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ABSTRACT
This study investigated the effects of sub-inhibitory concentrations of
apple, grape, and white vinegar on the biofilm formation and
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Staphylococcus aureus (MRSA) strains. Biofilm formation was Article History

assessed by crystal violet staining and by evaluating Congo Red Agar Received 1 08.07.2025
morphologies, while antibiotic resistance was determined by the disk Accepted :30.01.2026
diffusion method. Two MRSA isolates previously obtained from ready-

to-eat foods were examined. The minimum inhibitory concentration Key words

(MIC) values of the three vinegar types against the isolates were first
determined, followed by an assessment of the impact of MIC/2 and

Methicillin-resistant
Staphylococcus aureus

MIC/4 concentrations on biofilm formation. Additionally, the isolates Biofilm
were exposed to MIC/2 concentrations of each vinegar for 2, 4, and 6 Antibiotic Resistance
days to evaluate potential changes in antibiotic resistance profiles and Vinegar

biofilm-producing abilities. All vinegar samples exhibited an MIC
value of 6.25% against the MRSA strains. At MIC/2, apple, grape, and
white vinegar reduced MRSA DS18 biofilm formation by 57-76%. The
same concentration decreased biofilm formation in MRSA SS24 by
36%, 43%, and 74%, respectively. In contrast, MIC/4 concentrations
increased biofilm production in MRSA SS24, with increases of 108%,
88%, and 71% for white, grape, and apple vinegar, respectively. No
alterations in the antibiotic resistance profiles were observed
following vinegar exposure. Biofilm formation varied depending on
vinegar type, incubation temperature, and bacterial strain.

Sirkenin Sub-inhibitér Konsantrasyonunun Metisilin Direngli Staphylococcus aureusun Biyofilm
Olusturma Kapasitesi ve Antibiyotik Direnci Uzerine Etkisi

OZET Mikrobiyoloji

Bu calisma, elma, tzum ve beyaz sirkelerin inhibitor alt:

konsantrasyonlarinin enterotoksijenik metisiline direngli Aragtirma Makalesi
Staphylococcus aureus (MRSA) suslarinin biyofilm olusumu ve

antibiyotik direnci Ttizerindeki etkilerini arastirmistir. Biyofilm Makale Tarihgesi
olusumu, kristal viyole boyama yontemi ve Congo Red Agar Gelig Tarihi  : 08.07.2025
morfolojilerinin degerlendirilmesiyle belirlenirken, antibiyotik direnci Kabul Tarihi :30.01.2026
disk diftizyon yontemi kullanilarak degerlendirilmistir. Hazir

tuketilen gidalardan daha once izole edilen iki MRSA izolat1 Anahtar Kelimeler

incelenmigtir. Ug sirke turintn izolatlar tzerindeki minimum
inhibitér konsantrasyonlar1 (MIK) degerleri belirlendikten sonra,

Metisilin direngli
Staphylococcus aureus

MIK/2 ve MIK/4 konsantrasyonlarinin biyofilm olugumu itizerindeki Biyofilm
etkileri degerlendirilmistir. Ayrica, izolatlar 2, 4 ve 6 giin boyunca her Antibiyotik Direnci
bir sirkenin MIK/2 konsantrasyonuna maruz birakilarak antibiyotik Sirke

direng profillerinde ve biyofilm olusturma kapasitelerinde olas:
degisiklikler incelenmistir. Tiim sirke 6rnekleri MRSA suglarina kars:
MIiK degeri %6,25 olarak belirlenmigtir. MIiK/2 konsantrasyonunda
elma, tizim ve beyaz sirke, MRSA DS18’in biyofilm olugsumunu %57—
76 oraninda azaltmigtir. Ayn1 konsantrasyon, MRSA SS24’te sirasiyla
%36, %43 ve %74 oraninda biyofilm olusumunu azaltmigtir. Buna
karsihk, MIK/4 konsantrasyonu MRSA SS24’te biyofilm iiretiminde
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artig ile sonuglanmis; beyaz, iziim ve elma sirkesi i¢in sirasiyla %108,
%88 ve %71 oraninda artis gozlenmigtir. Sirke maruziyeti sonrasinda
antibiyotik  diren¢  profillerinde  herhangi  bir  degisiklik
gozlenmemigtir. Biyofilm olusumu sirke tirtine, inkiibasyon
sicakligina ve bakteriyel susa bagh olarak degisiklik gostermigtir.
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INTRODUCTION

Staphylococcus aureusis a Gram-positive, commensal, and opportunistic pathogen that causes a wide spectrum of
infections. Also, this bacterium is a part of normal flora (Prestinaci et al., 2015). Staphylococcal food poisoning may
occur when enterotoxigenic S. aureus contaminates food due to improper handling in retail settings. Staphylococcal
enterotoxin A is one of the most common highly heat-stable Staphylococcal enterotoxins that cause staphylococcal
food-borne diseases worldwide (Kadariya et al., 2014). MRSA is the methicillin-resistant strain of S. aureus that
emerged during the 1960s and has since become a significant public health concern worldwide. The emergence and
transmission of MRSA are critical aspects of its epidemiology (Shoaib et al., 2023). Rising antimicrobial resistance
is indeed a significant threat to global health. According to the World Health Organization, S. aureusis among the
high-priority antibiotic-resistant bacteria that pose a threat to human health (Liu et al., 2023). Biofilms are defined
as structured microbial communities that adhere to surfaces or, in some cases, form suspended aggregates without
direct surface attachment. In food production environments, these microbial consortia pose a persistent challenge,
as foodborne pathogens within biofilms exhibit heightened tolerance to antimicrobial agents and various
processing-related stresses. Such resilience contributes to product contamination and increases public health risks.
Their presence within food systems is therefore a critical concern for both safety and quality, as biofilms can serve
as reservoirs for pathogenic and spoilage microorganisms (Dawan et al., 2025). The development of biofilm
structures increases the clinical significance of antimicrobial-resistant bacteria and significantly limits treatment
options (Tao et al., 2022). The rise of antibiotic-resistant pathogens has underscored the importance of exploring
alternative drugs and methods for controlling microbial infections. Natural products have been very important in
this area, especially in the last 20 years (Seker Karatoprak et al., 2022; Elmaidomy et al., 2022). Acetic acid is a
weak acid with a sour taste, and it is the primary component responsible for the characteristic flavor and acidity
of vinegar. Acetic acid is indeed present in vinegar, typically at a concentration of 3% to 5%. Vinegar has a long
history of use in various cultures for culinary, medicinal, and cleaning purposes (Johnston and Gaas, 2006). The
global emergence and transmission of MRSA highlight the importance of ongoing surveillance and public health
efforts to prevent and control the spread of antibiotic-resistant bacteria.

Vinegar is a product produced from a wide variety of vegetable, fruit, and grain products using traditional
fermentation or modern food processing techniques. Recently, using different types of vinegar as disinfectants and
cleaning products in homes has become popular. The literature shows that different types of vinegar exhibit
antimicrobial activity against various pathogens, including MRSA strains (Bakir et al., 2017; Yagnik et al., 2021).
Moreover, the study demonstrated that the antimicrobial activities of homemade apple and grape vinegars against
various pathogens, including an MRSA strain, correlated with the total phenolic contents and organic acid
compositions of the vinegar samples (Kahraman et al., 2022).

In this study, the effects of sub-MIC concentrations of apple, grape, and white vinegars, chosen for their common
use, on the antibiotic resistance profiles and biofilm-forming capacities of two enterotoxigenic MRSA strains
isolated from ready-to-eat foods were investigated. In addition, the effects of different exposure durations to sub-
MIC vinegar concentrations (2, 4, and 6 days) were evaluated.

MATERIAL and METHOD
Bacterial strains and vinegar samples

2 enterotoxigenic MRSA strains, previously isolated from ready-to-eat food samples in Edirne province, Turkiye,
were used. Source, resistance patterns, and Staphylococcal enterotoxin (SE) production of strains were determined
in our previous study (Aksoy, 2021) and given in Table 1.

A total of 3 commercial vinegar samples, including one white vinegar (WV), one grape vinegar (GV), and one apple
vinegar (AV), were used. Vinegar samples were sterilized by filtration through 0.45-pm membrane filters.
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Table 1. Source, antibiotic resistance patterns, SE production of S. aureus isolates (SEA: Staphylococcal
enterotoxin A)

Cizelge 1. S. aureus izolatlarinin kaynagi, antibiyotik diren¢ paterni, SE tiretimi (SEA: Staphylococcal
enterotoksin A)

Strain code Source Resistace pattern SE
SS24 Chicken doner PEN, CIP, RIF, FOX SEA
DS18 Banana pudding PEN, FOX SEA

Determination of the minimum inhibitory concentration (MIC) of vinegar samples

MIC values for white, grape, and apple vinegar were determined by microdilution in accordance with Clinical
Laboratory Standards Institute (CLSI) protocols (CLSI, 2020). Two-fold serial dilutions of vinegar samples (50%,
25%, 12.5%, 6.75%, 3.12% and 1.56%) were used in the study.

Exposure to MRSA strains to sub-MIC concentrations of vinegar samples

18h bacterial cultures were transferred into TSB (Tryptic soy broth) with MIC/2 (3.12%) vinegar samples. After
24h incubation, cultures were transferred into fresh TSB with MIC/2 vinegar samples. This process was repeated
for 2, 4, and 6 days. S. aureus cultures exposed to vinegar samples during three different days were stored at 4°C.
These cultures were transferred into TSB broth and incubated for 24h; they were then used in further experiments.

Determination of antibiotic resistance

The antibiotic resistance of S. aureus strains, both untreated and treated with vinegar samples, was determined
using the disk diffusion method on Mueller-Hinton agar (Merck, Germany) according to the CLSI 2020 guidelines
(CLSI, 2020). A total of 9 antibiotics, erythromycin (15 ng), penicillin G (10 U), gentamicin (10 pg), trimethoprim-
sulfamethoxazole (1.25/23.75 ng), ciprofloxacin (2 pg), clindamycin (2 pg), chloramphenicol (30 pg), cefotixin (30
ng), and rifampicin (5 ng) were used.

Biofilm formation on polystyrene

Biofilm production was quantified using 96-well flat-bottom polystyrene microtiter plates (Greiner Bio-One)
according to a previously described method with slight modifications (Stepanovic et al., 2004). For the experiments,
overnight (18 h) bacterial cultures were diluted in TSB containing 0.4% glucose to an OD57 of 0.2. The negative
control wells contained only sterile broth. The experiments were run in triplicate. Polystyrene microtiter plates
were incubated statically for 24 h at 5°C, 22°C, and 37°C. After the incubation period, the wells were carefully
aspirated, and each well was rinsed three times with 300 pL of sterile distilled water to remove non-adherent cells.
Subsequently, 250 pL of methanol (>99.9%) was added to each well to fix the remaining biomass, and the plates
were left at room temperature for 15 minutes. Following fixation, the methanol was discarded, and the plates were
allowed to air-dry completely. The attached cells were then stained with 0.1% crystal violet (Merck), a commonly
used Gram stain, and incubated for 5 minutes. Excess dye was removed by thoroughly washing the plates under
gently running tap water, after which the plates were air-dried again. To solubilize the bound crystal violet, 250
nL of 33% (v/v) glacial acetic acid was added to each well. Absorbance was measured by using a Multiskan EX
reader (Bio-Rad) at 570 nm.

Biofilm production

The previously described method was used, with some modifications, to determine the slime-producing ability of
MRSA strains and MRSA strains exposed to vinegar samples on Congo Red (CR) agar plates (Kim et al., 2016).
Bacterial cultures (18 h old) were plated on TSA (Tryptic soy agar) supplemented with Congo Red (8 g/l) and
saccharose (36g/1). After incubation at 37°C for 24h, the colony morphology was determined. Slime-producing
strains appear as black colonies, whereas non-producing strains form red colonies.

Effect of sub-MIC concentrations of vinegar samples on biofilm formation of MRSA strains

1/2 MIC and 1/4 MIC vinegar concentrations were used to evaluate the effect of three vinegar samples on the
biofilm-forming ability of the isolates. Sub-MIC concentrations of vinegar samples were added to 96-well
polystyrene microtiter plate wells, and the plates were incubated statically for 24 h at 37 °C. The experiments were
run in triplicate. Biofilm production was quantified as described below. The percentage change in biofilm biomass
was calculated using the following formula:

% ch _ OD growth control — OD sample 100
o change = 0D growth control X
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Statistical analyses

A t-test was conducted to assess the significance of differences in biofilm formation between non-vinegar-exposed
(wild-type) MRSA strains and those treated with vinegar samples at various temperatures and time intervals
(p<0.05). Statistical analyses were performed using GraphPad Prism (GraphPad Software, San Diego, CA).

RESULTS and DISCUSSION

Microbial infections pose a significant health threat worldwide. It is known that there has been an increase in
infections during and after the COVID-19 pandemic, including those caused by MRSA strains, resulting in a large
number of deaths (WHO, 2019). During this period, antibiotic use increased rapidly, leading to higher antibiotic
resistance (Lessa and Sievert, 2023). One of the major global public health threats is the growing problem of
antibiotic resistance (WHO, 2021). All these developments have made alternative applications even more crucial.
In previous study, we investigated the effect of exposure to sub-MIC concentration of white vinegar for Listeria
monocytogenes isolates. Results showed that the antibiotic resistance status and biofilm-forming abilities of L.
monocytogeneswere changed after exposure to white vinegar for seven days (Yiiksel and Sen, 2023). To knowledge,
this study provides one of the first comparative evaluations of the effects of sub-MIC exposure to different vinegars
on MRSA biofilm formation and antibiotic resistance. In this study, we investigated the effects of MRSA strains'
exposure to different types of vinegar for varying periods on their antibiotic resistance profiles and biofilm -forming
capacities. For this purpose, 2 enterotoxigenic MRSA isolates obtained from ready-to-eat foods were used. Apple,
grape, and white vinegar samples were also chosen because of their popularity. Both MRSA strains we used in this
study are enterotoxigenic and produce SEA. In addition to the resistance of these two strains against methicillin,
the strain coded DS18 is also resistant against penicillin, while the strain coded SS24 is resistant to penicillin,
ciprofloxacin, and rifampicin. In study, the MIC values of the apple, grape, white, and vinegar samples were
determined to be 6.25 % against 2 S. aureus strains. The antimicrobial activity of vinegar against various
microorganisms is due to phenolic compounds, organic acids, and microbial metabolites in its structure, and the
acid content caused by acetic acid. Studies have shown that different vinegar samples have very different
concentrations of MIC values against various pathogens (Baldas and Altuner, 2018, Gokirmakh et al., 2019). The
effect of the presence of vinegar samples at sub-MIC concentrations (MIC/2 and MIC/4) on the biofilm-forming
ability of the strains was investigated. For this purpose, strains were exposed to a MIC/2 concentration (3.12 %) of
vinegar samples for 2, 4, and 6 days.

Effect of the sub-MIC concentrations of vinegar samples on biofilm formation

The effect of MIC/2 (3.12 %) and MIC/4 (1.56 %) concentrations of white, grape, and apple vinegar samples on
biofilm formation of enterotoxigenic MRSA strains was shown in Figure 1.

Results showed that all three vinegar samples decreased biofilm production of the MRSA DS18 strain by 57% to
76%. In addition, the findings indicate that concentration, rather than vinegar type, was effective in determining
the biofilm-forming capacity of the MRSA SS24 strain. At MIC/2 concentrations, apple, white, and grape vinegar
samples reduced biofilm levels of the MRSA SS24 strain by 36%, 43%, and 74%, respectively. In contrast, at MIC/4
concentration, apple, white, and grape vinegar samples increased biofilm biomass of the MRSA SS24 strain by
108%, 88%, and 71%, respectively.

Results showed that MIC/2 concentrations of all three vinegar samples decreased biofilm formation by MRSA
strains by 36% to 76%. The findings also indicated that the vinegar sample showing the highest inhibitory effect
on biofilm development in both strains was grape vinegar at MIC/2 concentration. Moreover, when the vinegar
concentration decreased to MIC/4, biofilm formation of the SS24-coded MRSA strain increased, whereas biofilm
production of the DS18-coded MRSA strain decreased. The present findings demonstrated that the impact of MIC/4
vinegar concentrations on biofilm production became strain-dependent. While weak acids such as acetic acid are
known to disrupt biofilms by penetrating both the biofilm matrix and the bacterial cell membrane (Kundukad et
al., 2020), this effect was consistent only for the DS18 strain in the current study. In contrast, the SS24 strain
exhibited increased biofilm formation at MIC/4 for all three vinegar types, suggesting that sub-inhibitory exposure
may trigger strain-specific responses. Given that biofilms are highly organized microbial communities embedded
in an extracellular polymeric substance (EPS) matrix composed of polysaccharides, nucleic acids, and proteins
(Karygianni et al., 2020), the divergent behaviors observed between the two MRSA strains may stem from
differences in biofilm architecture, composition, or regulatory pathways. More detailed, comprehensive studies are
needed to determine whether these differences are due to biofilm structure or to underlying regulatory
mechanisms. Further studies using a larger number of MRSA isolates will be necessary to make more reliable and
broadly applicable conclusions about the antimicrobial and anti-biofilm effects of vinegar.
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Figure 1. Effect of sub-MIC concentrations of white, grape, and apple vinegar samples on biofilm formation of
MRSA strains
Sekil 1. Beyaz sirke, tiziim sirkesi ve elma sirkesi 6rneklerinin sub-MIK konsantrasyonlarinin MRSA suslarinin
biyofilm olusumu tlizerindeki etkisi

Changes in biofilm-forming abilities and antibiotic resistance profiles of MRSA strains after vinegar exposure

The widespread use of disinfectants may exert selective pressure on microorganisms, leading to the emergence of
resistant strains. The use of suboptimal concentrations, together with mutations acquired during exposure, may
allow bacteria with specific phenotypic and genotypic characteristics to survive. These adaptive traits are thought
to arise from both intrinsic and extrinsic mechanisms in bacteria (Walczak et al., 2025). In studies involving
benzalkonium chloride, exposure of MRSA strains to the disinfectant for 3 days increased antibiotic resistance.
Similarly, in studies with Campylobacter coli, extending disinfectant exposure to 15 days increased resistance by
4-fold (Merchel and Tagkopoulos, 2019). In consideration of these findings, the present study further explored
whether prolonged exposure to subinhibitory concentrations of natural antimicrobial agents, such as vinegars,
could induce comparable adaptive responses in MRSA. In the next stage of the study, MRSA strains were exposed
to MIC/2 concentrations of apple, grape, and white vinegar samples for 2, 4, and 6 days. Then, the biofilm-forming
abilities and antibiotic resistance profiles of the strains exposed to vinegar samples were compared with those of
their wild forms.

No change was found in the antibiotic resistance profiles of wild-type MRSA strains and strains exposed to 3
different vinegar samples for different periods (2, 4, and 6 days). Antibiotic Resistance profiles of wild-type strains
and strains exposed to vinegar samples are given in Table 2.

Table 2. Antibiotic resistance profile of MRSA DS18 and MRSA SS24 wild type strain and after vinegar exposure (S: susceptible,

R: resistance)
Cizelge 2. MRSA DS18 ve MRSA SS24 susunun dogal tipinin ve sirkeye maruz kalmasi sonrasi antibiyotik direng profili (S:

duyarl;, R: direngli)
Strain code

2 —_
< S~ 8
5 Egd 4 ‘8
g < o 580 g B 2
A g '8 e g g = 8 g 8
=y < 5] =2 =~ <~ < oo ‘3 = “ab
< o L P 8 g &0 S &b = b 8 2 g
E"" g o g o R g8~ g = S o = Q s =
52 RS &2 Ead B GRS S8 ol Tw
MRSA DS18 S R S S S S S R S
MRSA SS24 S R S S R S S R R

When OD values were compared, it was observed that exposure of MRSA strains to different types of vinegar for
varying periods altered their biofilm-forming properties. Changes in OD values varied depending on vinegar type,
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incubation temperature, and strain.

When the biofilm-forming abilities of the DS18 wild-type strain and strains exposed to apple vinegar were
compared, significant differences were observed only at 22 °C (p < 0.05). This change was an increase in biofilm
production after 2 and 4 days of exposure (p=0.0007 and p=0.0002, respectively), whereas a decrease in biofilm
formation was observed after 6 days of exposure (p=0.0137). After exposure of the DS18 strain to white vinegar for
2, 4, and 6 days, a significant increase was observed in biofilm-forming capacity at 22 °C (p=0.0003, p=0.0036, and
p=0.0354, respectively). At 37 °C, an increase in biofilm formation was detected after 4 days of exposure (p=0.0357).
Following exposure of the DS18 strain to grape vinegar, biofilm production was significantly reduced after 2 and
6 days of exposure at 22 °C (p=0.009 and p=0.0002, respectively), as well as after 6 days of exposure at 37 °C
(p=0.0493). (Figure 2)

5 Apple vinegar (24h) 1 White vinegar (24h)

ODS%)
0OD%)

4°C 22°C 37°C

1.0

0OD59%0

Figure 2. The effect of temperature on biofilm formation of MRSA DS18 strain after vinegar exposure (AV: apple
vinegar, WV: white vinegar, GV: grape vinegar). The numbers shown next to the abbreviations indicate
the exposure durations (days) of the strains to the corresponding vinegar.)

Sekil2. MRSA DS18 susunun sirkeye maruz kalmasi sonrasi biyofilm olusturma kapasitesine sicakligin etkisi (AV:
elma sirkesi, WV: beyaz sirke, GV: iizitim sirkesi. Kisaltmalarin yaninda yer alan sayilar, suslarin ilgili
sirkeye maruz birakilma siirelerini (giin) ifade etmektedir.)

When the biofilm-forming abilities of the SS24 wild-type strain were compared with those of strains exposed to
apple vinegar, a significant increase was observed at both 22 °C and 37 °C after 2, 4, and 6 days of exposure (for
22 °C: p = 0.0131, p = 0.0004, and p = 0.0002, respectively; for 37 °C: p = 0.0025, p = 0.0033, and p = 0.0101,
respectively). Following exposure of the SS24 strain to white vinegar, a significant increase in biofilm-forming
capacity was detected at 22 °C after 2, 4, and 6 days of exposure (p = 0.0021, p = 0.0011, and p = 0.0002,
respectively). At 37 °C, a significant increase was also observed after 4 and 6 days of exposure (p = 0.0211 and p =
0.0170, respectively). After exposure of the SS24 strain to grape vinegar, a significant increase in biofilm formation
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was observed at 22 °C after 2, 4, and 6 days of exposure (p = 0.0048, p = 0.0189, and p = 0.0024, respectively). At
37 °C, a significant increase in biofilm-forming ability was detected only after 4 days of exposure (p = 0.0010).
(Figure 3).

The observation that biofilm formation increases at temperatures around 22 °C is significant for food storage and
surface contamination because this range overlaps with typical room-temperature conditions encountered during
food handling and processing. Environmental factors, such as temperature, strongly influence biofilm development
in Staphylococcus aureus, with studies showing that biofilm formation by MRSA and related staphylococcal
isolates is greater at moderate temperatures (25 °C) than at lower temperatures (4—10 °C) commonly found in
refrigeration conditions (Silva et al., 2022). This suggests that at room temperature, biofilms can form more readily
on food-contact surfaces, increasing the risk of persistence and cross-contamination in food environments. Such
temperature-dependent biofilm behavior underscores the need for effective hygiene controls during ambient
storage and handling to protect food safety.

e .
.59 Apple vinegar (24h) . 0 White vincgar (24h) E— e
204 T :

2, 1.5+
1.5

g % 1.0

o Q

C 1.0+ =

Y :. ' 0.5
0.54

Grape vinegar (24h)

0OD3%0)

Figure 3. The effect of temperature on biofilm formation of the MRSA SS24 strain after vinegar exposure (AV;
apple vinegar, WV; white vinegar, GV; grape vinegar). The numbers shown next to the abbreviations
indicate the exposure durations (days) of the strains to the corresponding vinegar.)

Sekil 3. MRSA 8524 susunun sirkeye maruz kalmasi sonrasi biyofilm olusturma kapasitesine sicakligin etkisi
(AV; elma sirkesi, WV: beyaz sirke, GV, iiziim sirkesi. Kisaltmalarin yaninda yer alan sayilar, suslarin
ilgili sirkeye maruz birakilma siirelerini (giin) ifade etmektedir.)
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Recent studies have shown that exposure of various pathogens to sub-inhibitory doses of biocides commonly used
in the food industry increases resistance to antibiotics and biofilm-forming ability across a broad range of
pathogens (Kampf G, 2018; Capita et al., 2019). No differences were detected when the biofilm formation on Congo
red agar (slime-producing abilities) of wild-type strains and strains exposed to 3 different vinegars for different
times (2, 4, and 6 days) were compared. Although no changes were observed in the antibiotic resistance profiles of
the isolates, the increase in biofilm-forming capacity may still have important clinical and environmental
implications. Enhanced biofilm formation can facilitate bacterial persistence on biotic and abiotic surfaces,
potentially reducing the effectiveness of antimicrobial treatments without directly altering resistance phenotypes.
From an environmental perspective, increased biofilm production may promote survival under adverse conditions
and contribute to the long-term maintenance and dissemination of bacterial populations in food-related or natural
environments.

Sub-inhibitory concentrations of antibacterial compounds have been suggested to impose stress without effectively
suppressing bacterial growth (Kumar and Ting, 2013). Under these conditions, bacteria may adopt a biofilm-based
growth mode as a protective strategy. Indeed, low-level exposure to a range of biocides and antibiotics has been
associated with increased biofilm formation in several bacterial groups (Buzén-Duran et al.,, 2017). A study
examining the effects of benzalkonium chloride and sodium hypochlorite reported that sub-MIC concentrations of
benzalkonium chloride enhanced the biofilm-forming ability of L. monocytogenes strains (Rodriguez-Melcén et al.,
2019). Additionally, research on Salmonella Enteritidis demonstrated that biofilm-associated cells exposed to sub-
MIC levels of benzalkonium chloride, sodium hypochlorite, and hydrogen peroxide did not exhibit changes in
antibiotic resistance profiles. However, alterations in their biofilm-forming capacity were observed. Following
exposure to disinfectants, increased expression of virulence genes has been detected in biofilm-embedded cells.
This enhanced gene expression may contribute to bacterial pathogenicity and be associated with improved survival
under adverse environmental conditions. (Romeu et al., 2020). Consistent with these findings, the present study
demonstrated increased biofilm formation across all three vinegar samples (apple, grape, and white vinegar). This
increase may be attributed to alterations in gene expression induced by sub-inhibitory exposure, leading to
subsequent changes in cellular structure and the activation of protective strategies. The data generated in this
study highlight the need for further investigations to elucidate the underlying mechanisms involved in this process.

Foodborne pathogens, including S. aureus, and their biofilm-forming abilities are important issues for food safety
and public health. Persistent bacterial infections are estimated to be connected to biofilms in 80% of cases.
(Worthington et al., 2012, Liu et al., 2023). The increase in biofilm formation has clear implications for both food
industry settings and household environments. In food processing facilities, biofilms on equipment surfaces such
as cutting boards, conveyor belts, and stainless-steel pipelines can act as persistent reservoirs of pathogens,
promoting cross-contamination despite routine sanitation (Olanbiwoninu and Popoola, 2023). Similarly, in
domestic kitchens, items such as sponges, sinks, and cutting boards can harbor biofilm-forming bacteria, allowing
them to survive common cleaning practices and increasing the risk of foodborne exposure. These scenarios
highlight how biofilm-associated resilience can undermine hygiene measures and pose a direct threat to food safety.
Results showed that exposure to sub-MIC concentrations of different vinegar samples does not affect the antibiotic
resistance profiles of MRSA strains but does noticeably alter their biofilm-forming abilities. The interesting change
was obtained in biofilm formation at 22 °C after exposure to sub-MIC concentrations of apple, grape and white
vinegar samples for 2, 4, and 6 days for both MRSA isolates. Vinegar has long been used as a natural product for
culinary, health, and cleaning purposes, and its popularity has increased noticeably in recent years. Of the vinegar
samples used in the study, apple and grape vinegars are primarily used for consumption, while white vinegar is
used for cleaning. The results showed that after exposure to white vinegar, both MRSA strains exhibited a
significant increase in biofilm production, regardless of exposure time. In household settings, vinegar is often
diluted or applied in small amounts to various kitchen surfaces, utensils, and food-preparation areas. Such
practices may create conditions in which environmental pathogens are exposed to sub-MIC concentrations rather
than fully inhibitory levels. Diluted vinegar residues, incomplete cleaning, or repeated low-dose applications can
contribute to cross-contamination events in which bacteria encounter insufficient antimicrobial pressure. Given
that study showed increased biofilm production under sub-MIC exposure, these everyday practices may affect the
persistence of foodborne pathogens in domestic environments. From a food safety and public health perspective,
these findings indicate that domestic use of diluted vinegar, particularly for cleaning, may result in insufficient
disinfection and unintentionally promote biofilm formation. Such practices could facilitate the persistence of
foodborne pathogens on kitchen surfaces and food-contact materials. Bacterial biofilm structure is a survival
strategy against adverse environmental conditions and many stress factors (Abebe, 2020). In study, we determined
the biofilm-producing abilities of the MRSA wild-type strain and the strain after exposure to different vinegar
samples on polystyrene microtiter plates. This type of plastic is broadly applied in food-related packaging and
contact materials (Genualdi et al., 2014). Mechanical forces, temperature fluctuations, light, and chemical and
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biological agents can cause these plastics to degrade into microplastics. It has also been determined that S. aureus
can form biofilm on these microplastics (Xu et al., 2024). The extensive reliance on plastics in the food sector has
contributed to increased microplastic pollution, intensifying concerns about food safety. These particles not only
enter food chains but also serve as favorable surfaces for microbial adhesion because of their hydrophobicity and
textured structure. As a result, microplastics readily support the establishment of microbial biofilms, which can
shield bacteria from cleaning and sanitization procedures. Such biofilm—microplastic interactions may enhance
the persistence and spread of pathogens and antibiotic resistance elements, representing a notable threat to public
health (Rahman et al., 2025). This suggests that MRSA strains with enhanced biofilm-forming capacity can spread
by forming biofilms on microplastics commonly found across a wide range of environments.

CONCLUSION

This findings indicate that exposing two enterotoxigenic MRSA strains isolated from ready-to-eat foods to sub-MIC
concentrations of different vinegars for 2, 4, and 6 days increased their biofilm formation capacity, particularly at
room temperature (22°C). This outcome suggests a possible risk for enhanced persistence of these strains. Because
biofilm structures provide a protective matrix that can reduce the effectiveness of antibiotics and disinfectants, the
observed increase in biofilm formation may contribute to greater environmental persistence and tolerance, even
though antibiotic susceptibility was not directly assessed in this study. The findings of this study indicate that
diluted vinegar used in households and food establishments may be insufficient for effective surface disinfection.
Determining the appropriate concentration, contact time, and application frequency is essential for using vinegar
as an effective disinfectant. Particularly on food-contact surfaces, additional hygiene measures, such as rinsing
and thorough drying after vinegar application, are recommended, as sub-inhibitory concentrations of vinegar may
not consistently reduce biofilm formation. Using only two strains limits the broader applicability of the results,
and the absence of measurements of vinegar pH, acidity, or potential acetic acid loss during the exposure periods
makes it unclear whether the observed effects stem from the vinegars' initial properties or from chemical changes
over time. Consequently, these findings should be interpreted with caution, as the use of a limited number of
strains restricts the generalizability of the results to other MRSA lineages or food-related isolates. While the
observed trends highlight a potential risk associated with sub-MIC vinegar exposure, broader conclusions about
MRSA populations as a whole require confirmation through studies that encompass a broader diversity of strains
and conditions. Addressing these gaps in future studies by including a larger number of strains, monitoring vinegar
chemistry throughout the exposure period, and incorporating genomic or proteomic analyses will be essential for
fully understanding the mechanisms underlying these observations.
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