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Proanthocyanidins, which are polyphenolic compounds resulting from the
condensation of monomeric flavan-3-ols, exhibit antibacterial activity. This
study aimed to investigate the impact of proanthocyanidins on the
growth and cell membrane of Acetobacter sp., as well as explore their
interaction with intracellular macromolecules to comprehensively elucidate
the inhibitory mechanism against Acetobacter sp. The results revealed that
proanthocyanidins effectively inhibited the growth of Acetobacter sp., with
a minimum inhibitory concentration (MIC) of 2.5 mg/mL. Proanthocyanidins
disrupted the cellular morphology and membrane integrity of Acetobacter
sp., and affected the structure of cell membranes by interaction with
membrane proteins. Meanwhile, exposure to proanthocyanidins led to an
elevation in reactive oxygen species (ROS) levels within Acetobacter sp.,
causing oxidative damage to the cell membrane. Moreover, there was a
modification in the composition of fatty acids within the cell membrane,
characterized by an increased proportion of unsaturated fatty acids (UFAs),
consequently enhancing membrane fluidity. In addition, proanthocyanidins
caused a significant decrease in the activities of Alcohol dehydrogenase
(ADH) and Aldehyde dehydrogenase (ALDH), and interacted with DNA through
groove binding, thereby inhibiting cell function. In conclusion, this study
provides evidence that proanthocyanidins can effectively inhibit the growth and
reproduction of Acetobacter sp. by destroying cell membranes and affecting
intracellular macromolecules.
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1 Introduction

Acetobacter sp., a typical Gram-negative brevibacterium, is
widespread in orchard soils, grape surfaces and winemaking
environments. This bacterium possesses the capability to transform
ethanol produced by alcoholic fermentation into acetic acid,
leading to an elevation of volatile acidity in wine (Valera et al,
2017; Niu et al., 2019a). Therefore, the control of Acetobacter sp.
in wine throughout production has been the focus of the wine
industry (Feng et al., 2022; Niu et al., 2021). The common control
method to prevent wine spoilage is to add sulfur dioxide (SO;)
with antibacterial properties (Lisanti et al., 2019). However, it is not
enough to inhibit the growth of Acetobacter sp. due to strict limits
on the amount of SO added, and Acetobacter sp. can still grow and
multiply (Vavrinik et al., 2022). In addition, winemakers tend to
reduce the use of SO, to avoid negative effects on the physical health
of consumers (Niu et al., 2020; Coulon and Seabrook, 2020). Hence,
new preservative or microbial stabilization technologies need to be
developed to address the urgent demand of the wine industry.

Previous studies have shown that a variety of natural
functional substances such as Nisin, Chitosan and naringenin
prevent microbial spoilage and can be used as substitutes for
chemicals (Pei et al., 2016; Tedesco et al,, 2022; Wang et al,
2017a). Proanthocyanidins are bioflavonoid compounds with a
special molecular structure, which are polymerized by different
amounts of catechin or epicatechin. Widely present in grape
seeds and grape skins, they are a natural antioxidant with
excellent antibacterial activity (Ulrey et al, 2014; Rauf et al,
2019). Exposure of Listeria monocytogenes to grape seed extract,
which is abundant in proanthocyanidins, resulted in a notable
reduction in the number of viable bacteria (Bisha et al., 2010).
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Moreover, it has been reported that proanthocyanidins derived
from Pelargonium sidoides DC root extract could effectively
suppress the growth of Aggregatibacter actinomycetemcomitans,
Staphylococcus epidermidis, Staphylococcus aureus and Escherichia
coli, and reduce their metabolic activity at the same time (Jekabsone
et al., 2019). Therefore, proanthocyanidins showed promise as a
natural preservative for use in wine production. Previous research
has primarily focused on the specific antimicrobial effects of
proanthocyanidins on E. coli and their disruptive impact on cell
membranes. However, there is a paucity of research examining the
impact of membrane components, including membrane proteins
and fatty acids, on the cell membrane. Furthermore, research has
demonstrated that the antibacterial mechanism of polyphenols
is not a single model, in addition to destroying microbial cell
membranes, it may also act on large molecules such as DNA,
enzymes and proteins in cells (Wang et al., 2017b).

Therefore, in order to further reveal how proanthocyanidins
affect the activity of microorganisms, Acetobacter sp., related
to wine rancidity, was selected as the research object in this
experiment, and the antibacterial properties and mechanisms
of action of proanthocyanidins against Acetobacter sp. were
discussed. In addition, the influence of proanthocyanidins on
cell growth, cell morphology, membrane fatty acid composition
and membrane protein, as well as intracellular macromolecules
(enzymes and DNA) of Acetobacter sp. cells were investigated.
This study aimed to explore the potential inhibitory mechanism of
proanthocyanidins on Acetobacter sp., and to provide a theoretical
basis for the utilization of proanthocyanidins in the context of wine

microbial control.
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2 Materials and methods

2.1 Microorganism and chealsmic

The following microorganism was employed in this research:
one Gram-negative bacteria, Acetobacter sp.. It can be grown using
acetic acid as a sole carbon source. We exploited this characteristic
by isolating it from the rancidity of red wine and storing it at
—80°C in the laboratory. Then, the culture was propagated in YG
medium (1% glucose, 1% yeast extract powder, 2% ethanol, v/v)
and incubated on a shaker (220 rpm, 30°C; HY-5, JinBo Equipment
Industry Co., Jiangsu, China) for 24 h. The proanthocyanidins
standard (purity, > 95%, CAS:4852-22-6), extracted from grape
seeds, was procured from Beijing Solarbio Science & Technology
Co., Ltd. (Beijing, China).

2.2 Antibacterial effect of
proanthocyanidins

2.2.1 MIC determination

The determination of minimum inhibitory concentration
(MIC) was slightly modified based on previous reports in the
literature (Matuschek et al., 2018; Elshikh et al., 2016). Acetobacter
sp. was cultured at 30°C in YG medium, from which an inoculum
was obtained and adjusted to a bacterial density of approximately
107 CFU/mL by using a 0.85% NaCl solution. The culture
medium with different concentrations of proanthocyanidins was
prepared by gradient dilution method. After inoculating the
bacteria solution, the culture medium was incubated in a 96-well
plate (30°C, 24 h). The optical density (ODggp) value before and
after culture was determined by a Universal microplate reader
(Infinite E Plex). The difference between the two measurements was
taken as the ordinate and the concentration of proanthocyanidins
as the abscissa to draw a broken line graph. The MIC was defined
as the lowest concentration of proanthocyanidins at which no
bacterial growth was detected after 24 h of incubation. Then the
sterile growth of bacterial suspension was cultured in agar plate
medium for subculture. Following a 24-h incubation at 30°C, the
minimum concentration of proanthocyanidins required to achieve
99.9% mortality of Acetobacter sp. was determined as the minimum
bactericidal concentration (MBC).

2.2.2 Determination of growth curve of
Acetobacter sp.

The antibacterial effect of proanthocyanidins was evaluated by
measuring the growth curve of Acetobacter sp. using ultraviolet
spectrophotometry (Zhou et al., 2016; Liu et al., 2020). First, the
Acetobacter sp. bacterial solution was cultured to the logarithmic
phase (approximately 10’ ~10® CFU/mL) and then inoculating into
YG medium at a 1% volume. Proanthocyanidins were introduced
to the cultures, resulting in final concentrations of 1/8, 2/8, 3/8,
and 4/8 of the MIC. Subsequently, the bacterial suspension was
incubated on a shaker (30°C, 220 rpm). At specified intervals,
appropriate samples were taken from the medium and the optical
density at 600 nm was measured using a spectrophotometer over a
period of 0-24 h. The growth rate (1) of Acetobacter sp. grown in
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different concentrations of proanthocyanidins was calculated using
the following equation:

u=(Inly—InL) / (to — te)

where Iy and I, are ODgoo ,;n values at culture time ¢, and time
t., respectively.

2.3 Effect of proanthocyanidins on cell
membrane

2.3.1 Scanning electron microscope analysis

To investigate the morphological alterations in Acetobacter sp.,
SEM analysis was conducted by referring to previous methods (Han
et al., 2020; Wang et al., 2021). The Acetobacter sp. were cultured
in a liquid medium (YG) until they reached the logarithmic
growth phase. The bacterial suspension concentration was
adjusted to approximately 107 CFU/mL, varying concentrations
of proanthocyanidins were introduced, and the mixture was
incubated (30°C, 4 h). Cells were collected centrifugally (6,000 rpm,
4°C, 5 min), washed three times with PBS (0.1 M, pH 7.4), and
the precipitated thalli were stored overnight at 4°C with PBS
buffers containing 2.5% (v/v) glutaraldehyde for cell fixation. The
fixed cells underwent dehydration through sequential treatments
with ethanol concentrations of 30, 50, 70, 90 and 100%, and
the dehydrated bacteria were treated with tert-butanol twice. The
sample was dripped onto the tin foil and dried using a freeze-
dryer. Ultimately, the gold coating was applied to the samples
through cathodic sputtering under vacuum conditions, and the
morphological alterations were examined using SEM.

2.3.2 Determination of cell membrane
permeability

Based on the existing methods, the method of determining
the release of nucleic acid and protein from Acetobacter sp.
was modified slightly (Lv et al, 2011; Niu et al, 2019b). The
Acetobacter sp. bacterial grew to the logarithmic phase in YG
liquid medium. Cells were collected centrifugally (4,000 rpm, 4°,
5 min), followed by three washes with PBS (0.01 M, pH 7.4)
before being resuspended. 10 mL bacterial suspension was taken,
combined with different concentrations of proanthocyanidins, and
incubated (30°C, 4 h). The suspension was centrifuged (4,000 rpm,
5 min) to separate the supernatant, which was then analyzed for
optical density at 260 and 280 nm using an ultraviolet-visible
spectrophotometer (China). Nucleic acids exhibited characteristic
peaks at 260 nm, while proteins displayed 280 nm.

2.3.3 Determination of oxidative damage to cell
membrane

Dihydroethidium (DHE) is capable of entering cells without
hindrance through the cell membranes of living cells, where
it is oxidized by intracellular reactive oxygen species (ROS) to
form ethidium oxide. Ethidium oxide can be incorporated into
chromosome DNA, resulting in the production of red fluorescence
(Zhu C. et al,, 2014). The degree of red fluorescence observed can
be used as an indicator of the amount and change in ROS content
within the cells. The Acefobacter sp. were grown to the stationary
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phase, after which varying concentrations of proanthocyanidins
were added and incubated at 30°C for 4 h. The suspended cells
were then harvested by centrifugation (6,000 rpm, 4°C, 5 min),
the supernatant was removed, and the cells were adjusted to
10® CFU/mL cell suspension with PBS buffers. Then 1-2 pL
dihydroethidium red fluorescent dye stock solution (5 mm) was
introduced into the cell suspension (200 pwL). The mixture was
blown and mixed evenly and incubated in a dark environment
at 37°C for 40 min. Following incubation, the solution was
centrifuged to remove the staining solution, cleaned twice with
PBS and suspended again, and the fluorescence intensity was
determined using a fluorescence spectrophotometer. The excitation
wavelength was set at 518 nm, while the emission wavelength was
610 nm. In addition, the quantification of superoxide dismutase
(SOD) in Acetobacter sp. cells was performed using a commercially
available kit from Beijing Solarbio Science & Technology Co., Ltd.

2.3.4 Membrane proteins fluorescence
spectrometry

Membrane proteins fluorescence experiments were slightly
modified according to the reported methods (Ye et al., 2007). The
Acetobacter sp. was cultured until it reached the late logarithmic
phase. Subsequently, the culture medium was removed through
centrifugation and washed with 0.85% NaCl solution for 3 times.
The cells were then suspended in 0.85% NaCl solution, resulting
in a bacterial solution with a density ranging from 10° to
10! CFU/mL. The bacterial solution was divided into several
groups, with varying concentrations of potassium iodide (KI) or
proanthocyanidins, and incubated (25°C, 2 h). The fluorescence
emission spectra of the bacterial samples were then determined
using fluorescence spectrometers with excitation wavelengths set at
258, 280, and 296 nm.

2.3.5 Fatty acid composition of cell membrane
The Acetobacter sp. was inoculated with YG liquid medium

varying

and cultured until stationary phase (220 rpm, 30°C). The

containing concentrations of proanthocyanidins,
membrane fatty acids of Acetobacter sp. cells were extracted
and methylated following the method described by Sasser (2006).
Gas chromatogram-mass spectrometry (GC-MS) was employed
to quantify and identify the fatty acids by comparing them with a
standard mixture of methyl bacterate (Sigma-Supelco, Bellefonte,
PA). The findings were presented as relative percentages of each
fatty acid, calculated by determining the proportion of the subpeak

area to the total peak area encompassing all peaks.

2.4 Effect of proanthocyanidins on
enzyme activity

Acetobacter sp. was cultured in liquid medium (YG)
to the logarithmic phase, then different concentrations of
proanthocyanidins were added and incubated (30°C, 2 h). The cells
were harvested through centrifugation (6,000 rpm, 4°C, 5 min)
and washed twice with PBS (0.1 M, pH 7.4). The activities of
ADH/ALDH in the bacterial suspension of Acetobacter sp., before
and after proanthocyanidins treatment were determined using a
corresponding activity detection kit (Beijing Solarbio Science &
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Technology Co., Ltd.). The enzymatic activity was expressed as the
relative residual activity (RRA, %):

RRA (%) = Ae/Aq x 100%

where Ap and A, represent the enzyme activity before and after
proanthocyanidins treatment respectively.

2.5 Detection of proanthocyanidins
binding to DNA

The genomic DNA of Acetobacter sp. was extracted by
the previously reported method. Following extraction, the
concentration and purity of the DNA were assessed utilizing a
Universal microplate reader (Infinite E Plex). DNA concentration
was quantified by absorbance at 260 nm. The purity of the DNA
sample was assessed based on the ratios of OD26onm/OD280nm
and OD260nm/OD23onm (1.8 < OD260nm/OD2gonm =< 2.0,
2.0 < OD260nm/OD23onm < 2.2). The competitive binding
experiment was modified slightly based on the previously reported
methodology (Ebrahimipour et al., 2015; Rehman et al, 2015).
In 0.01 M PBS (pH 7.4), proanthocyanidins were sequentially
introduced to the complexes of EB-DNA, with fixed concentrations
of DNA (45 pg/mL) and EB (1.25 pg/mL). Following a 30-min
incubation period at 25°, emission spectra within the range of
550-750 nm were recorded when excited at 530 nm.

2.6 Molecular docking

The crystal structure of DNA (PDB ID: 453D) was obtained
from the Protein Data Bank at the Research Collaboratory for
Structural Bioinformatics (RCSB). The PDB file required for
docking proanthocyanidins with DNA molecules was generated by
coupling with Auto Dock-Vina and ChemBio 3D software. The
ChemBio 3D program was first applied to optimize the 3D structure
of proanthocyanidins, which was then read by Auto Dock-vina, and
the preparation of proanthocyanidins and DNA molecules before
docking was performed in Auto Dock-vina. Molecular docking
analysis was conducted using the Auto Dock-Vina program, which
incorporates the Lamarckian Genetic Algorithm (LGA) for its
calculations (Mukherjee and Singh, 2017). The grid box size
was chosen to be large enough to contain the complete DNA
dodecamer d(CGCGAATTCGCG);. In the docking simulation, the
conformation exhibiting the lowest binding energy was selected
from a set of 10 different conformations. This corresponding
minimum energy structure was then used for subsequent analysis.
The PyMOL software package was used to obtain a visual 3D model
of the docking results.

2.7 Statistical analysis

The experiments were conducted in triplicate. SPSS 19.0
software was used for one-way analysis of variance (ANOVA)
in order to assess the presence of significant variations among
the treatments (p < 0.05). Data were documented in the form
of mean =+ standard deviation. The graphics are created by
Origin software.
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3 Results and discussion

3.1 Inhibition of proanthocyanidins on
Acetobacter sp. growth

The MIC is considered as a standard to measure the
antibacterial properties of natural substances (Matuschek
et al, 2018). Figure 1A illustrated the inhibitory effects of
proanthocyanidins on the growth of Acetobacter sp. as a
function of varying concentrations. The findings revealed
that proanthocyanidins demonstrated notable antibacterial efficacy
against Acetobacter sp.. When Acetobacter sp. were cultured in
an environment containing proanthocyanidins at concentrations
of 2.5 mg/mL or higher for 24 h, the ODggo value of Acetobacter
sp. was essentially unchanged, indicating significant growth
inhibition of Acetobacter sp. at this concentration. On the contrary,
when the concentration of proanthocyanidins was lower than
2.5 mg/mL, the ODgqg value increased sharply. Therefore, the MIC
of proanthocyanidins against Acetobacter sp. could be determined
to be 2.5 mg/mL. In addition, the MBC of proanthocyanidins
was 20 mg/mlL, indicating that proanthocyanidins had strong
bactericidal activity against Acetobacter sp.. In contrast, the
MIC values of grape seed proanthocyanidins extract against
Actinomyces viscous and Streptococcus mutans were 8.0 and
12.5 mg/mL, respectively, which were slightly higher than that in
this experiment (Liu et al., 2011; Wang and Wang, 2017).

To provide additional validation of the efficacy of
proanthocyanidins against Acetobacter sp., a growth curve analysis
was performed for Acetobacter sp.. According to Figure 1B,
Acetobacter sp. in the control group grew slowly from 0 to 7 h,
followed by an acceleration from 7 to 15 h. Then the growth rate
slowed down and reached its peak optical density value of 0.878 at
20 h. In addition, after exposure to proanthocyanidins, a significant
delay in the adjustment period of Acetobacter sp. was observed,
which was similar to the impact of cinnamaldehyde on the growth
curve of drug-resistant Aeromonas hydrophila (Yin et al., 2020).
Moreover, within a certain range, the higher the concentration
of proanthocyanidins, the longer it took for Acetobacter sp. to
enter the logarithmic phase and reach the stationary phase, but
the ODggo values of the stationary phase showed little difference.
According to Figure 1C, the pmax of Acetobacter sp. exhibited
varying degrees of decrease with increasing proanthocyanidins
concentration. The |Ly,qx 0f Acetobacter sp. decreased to 0.243 at
4/8 MIC and the time required to reach 4, Was delayed to 12 h,
indicating the potent antibacterial activity of proanthocyanidins
against Acetobacter sp., thus resulting in a significant retardation
in its growth cycle.

3.2 Morphological changes of
Acetobacter sp. cells

The cellular membrane is the boundary between the internal
and external environment of the cell. When cells are subjected
to strong external stimuli such as antibiotics, cell morphology
often changes accordingly. Therefore, SEM was used to further
elucidate the effect of varying concentrations of proanthocyanidins
on Acetobacter sp. and the results were depicted in Figure 2.

Frontiers in Microbiology

10.3389/fmicb.2025.1624564

(A)

0.6
0.5+

0.4+

0.2 \

0.1+ \
—F

0.0 ! T r — )
0 5 10 15 20 25

Proanthocyanidians concentration (mg/mL)

(B)

1.04 —*— Control

v— 1/8 MIC
—e— 2/8 MIC e
084 —* 3/8MIC 4
—=— 4/8 MIC ¢
0.6
=
=
a
o
0.4
0.2
0.0 += T T r T T .
0 5 10 15 20 25 30

Time (h)

©)

104

tna()

Control 18 MIC

2/8 MIC 3/8 MIC 4/8 MIC

Proanthocyanidians concentration

FIGURE 1

(A) Antibacterial activity; (B) growth curves; (C) maximum growth
rate (jLmax) and the time to reach the pwmax of Acetobacter sp.
cultivated in the medium with the concentration of
proanthocyanidins at 0 (Control), 1/8 MIC, 2/8 MIC, 3/8 MIC and
4/8 MIC. Different letters indicate significant differences (p < 0.05).

The untreated bacterial cells exhibited a smooth and rod-shaped
morphology with intact structural integrity. They displayed
uniformity in both size and distribution, devoid of apparent
deformations (Figure 2A). In contrast, Acetobacter sp. treated
with proanthocyanidins had obvious morphological damage.
Compared with the smooth cell surface of the untreated group,
binding of proanthocyanidins to the cell surface of Acetobacter
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FIGURE 2

(A), Control 1/8 MIC (B), 1/4 MIC (C), 1/2 MIC (D), 1 MIC (E) and 2 MIC (F).

Morphology of Acetobacter sp. cells as examined under a scanning electron microscope (SEM). Acetobacter sp. treated with proanthocyanidins at O

sp. was observed when cultured with 1/8, 1/4, and 1/2 MIC
proanthocyanidins for 4 h. This implied that proanthocyanidins
may impede the normal functioning of Acetobacter sp.’s cell
membrane, thereby affecting its growth. Meanwhile, a fraction
of the cells exhibited perforations, while others displayed
shortened and fractured morphology with increased cell
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stacking and adhesion (Figures 2B-D). Following treatment
with proanthocyanidins at 1 and 2 MIC, the Acetobacter sp.
cells underwent significant alterations in morphology, displaying
pronounced damage. Some bacterial cells exhibited deformation,
shrinkage, and malformation (Figures 2E,F). The morphological
changes of the Acetobacter sp. may be attributed to the impact
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of proanthocyanidins on membrane integrity and permeability,
resulting in the release of intracellular materials such as ions,
proteins and genetic materials, ultimately leading to bacterial cell
wall lysis, membrane instability, and abnormal morphology. The
SEM results revealed that proanthocyanidins induced alterations in
the cellular morphology, disrupted the normal functioning of the
cell membrane, and thus exerted inhibitory effects on the growth

of Acetobacter sp.

10.3389/fmicb.2025.1624564

3.3 Alterations in membrane permeability
of Acetobacter sp.

To assess the impact of proanthocyanidins on the permeability
of Acetobacter sp. membranes, intracellular proteins and nucleic
acids leakage were measured. The release of nucleic acids
and proteins into the supernatant of Acetobacter sp. after
proanthocyanidins treatment for 4 h was shown in Figure 3A.
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Nucleic acids exhibited characteristic peaks at 260 nm, while
proteins displayed peaks at 280 nm, with their concentrations
being directly proportional to the absorption values. The OD36p
values for Acetobacter sp. treated with 1/2 and 2 MIC were
2.23 and 6.35-fold higher, respectively, compared to the control
group, while the OD,gy values exhibited a respective increase of
2.42 and 8.28-fold. Figure 3A indicated that as the concentration
of proanthocyanidins increases, the nucleic acids and proteins
leaked by Acetobacter sp. also increased continuously. Similarly,
the light density of V. cholerae suspensions treated with flavonoids
glycosides increased significantly at 260 nm, indicating a loss
of nucleic acids through the damaged cell membrane (Tagousop
et al.,, 2018). The measurement of cell leakage markers, specifically
absorbance at 260 and 280 nm, has been demonstrated as an
effective indicator for assessing membrane permeability. This
approach reflects the integrity of cell membranes and the release
of internal components (Bajpai et al., 2013; Moghimi et al., 2016).
Cell membrane permeability and integrity are crucial factors that
influence the normal growth and metabolic processes of bacteria.
The results of this study indicated that proanthocyanidins damaged
cell membranes, affected their permeability and integrity, resulted
in the leakage of nucleic acids, proteins and other intracellular
macromolecules, and seriously led to cell death.

3.4 Oxidative stress of proanthocyanidins
to Acetobacter sp. membrane

Oxidative stress refers to the excessive generation of
intracellular ROS, leading to detrimental effects on lipids, DNA,
and proteins and thus destroying the oxidation and reduction
balance in the cell. Antibiotics not only play an antibacterial role by
binding to specific targets, but also cause oxidative stress to bacteria
by inducing the accumulation of ROS (Wu et al,, 2022; Xu et al,,
2024). Therefore, the oxidative stress of proanthocyanidins on
Acetobacter sp. cell membrane was further investigated (Figure 3B).
ROS play a role in diverse cellular processes encompassing cell
growth, proliferation, development and differentiation, senescence,
apoptosis, as well as various physiological and pathological
phenomena (Wu et al., 2022). It was not difficult to find that the
relative fluorescence intensity representing ROS content gradually
increases with escalating concentrations of proanthocyanidins.
The findings suggested a greatly stimulation of ROS generation
in Acetobacter sp. by proanthocyanidins. At a concentration of
3/4 MIC, the relative fluorescence intensity was observed to be
2.35-fold higher than that of the control group. The substantial
accumulation of ROS may be one of the reasons why cells
gradually lose the ability to function normally. Interestingly, the
relative fluorescence intensity of ROS increased first and then
decreased. Upon surpassing a concentration of 1 MIC, the relative
fluorescence intensity displayed a declining trend, it remained
higher than that observed in the control group. This phenomenon
can be attributed to the high concentration of proanthocyanidins,
which induces a rapid decline in the activity or even mortality
of certain Acetobacter sp.. The DHE fluorescence probe used for
detection was only loaded into living cells, resulting in a reduction
in the detected fluorescence intensity.
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SOD is a vital antioxidant enzyme in living organisms,
serving as a crucial scavenger of oxygen-free radicals. It plays an
important role in catalyzing the disproportionation reaction of
superoxide anion (O7) and maintaining internal environment
homeostasis (Rapacka-Zdonczyk et al,, 2021). The activity of
SOD in Acetobacter sp. is frequently employed for assessing
the resistance of microorganisms to oxidative damage induced
by adverse external conditions. With increasing concentrations
of proanthocyanidins during incubation, the activity of SOD
in Acetobacter sp. a noticeable upward trend was observed in
the SOD activity, and the total SOD activity even reached
0.02876 U/10*Cell at 2 MIC, which was 6.7 times that of the
untreated group. The findings demonstrated that Acetobacter
sp. produced a large amount of O~ under the action of

proanthocyanidins. These O, attacked the polyunsaturated fatty
acids in the cell membrane and caused lipid peroxidation, which
induced the cells to resist by increasing the activity of total SOD

(Johnson and Hug, 2019).

3.5 Effect of proanthocyanidins on
membrane proteins

There are a large number of membrane proteins composed
of amino acids on the bacterial cell membrane, in which
tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe)
are the main fluorescence groups of membrane proteins (Ye
et al, 2007). The positioning of these residues within the
proteins can be determined by employing KI, a fluorescence
quencher that effectively suppresses the fluorescence emitted
by surface residues present in membrane proteins, while
leaving the fluorescence spectra of internal residues unaffected.
Figures 4A,CE illustrated the impact of KI on the fluorescence
emission spectra of Phe, Trp and Tyr residues with the fixed
excitation wavelengths of 258, 280, and 296 nm, respectively.
As the concentration of KI increased, a significant decrease
in fluorescence intensity was observed for Phe while no
apparent quenching effect was observed for Trp and Tyr
residues. This revealed that Phe residues are primarily found
on the exterior of the membrane proteins in Acetobacter sp.,
whereas Trp and Tyr residues are predominantly situated
within the membrane (Ye et al, 2007). Figures 4B,D,F showed
the fluorescence spectra of Phe, Trp, and Tyr residues when
exposed to varying concentrations of proanthocyanidins.
It was observed that the maximum emission intensity for
these residues significantly diminished as the concentration
of proanthocyanidins increased, accompanied by a red-shift
phenomenon. This indicated that proanthocyanidins interact with
membrane proteins of Acetobacter sp., leading to conformational
changes of membrane proteins and causing the membrane
proteins to unfold and expose the internal hydrophobic
residues. As a result, more internal Phe, Trp and Tyr residues
were exposed to the membrane proteins surface, facilitating
increased interaction between proanthocyanidins and these
residues for fluorescence quenching. The results implied that
proanthocyanidins have the potential to influence the cellular
membrane structure by interacting with proteins on Acetobacter
sp.’s cell membrane.
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3.6 Evolution of membrane fatty acids in
Acetobacter sp.

The antibacterial effect of antibacterial substances is attributed
to their ability to disrupt and impair the structure and fluidity
of the cell membrane, as evidenced by numerous studies (Zhu B.
etal, 2014). The alteration in membrane fluidity primarily resulted
from variations in the fatty acid composition of the cell membrane.
The membrane fatty acid detection results of Acetobacter sp. were
presented in Table 1, in which a total of 13 fatty acids were
identified. The predominant fatty acid components in Acetobacter
sp. cell membrane were tetradecanoic acid (C14:0), 2-hydroxy-
tetradecanoic acid (2-OH C14:0), Hexadecanoic acid (C16:0), 2-
hydroxy Palmitic Acid (2-OH C16:0), 3-hydroxy Palmitic Acid (3-
OH C16:0), stearic acid (C18:0), 9-Octadecenoic Acid (C18:1w9),
cis-9,10-Methyleneoctadecanoic Acid (C19:Cyclo). It should be
noted that more than 55% of the fatty acids in the untreated
Acetobacter sp. were unsaturated fatty acids (UFAs), which
increased with increasing concentrations of proanthocyanidins.
When cultured with 3/4 MIC proanthocyanidins, the maximum
proportion of UFAs in the membrane of Acetobacter sp. reached
62.84%. It has been shown that UFAs increase in response to
adverse environments such as low growth temperatures, acid
intimidation, ethanol intimidation and oxidative stress (Alvarez-
Ordonez et al., 2008). For example, the UFAs content of E. coli
and Salmonella Typhimurium significantly increased when grown
in a medium containing hexanal and carvacrol (Luz et al., 2014;
Patrignani et al., 2008). Meanwhile, the proportion of saturated

TABLE 1 Cell membrane fatty acids composition of Acetobacter sp.
grown in the medium with different concentrations of
proanthocyanidins.

Fatty Total composition (%) at different
acids proanthocyanidins concentrations

o[ wamic | uzmic | siamc_

C12:0 0.2240.02° | 02940.02° | 0174004 | 0.24+0.03*°
C14:0 2254011 | 3404008 | 3734011° | 3.6740.13°
Cl14:0 2-OH) | 4.1740.09% | 4.61+0.12° | 55840.09" | 586+ 0.16
C15:0 0.14+0.04> | 0344006° | 013+0.06> | 0.1740.03"
C16:0 15294 0.07* | 14.28 +0.04®> | 13.7240.10° | 11.87 4 0.149
Cl16:0 (2-OH) | 5.68+0.24° | 589+027° | 6534028 | 7.11+0.34?
C16:0 (3-OH) | 2.3640.12* | 2434005 | 2.0540.07° | 1.71+0.08
Cl6:1w9 0.7140.15* | 0.60 +0.08* | 0.3840.03" | 0.23 % 0.06"
C17:0 0.1540.08" | 0.46+0.04* | 0.1540.02° | 0.22+0.10"
C18:0 11584 0.22% | 8.02+0.17° | 72940.16° | 5.06 0219
C18:1w9 56.19 £ 0.319 | 57.91 +0.46° | 58.91 +0.53" | 62.61 %+ 0.59°
C18:0 (3-OH) | 077 +0.05° | 1.3240.05 | 0.9540.06> | 0.9440.03"
C19:cyclo 0.48+0.04* | 0.45+0.03* | 0.4040.10° | 0.30 +0.07°
UFAs 56.90 4 0.46° | 58.5240.54° | 59.29 4 0.56" | 62.84 % 0.65"
SFAs 29.64 +0.54* | 26.79 +0.41° | 25.19 +0.49° | 21.23 + 0.649
HFAs 12.98 4 0.50° | 14.25 4 0.44> | 15.12 +0.50% | 15.63 + 0.61°
CFAs 0.48+0.04* | 0.45+0.03* | 0.4040.10° | 0.30 %+ 0.07°

Different letters in the same line indicate significant differences (p < 0.05). HFAs and CFAs
represent hydroxy fatty acids and cyclic fatty acids, respectively.
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fatty acids (SFAs) in cell membranes decreased from 29.64 to
21.23% when cultured with 3/4 MIC proanthocyanidins. Generally,
the increase in the content of UFAs tends to increase the membrane
fluidity, whereas SFAs and cyclic fatty acids contribute to a
more organized and compact membrane structure, resulting in
decreased membrane fluidity (Di Pasqua et al., 2006). This implied
that proanthocyanidins influence the fatty acid composition of
Acetobacter sp. cell membranes, potentially leading to increased
membrane fluidity.

3.7 Changes in intracellular enzyme
activity of Acetobacter sp.

Some studies have shown that the antibacterial mechanism
of polyphenols is not a single model, in addition to destroying
microbial cell membranes, it may also act on biomacromolecules
such as enzymes and DNA in cells (Wang et al, 2017b).
ADH/ALDH, as crucial acidogenic enzymes in acetic acid bacteria,
is able to convert ethanol into acetic acid, leading to an increase
in volatile acidity in wine. The relative residual activities (RRA)
of major intracellular enzymes (ADH/ALDH) of Acetobacter
The RRA of ADH/ALDH in
Acetobacter sp. exhibited a declining trend as the concentration

sp. were shown in Figure 5.

of proanthocyanidins treatment increased. The RRA of ADH
and ALDH was 73.24 and 61.25% respectively when 1/4 MIC
proanthocyanidins were added for 2 h. Gradually, With the increase
of proanthocyanidins concentration to 2 MIC, the activities of
two major enzymes decreased to 31.93 and 11.35%, respectively.
These results demonstrated that proanthocyanidins intimidation
significantly impacted the RRA of enzymes (ADH/ALDH) in
Acetobacter sp.. Higher concentrations of proanthocyanidins
corresponded to lower RRA values for these intracellular enzymes.
In addition, ALDH was more sensitive to proanthocyanidins at
the same concentration, and the reduction of enzyme activity was
more severe (Figure 5). It was confirmed that proanthocyanidins
not only impacted the cellular membrane structure and function of
Acetobacter sp., but also influenced intracellular enzyme activity,
and had an inhibitory effect on the acid-producing capacity of
Acetobacter sp.

3.8 Binding of proanthocyanidins to DNA
of Acetobacter sp.

Competitive binding experiments were conducted using
ethidium bromide (EB) and Hoechst-33258 to further elucidate
the interaction pattern between proanthocyanidins and the DNA
of Acetobacter sp.. EB is a cationic conjugated planar molecule
with weak fluorescence intensity in aqueous environments, but
can greatly enhance the fluorescence intensity of DNA due to
embedding in DNA (Hu et al,, 2019). As a result, EB has been
employed as an effective DNA fluorescent probe to elucidate
the interaction between DNA and small molecules or proteins.
As shown in Figure 6A, the incorporation of proanthocyanidins
into the EB-DNA system exhibited negligible impact on the
fluorescence intensity of the EB-DNA complex, which indicated
that proanthocyanidins were incapable of displacing EB from its
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association with DNA (Li et al., 2020). Hence, it was proved that
the binding mode between proanthocyanidins and DNA is non-
intercalation (Liu et al., 2015).

In another experiment, Hoechst-33258, as a fluorescent probe,
was observed to bind specifically to DNA through groove
mode, resulting in enhanced fluorescence characteristics upon
binding (Guan et al, 2006). When molecules with a groove
binding pattern compete with Hoechst for binding sites on
DNA, the fluorescence intensity will be greatly reduced (Rehman
et al,, 2015). A significant fluorescence quenching was observed
when proanthocyanidins were added into the Hoechst-DNA
system (Figure 6B). As the concentration of proanthocyanidins
increased, a significant reduction in fluorescence intensity was
noted compared to the control group. This observation suggested
that both proanthocyanidins and Hhoechst-33258 are capable of
binding to DNA and competing for the binding sites, which
ultimately led to a decrease in the fluorescence intensity of the
Hoechst-DNA complex. Thus, the experiments demonstrated that
proanthocyanidins exhibit groove binding mode interaction with
DNA and can bind to the Hoechst-DNA complex, effectively
competing with Hoechst for DNA binding sites in Acetobacter sp.
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FIGURE 6

Fluorescence spectra of the EB-DNA (A) and Hoechst-DNA (B) system with increasing concentrations of proanthocyanidins. (C) Molecular docked
structures of proanthocyanidins complexed with DNA. The figure represented minor groove binding of proanthocyanidins with dodecamer
d(CGCGAATTCGCG), (PDB ID: 453D). (D) The possibility of hydrogen bonds formed by proanthocyanidins binding to DNA.
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3.9 Molecular docking

Molecular docking helps visualize how small molecule
ligands interact with receptors, which may further validate
the previous experimental results (Charak et al., 2012). As a
highly automated tool, molecular docking can not only predict
ligand-receptor binding patterns and the most efficient sites for
binding, but also calculate the binding energy of ligand-receptor
interactions using more detailed molecular mechanics (Sarwar
et al,, 2015). To validate the binding mode of proanthocyanidins
to DNA, as determined in previous experiments, molecular
docking analysis was conducted following the experimental
protocol described earlier. Generally, a docking result was
considered reliable when the binding free energy was below
—1.2 kcal/mol (Khajeh et al, 2018). The obtained results
are presented in Figures 6C,D. The proanthocyanidins were
shown to have optimal fit within the minor groove of DNA,
exhibiting a minimal binding energy of —6.88 kcal/mol,
thereby indicating a relatively high binding potential for
the proanthocyanidin-DNA complex. The binding site was
identified in the region rich in Adenine and Thymine, with
interactions facilitated by multiple hydrogen bonds. In this
conformation, proanthocyanidins primarily interacted with
Guanine (DT-8) and Thymine (DG-10) on one of the chains
of the DNA double helix via one and three hydrogen bonds,
respectively. At the same time, it interacted with Thymine
(DT-19, DT-20)
bonds. Hence, the complementarity of previous spectroscopic

on the other chain by three hydrogen

experiments and molecular docking results further confirmed
that proanthocyanidins and DNA bound to each other through
a minor groove pattern. Regardless of the mechanism by which
proanthocyanidins may enter the Acefobacter sp. cells, it was shown
that there was extensive interaction between proanthocyanidins
and DNA dodecamerer, and they interacted through minor
grooves. Further, this combination may potentially block DNA
replication pathways, thereby inhibiting the proliferation of
Acetobacter sp.

4 Conclusion

In this study, the inhibition of proanthocyanidins on the
growth of Acetobacter sp. was investigated, and the antibacterial
mechanism of proanthocyanidins against Acetobacter sp. was
fully elucidated. The results showed that a certain concentration
of proanthocyanidins could inhibit the activity of Acetobacter sp.
and delay the arrival time of Acetobacter sp. to the stationary
phase, with a MIC of 2.5 mg/mL. Furthermore, proanthocyanidins
disrupted cell morphology and cell membrane integrity in
Acetobacter sp., leading to the leakage of nucleotides and
proteins. Moreover, the antibacterial effects of proanthocyanidins
against Acetobacter sp. may be partly achieved by causing
oxidative damage to the cell membrane, affecting the structure
of membrane proteins and altering the composition ratio of
membrane fatty acids. After crossing the cell membrane barrier,
proanthocyanidins could decrease the activity of ADH/ALDH,
thereby inhibiting the acid-producing capacity of Acetobacter
sp.. In addition, it interacted with DNA through the groove
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binding mode and potentially block DNA replication pathways,
inhibiting cell function and ultimately leading to cell death. The
results indicated that proanthocyanidins represent an attractive and
promising bacteriostatic agent with significant inhibitory effects
against Acetobacter sp.
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