109024.

Verce, M., De Vuyst, L., Weckx, S., 2019. Shotgun metagenomics of a water kefir
fermentation ecosystem reveals a novel Oenococcus species. Front. Microbiol. 10
(479). https://doi.org/10.3389/fmicb.2019.00479.

Wei, P., Ma, H., Fu, H., Xu, Z., Qu, X., 2022. Efficient inhibition of Cyanobacteria
M. aeruginosa growth using commercial food-grade fumaric acid. Chemosphere 301.
https://doi.org/10.1016/j.chemosphere.2022.134659.

Yamada, Y., Yukphan, P., Thi, H., Vu, L., Muramatsu, Y., Ochaikul, D., Tanasupawat, S.,
Nakagawa, Y., 2012. Description of Komagataeibacter gen. nov., with proposals of
new combinations (Acetobacteraceae). J. Gen. Appl. Microbiol. 58, 397-404. https://
doi.org/10.2323/jgam.58.397.

Zapasnik, A., Sokotowska, B., Bryta, M., 2022. Role of lactic acid bacteria in food
preservation and safety. Foods 11 (9). https://doi.org/10.3390/foods11091283.
Zgardan, D., Mitina, I., Sturza, R., Mitin, V., Rubtov, S., Grajdieru, C., Behta, E., Inci, F.,
Haciosmanoglu, N., 2023. A survey on acetic acid bacteria levels and volatile acidity
in several wines of the Republic of Moldova. Biology and Life Sciences Forum 79.

https://doi.org/10.3390/foods2023-15153.


https://doi.org/10.1016/j.fm.2022.104212
https://doi.org/10.1016/j.fm.2022.104212
https://doi.org/10.1099/mic.0.045906-0
https://doi.org/10.1099/mic.0.045906-0
https://doi.org/10.3390/app13137725
https://doi.org/10.1016/j.foodcont.2010.11.008
https://doi.org/10.1002/yea.3148
https://doi.org/10.1128/AEM.66.6.2330-2335.2000
https://doi.org/10.1128/AEM.66.6.2330-2335.2000
https://doi.org/10.1002/jsfa.7560
https://doi.org/10.1002/jsfa.7560
https://doi.org/10.1111/ajgw.12410
https://doi.org/10.3390/beverages8030058
https://doi.org/10.3390/beverages8030058
https://doi.org/10.1016/S0168-1605(00)00202-6
https://doi.org/10.1016/S0168-1605(00)00202-6
https://doi.org/10.1007/s13213-010-0085-5
https://doi.org/10.1007/s13213-010-0085-5
https://doi.org/10.1016/j.enzmictec.2013.04.008
https://doi.org/10.1016/j.enzmictec.2013.04.008
https://doi.org/10.1016/j.foodcont.2022.109024
https://doi.org/10.1016/j.foodcont.2022.109024
https://doi.org/10.3389/fmicb.2019.00479
https://doi.org/10.1016/j.chemosphere.2022.134659
https://doi.org/10.2323/jgam.58.397
https://doi.org/10.2323/jgam.58.397
https://doi.org/10.3390/foods11091283
https://doi.org/10.3390/foods2023-15153

	Interaction effects of fumaric acid, pH and ethanol on the growth of lactic and acetic acid bacteria in planktonic and biof ...
	1 Introduction
	2 Materials and methods
	2.1 Strain maintenance and inoculum conditions
	2.2 Minimum inhibitory concentration (MIC) determination
	2.2.1 Culture medium
	2.2.2 Experimental design
	2.2.3 Determination of MICs

	2.3 Determination of the effects of fumaric acid, pH and ethanol via response surface methodology (RSM)
	2.4 Effects of fumaric acid, pH and ethanol on biofilm formation
	2.5 Statistical analysis

	3 Results and discussion
	3.1 MIC50 and MIC90 determinations
	3.2 Determination of the individual and combined effects of fumaric acid, pH and ethanol via response surface methodology (RSM)
	3.3 ASCA analysis and dendrogram
	3.4 Effects of fumaric acid, pH and ethanol on the formation of biofilms

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


