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tract promoted biofilm formation
of Lactiplantibacillus plantarum JB1 to improve
acid and oxidative stress resistance

Teng Long Miao,a Chuang Zhang,a Hui Wang,a Xiaohong Chen,a Hong Mei Xiao*a

and Qiu Qin Zhang *ab

Lactic acid bacteria (LAB) play a pivotal role in sustainable food fermentation systems, yet their industrial

application is often limited by sensitivity to environmental stress. This study introduces a novel, green

strategy utilizing Prunus mume extract (PME)—an underutilized natural resource with strong antioxidant

activity—to enhance the stress resistance of L. plantarum JB1. This study explicitly investigated the role

of PME pre-stress in controlling biofilm formation via the LuxS/AI-2 quorum-sensing pathway as a key

mechanism for improved resistance under acid and oxidative stress. The results indicated that PME pre-

stress significantly improves bacterial survival under acid (21.08% increase) and oxidative stress (20.14%

increase). PME pre-stress enhanced b-galactosidase and L-LDH enzyme activities and altered the cell

surface polysaccharide composition, further mitigating cell damage, improving L. plantarum JB1 stress

resistance under acid and oxidative stress. By leveraging a natural agricultural by-product to fortify

probiotics, this research provides a sustainable solution to reduce cell loss in fermentation, minimize the

energy-intensive stabilization process, and extend the shelf life of fermented foods. This approach

contributes directly to cleaner industrial practices, supports a circular economy by adding value to food

waste streams, and strengthens food security through more efficient production of probiotic-fortified

foods.
Sustainability spotlight

Prunus mume extract (PME) is a renewable agricultural by-product. The natural antioxidant properties of PME make it have the potential to enhance the stress
resistance of probiotics. The results showed that PME pre-stress improved the resistance of Lactobacillus plantarum JB1 by promoting biolm formation. PME
has great application potential in low pH fermented foods (such as pickles, yogurt, etc.), which can reduce production loss and food waste by prolonging the
survival time of probiotics and the shelf life of fermented foods. This achievement not only increases the added value of agricultural by-products (bioactive plant
extracts), but also transforms traditional agricultural by-products into functional fermentation additives, which is in line with the concept of circular economy.
1. Introduction

The global shi toward sustainable food production demands
innovative strategies to enhance the efficiency and resistance of
microbial strains used in fermentation, a cornerstone of eco-
friendly food processing. Lactic acid bacteria (LAB), widely
employed as probiotics and industrial starters, face signicant
challenges in harsh environments, such as acidic fermentation
conditions or oxidative stress during storage.1 These stressors
not only reduce LAB viability but also increase energy
consumption and waste in production systems. Traditional
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approaches to improve stress resistance, such as genetic
modication or synthetic additives, oen conict with
consumer preferences for natural and sustainable solutions.

Biolm formation, a natural microbial defense mechanism,
presents a promising avenue for sustainable food technology.
Biolm is a mechanism by which bacteria resist adverse envi-
ronments. Its formation is mainly due to the secretion of
extracellular polysaccharide proteins, polysaccharides, nucleic
acids, lipids, and other macromolecules by a large number of
bacteria. These substances adhere to the surface of microbial
cells, causing a large number of bacteria to gather and form
communities.2,3 The formation of biolms can greatly improve
the stress resistance of bacterial cells and effectively enhance
their resistance to harsh environments such as high tempera-
ture, low temperature, low pH, peroxide environment, and bile
salts.4 Biolms enhance bacterial survival under stress, poten-
tially reducing the need for energy-intensive stabilization
© 2026 The Author(s). Published by the Royal Society of Chemistry
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methods like freeze-drying or excessive refrigeration. LuxS/AI-2
is the most common quorum sensing system in lactic acid
bacteria that regulates biolm formation. Autoinducer-2 (AI-2)
is synthesized by the LuxS protease encoded by the LuxS gene,
and its concentration threshold can regulate the biolm
formation ability of the strain. AI-2 has the activity of inducing
V. harveyi BB170 bioluminescence, so the concentration of AI-2
can be reected by measuring the bioluminescence intensity of
V. harveyi BB170. However, a signicant research gap exists in
the use of plant-derived bioactive compounds to induce and
improve probiotic biolm formation. Prunus mume extract
(PME), a fruit rich in antioxidants, exemplies a renewable
resource with untapped potential in sustainable microbial
engineering. Prunus mume extract has been proven to have
various benecial effects, such as improving blood ow,
reducing obesity, and ghting cancer and viruses, but its
benets for probiotics are still unknown.5–7

Therefore, to address this knowledge gap, this study aims to
explore the novel application of PME to improve the acid and
oxidative stress resistance of L. plantarum JB1. The research
specically seeks to evaluate the effect of PME on the biolm
formation capability of the bacterium and determine its subse-
quent impact on survival under simulated stressful conditions.
Furthermore, the study intends to elucidate the underlying
mechanisms of this enhanced tolerance by analyzing changes in
AI-2 activity, key enzyme functions, cell integrity, and surface
properties. Ultimately, this work proposes a sustainable bio-
engineering strategy using natural plant extracts to harness bi-
olm formation, advancing the development of robust and eco-
friendly probiotic cultures for food industry applications.
2. Materials and methods
2.1. Materials

Prunus mume extract (PME) was purchased from Nanjing
Longlijia Agricultural Development. Dimethylbenzene (CAS:
106-42-3), ethyl acetate (CAS: 141-78-6), trichloromethane (CAS:
67-66-3) and H2O2 (CAS: 7722-84-1) were bought from Sino-
pharm Chemical Reagent Co., Ltd. Crystal violet (CAS: 548-62-9)
and acetic acid (CAS: 64-19-7) were procured from Shanghai
Haosai Technology Co., Ltd. 20,70-Dichlorodihydrouorescein
diacetate (DCFH-DA, CAS: 4091-99-0) and 2-nitrophenyl-beta-D-
galactopyranoside (ONPG, CAS: 369-07-3) were procured from
Source Leaf Organism (Shanghai Yuanye Biotechnology Co.,
Ltd, Shanghai, China). Propidium iodide (PI, CAS: 25535-16-4)
was procured from Yeasen Biotechnology (Shanghai) Co., Ltd.
SYTO9 Green Fluorescent Nucleic Acid Stains (S34854) were
bought from Invitrogen Corporation (California, USA). A
L-lactate dehydrogenase activity detection kit (BC0680) was
procured from Beijing Solarbio Science & Technology Co., Ltd.
2.2. Culture conditions of bacterial strains

Lactiplantibacillus plantarum JB1 was from Nanjing Agricultural
University, Nanjing, China.8 Vibrio harveyi BB170 is a di-
rectionally mutated strain with an AI-2 receptor that can be used
to measure AI-2 activity.9
© 2026 The Author(s). Published by the Royal Society of Chemistry
L. plantarum JB1 was cultured in de Man, Rogosa and Sharpe
(MRS)medium (Qingdao Hope Bio Technology Co., Ltd, Qingdao,
China): peptone, 10 g L−1; beef extract, 10 g L−1; yeast extract, 5 g
L−1; glucose, 20 g L−1; K2HPO4, 2 g L−1; sodium acetate, 5 g L−1;
MgSO4$7H2O, 0.2 g L−1; MnSO4, 0.05 g L−1; ammonium citrate,
2 g L−1; Tween-80, 1 mL L−1; and pH 6.2 ± 0.2.

Autoinducer bioassay (AB) medium was used to culture V.
harveyi BB170 (Gu et al., 2021 21). AB medium: sodium chloride,
17.5 g L−1; MgSO4$7H2O, 12.3 g L−1; acid hydrolyzed casein, 2.0
g L−1; distilled water, 960 mL; then the pH of the solution was
adjusted to 7.5 with KOH (3 mol L−1). Aer the AB medium was
sterilized at 121 °C for 20 min and cooled down, 10 mL of sterile
0.1 mol per L L-arginine (L-arginine was ltered through a 0.22
mm lter), 10 mL of sterile 1.0 mol per L potassium phosphate
buffer (pH 7.0), and 20 mL of sterile 50% glycerol were added
into AB medium.

2.3. Stress treatment

In the pre-experiment, aer L. plantarum JB1 was cultured in 0,
20, 40, 60, 80, and 100 mg per mL PME, it was found that L.
plantarum JB1 did not grow in 60, 80, and 100 mg per mL PME,
so 0–60 mg per mL PME was chosen as the concentration of the
formal experiment. L. plantarum JB1 was cultured in MRS
medium with 0, 10, 20, 30, 40, 50, and 60 mg per mL PME, and
named as PME-0, PME-10, PME-20, PME-30, PME-40, PME-50,
and PME-60. Aer incubation, L. plantarum JB1 cells were
collected by centrifugation at 6000 rpm, 4 °C, for 6 min. The
bacterial cells were washed twice with 0.9% NaCl for stress
treatment.

To verify whether PME pre-stress can improve the digestion
of probiotics in the stomach and intestines, MRS medium with
pH2 was used to simulate the gastric acid environment, MRS
medium with 10 mmol per L H2O2 was used to simulate the
reactive oxygen species in the intestine, and MRS medium with
0.4% bile salts was used to simulate the intestinal environment.
In order to simulate the transport time of probiotics in human
gastrointestinal digestion, a 3 h stress treatment was used. In
the preliminary experiment, PME could signicantly improve
the survival rate and biolm formation ability of L. plantarum
JB1 under acid stress and oxidative stress, but it did not improve
the resistance of L. plantarum JB1 under bile salt stress
(Supplement Fig. 1). Finally, the stress treatment medium for
acid and oxidative stress was MRS medium with pH 2 and with
10 mmol per L H2O2, respectively.

L. plantarum JB1 before and aer stress treatments was
centrifuged at 6000 rpm, 4 °C, for 6 min, and collected. The
bacterial cells were washed twice with 0.9% NaCl. The post-
stress bacterial suspension was used to determine survival rate,
biolm formation ability, AI-2 activity, auto-aggregation ability,
surface properties, FTIR, enzyme activity of b-galactosidase and
L-LDH, ow cytometry detection, cell membrane damage and
cell wall damage.

2.4. Determination of the survival rate

During the stress treatment of bacteria at 37 °C for 3 h, the
bacterial solution was collected every 1 h and the viable cell
Sustainable Food Technol., 2026, 4, 310–322 | 311
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Fig. 1 Survival rate of L. plantarum JB1 under acid (A) and oxidative (B) stress after different concentrations of PME pre-stress. Note: PME-60
survival rate was omitted due to no growth of PME-60. Lowercase letters indicate significant differences (p < 0.05) between different PME
concentrations under the same stress time. Capital letters indicate significant differences (p < 0.05) between different stress times at the same
PME concentration.
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View Article Online
count was obtained.10 The formula for calculating the survival
rate is shown in eqn (1):

Survival rate = (logN1/logN2) × 100% (1)

N1: the number of viable bacteria aer different stress treat-
ments; N2: the number of viable bacteria in normal MRS
medium.

2.5. Measurement of biolm formation ability

The biolm formation ability was determined by crystal violet
staining according to the method of Nouraei et al.11 with some
modications. L. plantarum JB1 (2%, v/v) was inoculated into
MRS medium with or without PME, transferred 200 mL per well
312 | Sustainable Food Technol., 2026, 4, 310–322
into a 96-well cell culture plate covered with a sealing membrane
and incubated at 37 °C for 24 h. The culture medium was di-
scarded from the plate, 200 mL stress treatment medium was
added to the plate for stress, and then the culture medium was
discarded from the plate. The 96-well cell culture plate was
washed 3–4 times with 0.9% NaCl to remove the non-adherent
cells, ensuring that the assaymeasures only the adhering biolm,
and xed in a 60 °C oven for 30 min. Crystal violet (200 mL)
staining solution (0.1%, m/v) was added to each well for 15 min,
then the crystal violet staining solution was discarded. Each well
was washed 3–4 times with 0.9% NaCl, and 200 mL glacial acetic
acid solution (33%, v/v) was added to each well for 15 min of
elution. Eluent (200 mL) was added to a new 96-well cell culture
plate, and the absorbance value was measured at 560 nm.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.6. Determination of L. plantarum JB1 AI-2 activity

The AI-2 activity was determined according to the method of Gu
et al.12 with some modications. The bacterial solution pro-
cessed was centrifuged at 6000 rpm for 6 min and ltered
through a 0.22 mm lter to obtain the cell-free supernatant
(CFS). V. harveyi BB170 was inoculated into AB medium at a 2%
inoculation rate and incubated at 30 °C for 8 h. The V. harveyi
BB170 culture was diluted 2000-fold with fresh ABmedium. CFS
and diluted V. harveyi BB170-AB medium were mixed (1 : 100)
and incubated with shaking at 100 rpm at 30 °C. Activated V.
harveyi BB170, AB, andMRS were used to replace CFS as positive
control, negative control, and medium control, respectively.
Multifunctional enzyme-linked immunosorbent assay with
imaging (PerkinElmer EnSight, PerkinElmer, Singapore) was
used to measure the luminescence intensity of the reaction
solution in bioluminescence mode every 30 min within 0–6 h.
When the luminescence intensity of the negative control rea-
ches the lowest point, the sample of relative luminescence
intensity (RLI) measured was equal to the luminescence inten-
sity of the sample divided by the luminescence intensity of the
medium control.
2.7. Determination of L. plantarum JB1 auto-aggregation
ability and surface properties

The absorbance of the bacterial suspension was adjusted to 0.6
± 0.02 with 0.9% NaCl, denoted as A0.

The auto-aggregation of L. plantarum JB1 was determined
according to the method proposed by Krausova et al.13 The post-
stress bacterial suspension (4 mL) was added into each test
tube, incubated at 37 °C for 1 and 2 h. The upper layer solution
(200 mL) was measured at 600 nm and denoted as A1. The
formula for calculating the auto-agglutination ability of L.
plantarum JB1 is shown below in eqn (2):

Auto-aggregation (%) = (1 − A1/A0) × 100% (2)

The surface properties of L. plantarum JB1 were determined
according to the method proposed by Xiao et al.14 Di-
methylbenzene (1 mL, non-polar solvent), ethyl acetate (1 mL,
electron donor), and trichloromethane (1 mL, electron acceptor)
were mixed with 3 mL of the bacterial suspension, respectively,
incubated at 37 °C for 20 min and the value of the aqueous
phase was measured at 600 nm, denoted as A2. The formula for
calculating the hydrophobicity of L. plantarum JB1 is shown
below in eqn (3):

Hydrophobicity (%) = (1 − A2/A0) × 100% (3)
2.8. Fourier transform infrared spectroscopy (FTIR) analysis
of L. plantarum JB1 surface properties

The post-stress bacterial cells were vacuum freeze-dried to
obtain bacterial powder. Under infrared light, the bacterial
powder (1–2 mg) was mixed with KBr, and the ratio of KBr to
sample is 100 : 1 (w : w), installed into a quartz grinder for
© 2026 The Author(s). Published by the Royal Society of Chemistry
grinding, and pressed into molds. Each sample was analyzed
with a Fourier transform infrared spectrometer (Nicolet iS10,
Thermo Fisher Scientic, Massachusetts, USA), with a detection
wavelength of 4000–400 cm−1, a resolution of 4 cm−1, and 64
scans.

2.9. Determination of enzyme activity of b-galactosidase and
L-lactate dehydrogenase (L-LDH) of L. plantarum JB1

Determination of the enzyme activity of b-galactosidase: the
post-stress bacterial cells (5 mL) were taken into a test tube and
broken by ice bath ultrasonic waves. The ultrasonic power is 200
W, the ultrasound lasts for 5 s, the gap is 5 s, and the frag-
mentation lasts for 30 min. The bacterial solution was centri-
fuged at 6000 rpm, 4 °C for 6 min to obtain the supernatant,
which is the crude enzyme solution. ONPG used as the enzyme
substrate, the colored product ONP (ortho-nitrophenol) gener-
ated was determined by the colorimetric method. Crude enzyme
solution (1 mL) and ONPG solution (1 mL, 10 mmol L−1) were
mixed and reacted in a 37 °C water bath for 30 min. Na2CO3 (2
mL, 1 mol L−1) was added into the reaction solution to termi-
nate the reaction, and the reaction solution absorbance was
measured at 420 nm. The standard curve of ONP was used to
calculate the concentration of ONP in the reaction solution.
Enzyme activity is dened as the production of 1 mmol ONP
from the decomposition of ONPG by 1 mL of enzyme solution at
37 °C for 1 min. The formula for calculating b-galactosidase
activity is shown below in eqn (4):

b-Galactosidase activity (U mL−1) = (X1 × 4)/(30 × 1000) (4)

X1: the concentration of ONP, 4 is the volume of the reaction
solution (4 mL), 30 is the reaction time (30 min), and 1000 is the
conversion unit.

The activity of L-LDH was detected with the L-lactate dehy-
drogenase activity detection kit (BC0680, Beijing Solarbio
Science & Technology Co., Ltd, Beijing). The enzyme activity
unit is dened as the catalytic production of 1 nmol pyruvate
per minute by every 10000 bacteria.15,16

2.10. Flow cytometry detection of L. plantarum JB1

SYTO 9 (5 mM mL−1) and PI (60 mM mL−1) were mixed in a 1 : 1
ratio in a centrifuge tube. A dye mixture (100 mL) was added to 1
mL of the post-stress bacterial suspension, which was incubated
at 37 °C in the dark for 20 min.17 The bacterial suspension was
washed twice with 0.9% NaCl and detected by ow cytometry
(Model CytoFLEX, Beckman Coulter Inc., California, USA). The
detailedow cytometry conguration is as follows: blue laser (488
nm/483 nm); detection channels FITC (503/40 nm), PE (585/42
nm). PI is excited by the 488 nm blue laser and detected in the PE
(585/42 nm) channel. SYTO 9 is excited by the 483 nm blue laser
and detected in the FITC (525/40 nm) channel.

2.11. Determination of cell membrane damage and cell wall
damage of L. plantarum JB1

2.11.1 Assessment of cell membrane damage. Cell
membrane damage was examined according to the method of
Sustainable Food Technol., 2026, 4, 310–322 | 313
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Golowczyc et al.18 with slight modications. 20 mL MRS
medium in the culture dish was replaced with 20 mL NaCl-MRS
medium containing 0.5 mol per L NaCl. The formula for eval-
uating cell membrane damage by calculating the bacterial loss
in the NaCl-MRS medium is shown below in eqn (5):

Bacterial loss rate in NaCl-MRS medium =

1 − (N3/N4) × 100% (5)

N3: the number of viable bacteria in NaCl-MRSmedium, N4: the
number of viable bacteria in MRS medium.

2.11.2 Assessment of cell wall damage. The method of
Gong et al.19 was used with slight modications. The 20mLMRS
medium in the culture dish was replaced with 20 mL lysozyme-
MRS medium containing 200 mg mL−1 of lysozyme, and the
viable bacteria were counted. The formula for evaluating the cell
wall damage by calculating the bacterial loss in the lysozyme-
MRS medium is shown below in eqn (6):

Bacterial cell loss rate in lysozyme-MRS medium =

1 − (N5/N6) × 100% (6)

N5: the number of viable bacteria in lysozyme-MRS medium,
N6: the number of viable bacteria in MRS medium.
2.12. Statistical analyses

All data are expressed as the mean values ± standard deviations
(SD). Statistical comparisons between different times were
performed with a one-way analysis of variance, followed by
Duncan's test at p < 0.05, using SPSS 25.0 soware (Statistical
Product and Service Solutions, USA). Drawing was performed
with Origin 2025 (OriginLab, USA). The number of parallel
samples for all measurement indicators is 3, repeated twice.
3. Results and discussion

The survival rate of L. plantarum JB1 was measured under acid
and oxidative stress aer different concentrations of PME pre-
stress (Fig. 1). Aer different stresses, the survival rate of each
group had similar trends. There was no signicant difference (p
> 0.05) between PME-30, PME-40, and PME-50 survival rates
within the 1 h of stress, while PME-0 and PME-20 survival rates
were signicantly lower than other groups (p < 0.05). It may be
that the low concentration of PME does not signicantly
improve the resistance of probiotics. However, with the increase
of PME concentration, there was no signicant difference
between the high concentration groups (PME-30, PME-40, and
PME-50), which may be that the ability of PME to improve the
resistance of probiotics reaches the maximum. As the duration
of stress was prolonged, the differences between different
concentrations gradually became signicant (p < 0.05). Aer 3 h
of stress treatment, the difference in survival rate among the
groups was the most obvious. There was no signicant differ-
ence in the survival rate of the high concentration group in the
short treatment time, but there was also a signicant difference
between the high concentration groups with the extension of
time. It may be that the high concentration of PME leads to
314 | Sustainable Food Technol., 2026, 4, 310–322
stress in the bacteria, which temporarily improves the resis-
tance. With the extension of stress time, the stress effect
decreases, and the survival rate will decline. Among all
concentrations of PME, PME-30 had the highest survival rate
under 3 h of acid and oxidative stress. However, PME-60 did not
grow, possibly due to the high concentration of PME, which
caused the culture medium to be too acidic and inhibited the
growth of L. plantarum JB1.20

Biolm formation index of L. plantarum JB1 was measured
under acid (Fig. 2A) and oxidative (Fig. 2B) stress aer different
concentrations of PME pre-stress. The biolm formation index
ability of PME-30 within 1 h of stress was signicantly higher
than those of other groups (p < 0.05), followed by PME-20 and
PME-40, and nally PME-0 and PME-50. As the duration of
stress was prolonged, PME-30 still had the highest biolm
formation ability. PME-30 with a concentration of 30 mg mL−1

PME was selected as the culture medium for the L. plantarum
JB1, and 3 h of acid and oxidative stress was used in subsequent
experiments.

In order to further verify the regulatory pathway of PME in
increasing the biolm, the AI-2 content of lactic acid bacteria
was measured under acid and oxidative stress (Fig. 3A). AI-2 is
an important substance in the mediated quorum sensing
system (QS) between bacterial cells, and its content is closely
related to the ability of bacterial cells to produce biolms.21 The
higher the AI-2 content, the stronger the ability of bacterial cells
to produce biolms. Fig. 3A shows the relative luminescence
intensity (RLI) of signal molecule AI-2 in L. plantarum JB1 under
acid and oxidative stress aer PME pre-stress. There was
a signicant difference (p < 0.05) in the activity of signal mole-
cule AI-2 of PME-0 and PME-30 between the CK group (without
stress). Aer acid and oxidative stress, the activity of signal
molecule AI-2 in L. plantarum JB1 was signicantly reduced (p <
0.05). The activity of signal molecule AI-2 in all groups of PME-
30 was signicantly higher than that in PME-0 (p < 0.05), and
oxidative stress resulted in a higher degree of signal molecule
reduction than acid stress. The results indicate that PME
cultivation facilitates the production of signal molecule AI-2 by
L. plantarum JB1 to promote biolm formation.21 The research
results of Gu et al.22 indicate that the decrease in AI-2 activity is
induced by the stress response of bacterial cells to acid and
oxidative stress, which is consistent with the results of this
study.

Probiotics need to adhere to and colonize in the host's
intestinal system before they can exert their probiotic proper-
ties. Auto-aggregation ability and surface hydrophobicity are
important indicators reecting the non-specic adhesion of
probiotics to the intestine. In order to further investigate the
effects of PME pre-stress on bacterial characteristics and the
non-specic adhesion of probiotics to the intestine, the auto-
aggregation of bacterial cells under acid and oxidative stress
was observed aer PME pre-stress (Fig. 3B). The auto-aggrega-
tion ability of PME-30 at 1 h and 2 h was signicantly higher
than that of PME-0 (p < 0.05). Aer acid and oxidative stress, the
auto-aggregation ability of the L. plantarum JB1 decreased
slightly (p < 0.05). Overall, the auto-aggregation ability of PME-
30 decreased slightly and was still signicantly higher than that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Biofilm formation index of L. plantarum JB1 under acid (A) and oxidative (B) stress after different concentrations of PME pre-stress. Note:
PME-60 biofilm formation index was omitted due to no growth of PME-60. Lowercase letters indicate significant differences (p < 0.05) between
different PME concentrations under the same stress time. Capital letters indicate significant differences (p < 0.05) between different stress times
at the same PME concentration.
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ofPME-0 (p < 0.05). Auto-aggregation ability refers to the ability
of bacterial cells to bind together and form cell aggregates,
which helps probiotics form biolms and adhere and colonize
in the host intestine.23 PME pre-stress could enhance the auto-
aggregation ability of the L. plantarum JB1 and improve its
intestinal adhesion ability.

Dimethylbenzene is used to represent the surface hydro-
phobicity of bacterial cells; ethyl acetate is used to indicate the
ability of bacterial cells to obtain electrons; trichloromethane is
used to represent the electron-supplying ability of bacterial
cells.24,25 As shown in Table 1, aer acid stress, the affinity of
PME-0 and PME-30 for dimethylbenzene increased, while their
© 2026 The Author(s). Published by the Royal Society of Chemistry
affinity for ethyl acetate and trichloromethane decreased. This
indicates that the hydrophobicity of L. plantarum JB1 has been
improved, but its ability to obtain/supply electrons has
decreased. Aer oxidative stress, the affinity of PME-0 and PME-
30 for dimethylbenzene, ethyl acetate, and trichloromethane
was signicantly increased (p < 0.05), indicating that the
hydrophobicity and electron-obtaining/-supplying ability of the
cells were improved. Compared with PME-0 and PME-30, as well
as aer acid and oxidative stress, the affinity of PME-30 for di-
methylbenzene and trichloromethane was signicantly lower
than that of PME-0 (p < 0.05), while its affinity for ethyl acetate
was higher than that of PME-0, indicating that PME pre-stress
Sustainable Food Technol., 2026, 4, 310–322 | 315
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Fig. 3 Relative luminescence intensity (A) and auto-aggregation ability (B) of L. plantarum JB1 under acid and oxidative stress after PME pre-
stress. Note: lowercase letters indicate significant differences (p < 0.05) between different PME concentrations under the same stress. Capital
letters indicate significant differences (p < 0.05) between different stresses at the same PME concentration.
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did not improve the hydrophobicity and electron supplying
ability of the cells, but increased their electron obtaining ability.
It could be seen that L. plantarum JB1 has certain hydropho-
bicity and electron-accepting ability, and its electron-accepting
ability is much greater than its electron-supplying ability.
Surface hydrophobicity refers to the unstable state of bacteria in
polar water, which leads to the rearrangement of bacterial cells.
It is related to the surface proteins, phospholipids, carbohy-
drate compounds, biolm and other structures of bacterial
316 | Sustainable Food Technol., 2026, 4, 310–322
cells, mainly involving electrostatic interactions and hydro-
phobic forces. Strong surface hydrophobicity also helped
bacterial cells adhere and colonize on the surface of the host's
intestine. Previously, Wang et al.26 found that protein
substances have the ability to enhance the surface hydropho-
bicity of bacterial cells, while polysaccharide substances have
the ability to enhance the surface hydrophilicity of bacterial
cells. Therefore, it could be inferred that PME pre-stress may
change the surface hydrophobicity of bacterial cells by altering
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Surface properties of L. plantarum JB1 under acid and oxidative stress after PME pre-stressa

Dimethylbenzene Ethyl acetate Trichloromethane

Control group (CK) PME-0 2.05 � 0.31aC 12.58 � 0.31bB 5.12 � 0.34aB

PME-30 1.12 � 0.42bC 14.02 � 0.56aB 3.67 � 0.33bB

Acid stress PME-0 4.33 � 0.37aB 7.72 � 0.17bC 4.99 � 0.36aB

PME-30 1.68 � 0.36bB 13.13 � 0.61aC 1.77 � 0.19bC

Oxidative stress PME-0 5.14 � 0.35aA 25.15 � 0.17aA 10.76 � 0.38aA

PME-30 2.36 � 0.35bA 23.54 � 0.24bA 7.26 � 0.19bA

a Lowercase letters represent the same surface characteristics, and there are signicant differences (p < 0.05) between different PME concentrations
under the same stress. Capital letters represent the same surface characteristics, and there are signicant differences (p < 0.05) between different
stresses under the same PME concentration.
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the protein or polysaccharide composition of bacterial surfaces
and biolms.27

FT-IR can measure changes in specic functional bonds to
determine changes in the interactions between polysaccharides
and proteins on the surface of bacterial cells. In order to further
understand the changes in the surface properties of L. planta-
rum JB1, FT-IR was used to characterize the surface properties of
Fig. 4 FT-IR of L. plantarum JB1 under acid and oxidative stress after P

© 2026 The Author(s). Published by the Royal Society of Chemistry
L. plantarum JB1. The FT-IR results are shown in Fig. 4, and the
peak values of each segment correspond to specic compo-
nents, for example: 3100–2800 cm−1 composed of the func-
tional group CH3, CH2, CH is the characteristic peak generated
by the main stretching vibration, usually corresponding to the
fatty acid composition of cell membranes; 1800–1500 cm−1

corresponding to the characteristic peaks generated by the
ME pre-stress.

Sustainable Food Technol., 2026, 4, 310–322 | 317
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amide I and amide II bands of proteins and peptides; 1500–
1200 cm−1 corresponding to the mixed region, which contains
stretching vibrations of proteins, fatty acids, and phosphate
compounds; the characteristic peak of 1200–900 cm−1 mainly
reecting the composition of carbohydrates in the cell wall.28,29

The peaks of PME-30 in all characteristic regions were more
tortuous than PME-0, indicating that PME altered the compo-
sition of fatty acids, proteins, and carbohydrates in the bacterial
cells, thereby changing the surface properties of the bacterial
cells. The CK-PME-0 showed signicant changes in the char-
acteristic peaks at 1800–1500 cm−1, 1100–1200 cm−1, and 1100–
900 cm−1 aer acid and oxidative stress, indicating that the
damage caused by acid and oxidative stress to the bacterial cells
was mainly on the surface proteins and polysaccharides.
Compared with acid and oxidative stress, there were signicant
differences in the characteristic peaks of CK-PME-30 at 1800–
1500 cm−1 and 1500–1200 cm−1, while there was no signicant
difference at 1200–900 cm−1. This indicates that PME mainly
improves the resistance of bacterial cells to acid and oxidative
stress by changing the composition of polysaccharides. In the
wavelength range of 1200–900 cm−1, there are signicant
differences between PME-30 and PME-0. However, aer acid
stress and oxidative stress, there is no signicant difference in
the PME-30 spectrum, while the PME-0 spectrum showed
signicant changes. This further indicated that PME pre-stress
mainly improved the stability of bacterial polysaccharides
under acid and oxidative stress, thereby enhancing the resis-
tance of bacterial cells to acid and oxidative stress.

In order to further investigate the effect of PME pre-stress on
bacterial activity, the enzyme activity of b-galactosidase and L-
LDH of L. plantarum JB1 was measured under acid and oxidative
Fig. 5 Enzyme activity of b-galactosidase and L-LDH of L. plantarum JB1
letters indicate significant differences (p < 0.05) between different PME
Capital letters indicate significant differences (p < 0.05) between differen

318 | Sustainable Food Technol., 2026, 4, 310–322
stress aer PME pre-stress (Fig. 5). b-Galactosidase is a key
enzyme for lactic acid bacteria to utilize carbon sources, and its
activity reects the physiological activity and fermentation
capacity of the bacterial strain.30 Fig. 5 shows the changes in
enzyme activity of b-galactosidase of L. plantarum JB1 under
acid and oxidative stress aer PME pre-stress. Aer acid stress,
the enzyme activity of PME-0 decreased by 0.73 U, while the
enzyme activity of PME-30 bacteria increased by 0.51 U. Aer
oxidative stress, the enzyme activity signicantly decreased (p <
0.05), and the enzyme activity of PME-0 and PME-30 decreased
by 1.32 U and 0.88 U, respectively. Aer stress treatment, the
enzyme activity of PME-30 was signicantly higher than that of
PME-0 (p < 0.05). In the CK group (without stress), the enzyme
activity of PME-30 was signicantly higher than that of PME-0 (p
< 0.05). The above results indicate that PME pre-stress could
directly increase the enzyme activity of b-galactosidase of L.
plantarum JB1 and indirectly improve the physiological activity
of L. plantarum JB1 to ensure its activity under acid and oxida-
tive stress and improve its resistance.

L-LDH is a key enzyme in the glycolysis pathway that cata-
lyzes the conversion of lactate to pyruvate. The activity of this
enzyme directly affects the metabolic capacity of bacterial
strains, with higher L-LDH activity leading to stronger metabolic
capacity.31 As shown in Fig. 5, enzyme activity signicantly
decreased under acid and oxidative stress (p < 0.05). The enzyme
activity of PME-0 decreased by 2.26 U and 5.01 U, while that of
PME-30 decreased by 1.38 U and 2.25 U, respectively. This
indicates that both acid and oxidative stress have adverse effects
on enzyme activity, with oxidative stress having a greater
adverse effect on enzyme activity. The enzyme activity of PME-30
in the CK group (without stress) and aer acid and oxidative
under acid and oxidative stress after PME pre-stress. Note: lowercase
concentrations under the same enzyme activity and stress condition.
t stresses under the same enzyme activity and PME concentration.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stress was signicantly higher than that of PME-0 (p < 0.05),
indicating that PME pre-stress could improve the enzyme
activity of L-LDH of L. plantarum JB1 and maintain it in adverse
environments, thereby enhancing their resistance to acid and
oxidative stress.

In order to investigate the damage of L. plantarum JB1 under
acid and oxidative stress aer PME pre-stress, the integrity of
the cell membrane of L. plantarum JB1 was detected using
Fig. 6 Flow cytometry detection (A), cell membrane/wall damage (B) of
Note: lowercase letters represent the same damage, and there are signific
the same stress. Capital letters represent the same damage, and there are
same PME concentration.

© 2026 The Author(s). Published by the Royal Society of Chemistry
a uorescent probe. SYTO-9 can penetrate bacteria with intact
cell membranes and stain them green, while PI can only pene-
trate bacteria with damaged cell membranes and stain them
red. The integrity of the cell membrane of L. plantarum JB1 can
be determined by using SYTO-9 and PI. As shown in Fig. 6A, the
bacterial red uorescence intensity of PME-0 and PME-30 in the
CK group (without stress) was the lowest, accounting for 21.7%
and 21.1%, respectively, indicating that PME pre-stress did not
L. plantarum JB1 under acid and oxidative stress after PME pre-stress.
ant differences (p < 0.05) between different PME concentrations under
significant differences (p < 0.05) between different stresses under the
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have a signicant effect on the cell membrane integrity of L.
plantarum JB1. Aer 3 h acid stress, the proportion of red
uorescent labeled bacteria in PME-0 and PME-30 was 27.5%
and 24.5%, respectively. Aer 3 h oxidative stress, the propor-
tion of red uorescent labeled dead bacteria in PME-0 and PME-
30 was 30.5% and 26.0%, respectively. Compared with all
groups of PME-0, the increase in red uorescence of PME-30
bacteria was alleviated, and the damage to the cell membrane
was signicantly reduced. The bacteria, aer PME pre-stress,
did indeed alleviate the cell membrane damage caused by acid
and oxidative stress, which is one of the reasons why the
bacterial cells improved their resistance to acid and oxidative
stress.

When the cell membrane is damaged, the permeability of
the cell membrane increases, and Na+ and Cl− will enter the
interior of the cell through the cell membrane, causing an
increase in osmotic pressure inside the bacterial body, thereby
inhibiting bacterial growth and reproduction, ultimately
leading to cell death. The higher the rate of bacterial loss, the
more severe the damage to the cell membrane.32 Fig. 6B shows
the changes in bacterial loss rate of L. plantarum JB1 on NaCl-
MRS solid medium aer PME pre-stress under acid and oxida-
tive stress. The loss rate of bacteria aer acid and oxidative
stress signicantly increased (p < 0.05), and the loss rate of PME-
0 bacteria increased to 10.93% and 22.64%, respectively; the
bacterial loss rates of PME-30 increased to 5.97% and 20.41%,
respectively. The experimental results indicated that both acid
and oxidative stress caused damage to bacterial cell
membranes, with oxidative stress causing greater damage.
There was no signicant difference (p < 0.05) in the bacterial
loss rate of PME-0 and PME-30 between the CK group (without
stress) and the oxidative stress group, indicating that PME pre-
stress cannot protect the cell membrane. Aer acid stress, the
bacterial loss rate of PME-30 was signicantly lower than the
PME-0 (p < 0.05), indicating that PME pre-stress could prevent
sodium and chloride ions from entering the interior of the
bacterial cells, thereby better maintaining the integrity of the
cell membrane and protecting the bacterial cells, maintaining
their activity under acid stress.

Strains with damaged cell walls exhibit increased sensitivity
to lysozyme. Lysozyme at sublethal concentrations can inhibit
the synthesis of peptidoglycans, thereby preventing cell wall
repair and ultimately leading to cell death. Similar to the
bacterial loss rate of the cell membrane, the higher the bacterial
loss rate, the more severe the cell wall damage.33 Fig. 6B shows
the changes in the bacterial loss rate of L. plantarum JB1 on
lysozyme-MRS solid medium aer PME pre-stress under acid
and oxidative stress. The bacterial loss rate signicantly
increased aer acid and oxidative stress (p < 0.05), and the
bacterial loss rate of PME-0 increased to 14.45% and 26.37%,
respectively; the bacterial loss rate of PME-30 increased to
4.80% and 20.19%, respectively. The experimental results
indicated that both acid and oxidative stress caused damage to
bacterial cell walls, with oxidative stress causing greater
damage.34 The bacterial loss rate of PME-30 in the CK group
(without stress), acid stress group and oxidative stress group
was signicantly lower than that of PME-0 (p < 0.05). PME pre-
320 | Sustainable Food Technol., 2026, 4, 310–322
stress could improve the integrity of the bacterial cell wall. Bi-
olm is an important protective barrier for lactobacilli,26 so
PME pre-stress may protect bacteria and reduce cell wall
damage by increasing the synthesis of biolm (Fig. 2).
4. Conclusions

In order to meet the sustainability challenges of energy inten-
sive processing and loss of probiotic activity in the food
fermentation system, this study used Prunus mume extract
(PME), a renewable agricultural by-product, to explore its role in
improving the stress resistance of L. plantarum JB1. The results
showed that PME pretreatment promoted biolm formation by
activating AI-2 signaling, enhanced the activities of b-galacto-
sidase and L-LDH to maintain metabolic homeostasis under
stress, and reduced acid and oxidative stress damage by regu-
lating cell surface polysaccharides, which signicantly
increased the survival rate of the strain under acid stress by
21.08%.

This work distinguishes itself from existing probiotic stabi-
lisation strategies by moving beyond mere outcome-based
protection to a mechanism-driven, pre-adaptation approach.
Unlike energy-intensive physical methods or the addition of
synthetic chemicals, our strategy leverages a natural, renewable
by-product to intrinsically enhance the probiotic's own stress
resistance through physiological pathways. This mechanism
reduces the dependence on synthetic preservatives and high
energy consumption stabilization technologies (such as deep
freezing or frequent pH adjustment). This achieves stabilisation
in a way that is both clean-label and energy-efficient.

The study further found that the improvement effect of PME
on acid stress was better than that of oxidative stress, suggest-
ing that PME has more application potential in low pH fer-
mented foods (such as pickles and yogurt). It is important to
acknowledge that this study was conducted in a laboratory
model system. Future research should focus on validating these
protective effects in real food fermentation and under storage
conditions, and exploring the efficacy of PME across a broader
spectrum of probiotic species to assess its universal applica-
bility. Furthermore, the economic feasibility of large-scale PME
extraction and integration into industrial processes warrants
thorough investigation.

This study provides a new strategy for the development of
clean and low-energy sustainable food production technology
and promotes the coordinated development of high-value
utilization of agricultural by-products and green food
manufacturing.
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