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ABSTRACT: Acetic acid bacteria and lactic acid bacteria are core microbial components in traditional Chinese
vinegar brewing, where biofilm-associated microflora form unique and stress-resilient consortia. This study explored
bacterial adaptive responses and biofilm development in bicultures of Acetobacter pasteurianus with individual
Lactobacillus strains. Across all bi-cultures, 4. pasteurianus exhibited a competitive dominance over Lactobacillus
strains. Notably, co-cultivation of A. pasteurianus with L. plantarum markedly promoted biofilm formation,
independent of autoinducer-2 signaling. Transcriptomic and metabolomic analyses revealed that both strains employed
effective acid-resistance strategies. However, A. pasteurianus prioritized energy generation and intracellular redox
balance, whereas L. plantarum enhanced biosynthesis of cellular building blocks. Complementary pathways, including
those involved in lactic acid, sorbose/sorbitol, and galactose/galactitol metabolism, facilitated interspecific mutual
adaptation. These regulations, together with increased production/export of lipopolysaccharides, lipoproteins, organic
acids, amino acids and nucleotides, as well as the activated quorum sensing and biofilm pathways in A. pasteurianus,
collectively reinforced the co-cultured biofilm development. Further, A. pasteurianus-L. plantarum co-fermentation
significantly improved acid production and antioxidant activity of vinegar. This study provides insights into the
regulatory mechanisms for the dominance of 4. pasteurianus over L. plantarum and the enhanced biofilm formation in
their co-culture, offering implications for optimizing their application in vinegar fermentations.

Keywords: Acetobacter pasteurianus; Lactobacillus; Biofilm; Multi-omics; Vinegar fermentation

1. Introduction

Biofilm are structured communities of bacteria embedded within a self-produced extracellular matrix
composed of proteins, extracellular polysaccharides (EPS), lipids, bacteriocins, low-molecular-mass solutes,
and nucleic acids released from lysed cells!!!. Following the initial attachment of planktonic cells to a solid
surface, EPS-mediated physical adhesion initiates biofilm development, a process tightly regulated by quorum
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sensing (QS), a cell-to-cell communication mechanism that monitors population density to coordinate gene
expression'?). QS regulates various physiological processes, including virulence factor secretion, sporulation,
and DNA uptake competence!®!. Nevertheless, biofilm formation is influenced by multiple factors beyond QS.
For example, hydrolases, pantothenate kinase, non-coding small RNAs, and metabolic pathways such as
bacterial chemotaxis, porphyrin—chlorophyll metabolism, and sulfur metabolism have been implicated in
modulating biofilm formation in Salmonella enteritidis and Streptococcus mutanst*).

While biofilms preferentially form as bacteria grow on solid surfaces, their development is often driven
by defense against environmental stresses, colonization of favorable niches, and the collective benefits of
community living. Indeed, this communal lifestyle represents one of the most successful survival strategies in
diverse environments!®”). Interspecies microbial interactions often promote biofilm formation and stability,
improving the coexistence of the community. For instance, Enterococcus biofilms can facilitate the
attachment of Campylobacter jejuni'®!. Compared to monospecies biofilms, multispecies biofilms are
generally more robust and resilient, contributing to microbial persistence under harsh conditions, and thus can
be important for microbial vitality in microecological system'®). Since biofilm dynamics can promote the
dissemination of pathogens and spoilage microorganisms by providing a stable and protective niche, it is of
particular importance to develop strategies that reduce biofilm resistance or effectively control its formation.

Traditional Chinese vinegar are typically produced in static and open systems, starting from solid
biomaterials and proceeding through complex interactions between microbial communities and their
environments. During fermentation, extensive biochemical transformations occur, generating diverse
compound profiles that define the flavor and functional characteristics of the final products. While the nutrient
competition and stress adaptation drive microbial antagonism, mutualistic interactions foster symbiosis within

[10-11 " Dye to the hydrophobic nature of raw materials and low-shear static conditions, the

the community
vinegar fermentation environment favors microbial adhesion and biofilm formation, which enhance microbial
persistence and functional performance during fermentation.

Acetic acid bacteria (AAB) and lactic acid bacteria (LAB) constitute the dominant bacteria in
traditional Chinese vinegar fermentation!!>!3]. AAB are the key functional bacteria that oxidize ethanol to
acetic acid, creating a strong acidic environment stressful to other microbes. In a solid-state fermentation of
cereal vinegar with Lactobacillus helveticus CGMCC 12062 and Acetobacter pasteurianus CGMCC 3089!!4],
carbohydrate, amino acid, purine, and pyrimidine metabolism were downregulated in L. helveticus but
upregulated in 4. pasteurianus compared with mono-cultures. LAB biofilms have been well characterized
for their enhanced stress resistance!'>], and increasing evidence has revealed complex regulatory mechanisms
underlying biofilm formation U671l For example, 1,051 genes involved in pyrimidine and glycerol
metabolism, amino acid biosynthesis, extracellular enzyme production, and stress responses were
differentially expressed between planktonic and biofilm cells of Lactobacillus plantarum J26!'8). However,

the mechanisms underlying biofilm formation in AAB remain largely unclear, although lactic acid has been

reported to induce biofilm formation in A. pasteurianus'®!. LAB are capable of forming mixed-species



Y.Hu et al. / Food Science and Human Wellness 17 (2028)

biofilms with other functional microbes that assist in fermentation processes. For instance, L. plantarum
ML11-11 and Saccharomyces cerevisiae can establish direct cell-cell contact to form a robust mixed-species
biofilm under static co-culture conditions?*2!]. The complementary properties of these two microorganisms
enhance biofilm formation: LAB secrete enzymes that produce low-molecular-weight nutrients for yeast,
while yeast catalase protects LAB from oxidative stress!!®!. The formation and regulation of mixed biofilms
between AAB and LAB during vinegar fermentation remain largely unknown.

Furthermore, co-fermentation with L. plantarum can accelerate fermentation kinetics through metabolic
complementation, balance substrate consumption via metabolite cross-feeding, promote the synthesis of
characteristic flavor compounds, and reduce the accumulation of off-flavor substances??. Biofilm formation
can also change organic acid composition such as malic acid, thus influencing fermented food quality'**!.
Previous studies confirmed that adding L. plantarum during fruit vinegar fermentation significantly improves

el?*27] Lactic acid produced by L. plantarum not only improves vinegar quality directly but can

flavor and tast
also be converted into acetoin by 4. pasteurianus, jointly enhancing the overall quality of vinegar'?®l. The
regulation of mixed biofilms may reshape microbial metabolism, alter metabolite profiles, and ultimately
affect vinegar flavor and quality. Elucidating such mechanisms will help reveal microbial community
behavior and provide a basis for optimizing vinegar fermentation.

In this study, L. plantarum, L. casei, and L. fermentum were compared for their ability to promote
mixed-species biofilm formation with A. pasteurianus 141. The role of autoinducer-2 (AI-2), a QS signaling
molecule, in biofilm formation was specifically investigated. Transcriptomic and metabolomic analyses
were performed to compare gene expression and metabolite profiles between biofilm cells of L. plantarum
and A. pasteurianus in co-culture and monoculture. In addition, the effects of L. plantarum-A. pasteurianus
co-fermentation on vinegar characteristics were evaluated. This study provides new insights into the

regulatory mechanisms of enhanced biofilm formation in the co-culture of L. plantarum and A. pasteurianus,

as well as a practical basis for improving vinegar production in the fermentation industry.

2. Materials and methods

2.1 Bacterial strains

L. plantarum, L. casei and L. fermentum were cultured in de Man—Rogosa—Sharpe (MRS) medium at
37°C. A. pasteurianus 141 was grown in GY medium containing 2% (w/v) glucose and 2% (w/v) yeast extract
at 30°C. Vibrio harveyi BB170 was cultivated in autoinducer bioassay (AB) medium at 30°C!?), The bacterial
concentration was determined at an optical density of 600 nm (ODsoo) using a spectrophotometer (UV1601,
Ruili, China).

2.2 Biofilm quantification

Lactobacillus strains and A. pasteurianus were precultured for 24 h and then diluted in their respective
media (ethanol was added when needed) to approximately 1 x 107 colony-forming units per milliliter

(CFU/mL). For mono-cultures, 200 pL bacterial suspension was added per well in a 96-well plate. For
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co-cultures, 100 pL 4. pasteurianus and 100 pL Lactobacillus strain were combined per well, following a
previously described method™’. The cultures were were statically cultured at 30 °C. At designated time points
(24 h, 48 h, and 72 h), the supernatants were collected to measure planktonic cell density at 600 nm. The wells
were then gently washed three times with 200 pL of sterile normal saline to remove non-adherent cells.
Biofilm biomass was quantified using the crystal violet staining assay, and absorbance was measured at 590

nmb3!,
2.3 Cells counting

Bacterial suspensions were collected, serially diluted up to 10’-fold with sterile normal saline, and
spread onto agar plates. Plates were incubated at 30°C for enumeration of planktonic cells. After rinsing the
wells with normal saline, a sterile cotton swab was used to collect the attached biofilm cells, which were
then transferred into sterile tubes containing 200 pL of normal saline. The tubes were vortexed for 30 s to
disperse the cells. The suspensions were diluted and plated on MRS agar for CFU determination. Colonies
with milky-white and dark-yellow morphology were identified as Lactobacillus strains and A. pasteurianus,

respectively.
2.4 Microscopic observation

Biofilms were formed on glass slides placed in 6-well polystyrene microtiter plates. After incubation for
72 h, the slides were rinsed three times with normal saline. Gram stained biofilms were observed under a light
microscope equipped with a 100 oil immersion objective (Nikon MM600, Tokyo, Japan).

For scanning electron microscopy (SEM) analysis, samples were fixed in 2.5% (w/v) glutaraldehyde at
room temperature for 4 h, rinsed three times with phosphate buffer (15 min each), and dehydrated through a
graded ethanol series (50%, 60%, 70%, 80%, 90%, 95%, and 100%, 10 min each). The samples were then
critical-point dried with CO2, mounted on aluminum stubs using carbon adhesive tabs, and sputter-coated with
silver and palladium. Imaging was performed with a SEM (JEOL JSM-6390LYV, Tokyo, Japan) at 5 kV.

For viability assessment, slides were stained according to the manufacturer’s instructions using the
Live/Dead™ BacLight™ Bacterial Viability Kit (Thermo Fisher Scientific, USA). SYTO9, a green
fluorescent nucleic acid dye, stains live bacteria with intact membranes, while propidium iodide (PI), a red
fluorescent nucleic acid dye, stains dead or membrane-compromised bacteria. Stained slides were examined
using a confocal laser scanning microscope (CLSM; Leica SP8, Leica, Germany) equipped with a 63% oil
immersion objective. Excitation wavelengths of 488 nm and 552 nm were used to visualize SYTO9 and PI

fluorescence, respectively[*2),
2.5 Detection of AI-2 activity

Al-2 activity was measured using V. harveyi BB170 as the reporter strain, following the method in a
previous report!®¥l. Briefly, overnight culture of BB170 was diluted 1:5000 in fresh AB medium to prepare

the assay solution. Cell-free supernatant from BB170 and AB medium alone were used as positive and
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negative controls, respectively. Sample cell-free supernatants were mixed with the assay solution at a 1:100
(v/v) ratio and incubated at 30°C with gentle shaking. Fluorescence was measured using a multilabel plate
reader (Varioskan LUX, Thermo Scientific, USA), and relative fluorescence intensity was calculated with
reference to the minimum fluorescence of the negative control. Artificially synthesized AI-2 (stored in the
laboratory) was added to the medium at a final concentration of 60 puM. D-galactose (Shanghai

Pharmaceutical Group Co., Ltd., Shanghai, China) was used at a final concentration of 0.2 M[*4,
2.6 Metabolomic measurement

After cultivation with 6% initial ethanol for 72 h, biofilm cells were collected into a 2 mL centrifuge
tube, washed 3 times with distilled water, and vortexed together with 100 mg glass bead and 1000 puL 50%
methanol water (4°C) for 30 s. After freezing in liquid nitrogen for 5 min, the sample was ground twice at 55
Hz for 2 min in a grinder (MB-96, Zhejiang Meibi Experiment Equipment Co., Ltd., Zhejiang, China). The
mixture was centrifuged for 10 min (12,000 rpm and 4°C), and the supernatant was dried. The powder was
redissolved with 2-amino-3-(2-chloro-phenyl)-propionic acid (4 ppm) solution prepared with 50% methanol
water, and filtered through 0.22 pm membrane.

Liquid chromatography (Vanquish UHPLC System (Thermo Fisher Scientific, USA) - mass
spectrometer (LTQ-OrbiTrap 120, Thermo Fisher Scientific, USA) (LC-MS) detection was performed to
identify metabolites in Shanghai Personalbio Technology Co., Ltd (Shanghai, China). Chromatography was
carried out with an ACQUITY UPLC® HSS T3 (150 x 2.1 mm, 1.8 um) (Waters, Milford, MA, USA). The
column was maintained at 40°C. The flow rate and injection volume were set at 0.25 mL/min and 2 pL,
respectively. For LC-ESI (+)-MS, the mobile phases consisted of (A) 0.1% formic acid in acetonitrile (v/v)
and (B) 0.1% formic acid. Separation was conducted as follows: O~1 min, 2% A; 1~9 min, 2%~50% A;
9~12 min, 50%~98% A; 12~13.5 min, 98% A; 13.5~14 min, 98%~2% A; 14~20 min, 2% A. For LC-ESI
(-)-MS, acetonitrile (C) and ammonium formate (SmM) (D) were used as follows: 0~1 min, 2% C; 1~9 min,
2%~50% C; 9~12 min, 50%~98% C; 12~13.5 min, 98% C; 13.5~14 min, 98%~2% C; 14~17 min, 2% C.
The following parameters were used: sheath gas pressure, 30 arb; aux gas flow, 10 arb; spray voltage, 3.50
kV and -2.50 kV for ESI(+) and ESI(-), respectively; capillary temperature, 325°C; MS1 range, m/z
100-1000; MS1 resolving power, 60,000 FWHM; number of data dependant scans per cycle, 4; MS/MS

resolving power, 15,000 FWHM; normalized collision energy, 30%; dynamic exclusion time, automatic.
2.7 Transcriptomic sequencing

Biofilm cells were gently washed 3 times with sterile PBS (pH 7.2) prepared with DEPC water. Then, 1
mL of PBS-DEPC was added, and suspended cells were transferred to a centrifuge tube. After centrifugation
at 4°C for 10 min, PBS was discarded, and precipitated cells were quickly frozen in liquid nitrogen.

Total RNA was extracted using TRIzol Reagent /RNeasy Mini Kit (Invitrogen, CA). The genomic DNA
was digested using DNase I (TaKara, Kyoto, Japan). RNA quality was determined using an Agilent 2100
bioanalyzer (Agilent, Palo Alto) and quantified using an ND-2000 (NanoDrop Technologies, Thermo
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Electron Corporation, NY). The rRNA was depleted from total RNA using Pan-ribo-pools Kit (Beijing
Foreverstar Biotech Co., Ltd., Beijing, China). One microgram RNA was used for library preparation. Briefly,
RNA was fragmented and the first strand cDNA was synthesized using ProtoScript II Reverse Transcriptase
(Invitrogen, CA) with random hexamers. The double-strand cDNA was synthesized using the SuperScrip
Double-Strand ¢cDNA Synthesis kit (Invitrogen, CA). The DNA was purified and treated with End Prep
Enzyme Mix (New England BioLabs, MA, USA) to repair both ends and add a dA-tailing, followed by a T-A
ligation to add adaptors to the ends. Adaptor-ligated DNA fragments of about 400 bp were recovered. The
dUTP-marked second strand was digested with Uracil-Specific Excision Reagent enzyme (New England
BioLabs, MA, USA). The amplified DNA products of each sample were cleaned up, validated using an
Qsep100 (Bioptic, Taiwan, China), and quantified by Qubit3.0 Fluorometer (Invitrogen, Carlsbad, CA, USA).
Sequencing was performed on Illumina Hiseq 2500 platform (Suzhou Genewiz Biotechnology Co., Ltd.,

Suzhou, China).
2.8 Data processing and analysis

In metabolomics, raw data were converted using MSConvert in the ProteoWizard R package (v3.0.8789)
and processed with XCMS[*%!, Metabolite identification was based on accurate mass (< 30 ppm) and MS/MS
data using the HMDB (http://www.hmdb.ca)*®, MassBank (http://www.massbank.jp)i*”), LipidMaps
(http://www.lipidmaps.org)®®], mzCloud (https://www.mzcloud.org)® and KEGG databases (Kyoto
Encyclopedia of Genes and Genomes) (http://www.genome.jp/kegg/)*°!. After normalization using quality
control-based random forest correction (QC-RFSC)™*!l, ion peaks with relative standard deviations (RSDs)
less than 30% in quality control samples were retained. Metabolites with p < 0.05 and |logz fold-change| > 1
were considered significantly differential.

In transcriptomics, raw reads were trimmed using Cutadapt (v1.9.1)*?! to remove adapters, sequences
shorter than 20 bp, low-quality bases (Q < 20) at the 5’ or 3’ ends, and reads containing N. Clean reads were
aligned to reference genomes using Hisat2 (v2.0.1)[**!. The genome of 4. pasteurianus 141 was obtained from
a previous study!**, and the genome of L. plantarum is available in GenBank (CP020816.1). Gene expression
levels were quantified as transcripts per million (TPM) using HTSeq (v0.6.1)*]. Genes with false discovery
rate (FDR)-adjusted p < 0.05 and |log: fold-change| > 1 were defined as differentially expressed genes
(DEGs).

Metabolomic pathways were annotated using the KEGG database via MetaboAnalyst 5.0
(http://www.metaboanalyst.ca/)*®).  KEGG  enrichment of DEGs was analyzed online
(https://www.omicshare.com/), and Gene Set Enrichment Analysis (GSEA) was performed referencing
KEGG pathways (https://cloud.oebiotech.cn/task/)*’!. Multivariate statistical analyses included principal
component analysis (PCA) using R 4.4.1 and two-way orthogonal partial least squares discriminant analysis
(O2PLS-DA) using SIMCA 14.1 (32-bit) with thresholds P < 0.05 and VIP > 1. Linear discriminant analysis
effect size (LEfSe, LDA > 2.5) and random forest analyses were conducted online

(https://bioincloud.tech/task-meta). Visualization of data including heat maps, volcano plots, venn diagrams,
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and hierarchical clustering analysis (HCA) based on Euclidean distance were created online
(https://cloud.metware.cn). For network analysis, metabolite-associated proteins were retrieved using the
KEGGREST package in R. Protein—protein interactions were obtained from STRING
(https://cn.string-db.org/) with default parameters. Networks were constructed using NetworkAnalyst 3.0

(https://www.networkanalyst.ca)*® and visualized using!*’!.

2.9 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)

After synthesis of cDNA with ProtoScript II Reverse Transcriptase (Invitrogen, CA) and random
hexamers, the expressions of pfs (encoding adenosylhomocysteine nucleosidase), /uxS
(S-ribosylhomocysteinase) and /uxR (receptor of Al-2) were verified on an ABI prism 7300 Real-Time PCR
system (Applied Biosystem, CA, USA) using the ChamQ SYBR Color qPCR Master Mix (Nanjing
Nuoweizan Biotechnology Co., Ltd, Nanjing, China). gyrB was used as the internal control. The primers were

listed in Table S1.
2.10 Manipulation of solid-state vinegar

Glutinous rice (10 kg) was soaked for 10 h, drained, and then cooked for 20 min. The cooked glutinous
rice was inoculated with 2.0 mL of a-amylase (activity >80,000 U/mL, Jiangsu Boli Biological Products Co.,
Ltd., Wuxi, China) and incubated at a temperature above 85°C for 30 min. The mixture was then turned over to
cool down to 60°C, followed by the addition of 4 mL of glucoamylase (activity >200,000 U/mL, Jiangsu Boli
Biological Products Co., Ltd., Wuxi, China), and the incubation was continued at 60°C for 0.5 h. Subsequently,
the mixture was transferred into a pottery pot and allowed to cool naturally to room temperature
(approximately 28°C). Overnight-cultivated S. cerevisiae was thoroughly mixed with the mash to initiate
alcoholic fermentation for 2 days. For acetic acid fermentation (AAF), bran (12 kg), rice husk (14 kg) and
bacterial seed suspension (1.2 L) were added to the mash and mixed well. For preparation of bacterial seeds,
the cultures were centrifuged and resuspended in sterile water to achieve a considerable viable bacteria count
(1 x 10° CFU/mL) for both the single 4. pasteurianus seed suspension and the mixed seed suspension of L.
plantarum and A. pasteurianus. L. plantarum and A. pasteurianus were present at an equal ratio in their
mixture. The mash was turned over daily during the fermentation. After 18 days of fermentation, the pottery
pot was sealed, and the fermentation was continued for an additional 20 days. Finally, 45 kg of water was

added to the fermented mash for vinegar leaching.

2.11 Determination of organic acids, total polyphenols (TP) and total flavonoids (TF) and antioxidant

activity

Vinegar samples were centrifuged at 7000 rpm for 10 min, and the resulting supernatants were filtered
through a 0.22 um membrane filter prior to subsequent determinations. The total acid content was quantified
as acetic acid equivalents in accordance with the national standard GB/T 5009.41-20035%!. Organic acid

profiles were analyzed by HPLC (Waters 1515, Waters Co., Milford, MA, USA) equipped with a YMC-Pack
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ODS-AM Cis column (250 mm x 4.6 mm, 5 pm; YMC Co., Tokyo, Japan). The analytical procedure was
performed as described previously®!l,

Gallic acid and rutin were used as the standard reference compounds for the preparation of calibration
curves for the determination of TP and TF , with distilled water serving as the blank control. The antioxidant
activity of the samples was evaluated via 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging and
ABTS radical cation scavenging assays. All all operations were conducted following the method reported

previously®!l.

2.12 Statistical analysis

All experiments were performed in triplicate. An analysis of variance (ANOVA) was performed to
determine statistical difference (SD). The means were compared by applying Duncan's multiple-range test
using SPSS software (version 26) (SPSS Inc., Chicago, IL, USA). The SD was considered to be significant at
the *P < 0.05, ** P < 0.01 and *** P < 0.001.

2.13 Data availability

Raw transcriptomic data have been deposited in the Genome Sequence Archive in China National
Center for Bioinformation-National Genomics Data Center (CNCB-NGDC) (GSA: CRA031924) at
https://ngdc.cncb.ac.cn/gsa.

3. Results and discussion

3.1 Biofilm formation in cultures of A. pasteurianus and Lactobacillus strains

In cultures without ethanol, L. plantarum and L. casei exhibited higher planktonic biomass than L.
fermentum and A. pasteurianus (Fig. 1A). Co-cultivation of 4. pasteurianus with individual Lactobacillus
strains significantly increased the cell density (Fig. 1A). Under 6% initial ethanol, the planktonic biomass of
all cultures were suppressed, but it was obviously higher in co-culture of 4. pasteurianus and L. plantarum
which even reached the level without ethanol at 48-72 h (Fig. 1A). Cell counting at 72 h displayed a
comparable pattern (Fig. 1B). From the cell counting, the increase of total cell number in dual bacterial
co-cultures was largely due to the increase of A. pasteurianus, where Lactobacillus strains suffered from some

inhibition compared with the mono-cultures (Fig. 1B).
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Fig. 1 Bacterial growth and biofilm formation in mono- and bi-cultures. (A) The planktonic cell growth in cultures. (B) The
viable cell counting of Lactobacillus strains and A. pasteurianus recovered from 72 h planktonic cultures. (C) The biofilm
formed in cultures. (D) SEM of 72 h biofilms in cultures with 6% initial ethanol. (E) The viable cell counting of Lactobacillus
strains and A. pasteurianus recovered from 72 h biofilms. (F) Gram's stain of Lactobacillus strains and A. pasteurianus
embedded in 72 h biofilms cultured with 6% initial ethanol. In B and E, different lowercase letters represent the significant
difference of 4. pasteurianus numbers in cultures (p < 0.05), and different capital letters represent significant differences of
Lactobacillus numbers in cultures (p < 0.05).



Y.Hu et al. / Food Science and Human Wellness 17 (2028)

L. plantarum produced higher amount of biofilm than other strains in mono-cultures at 48-72 h, whether
ethanol was present or not (Fig. 1C). Its co-cultivation with A. pasteurianus further increased biofilm
formation, particularly in the presence of ethanol (Fig. 1C). In contrast, co-cultures of A. pasteurianus with L.
casei or L. fermentum did not produce more biofilm. These observations were consistent with the SEM
examination (Fig. 1D): thick and rough biofilms accumulated on glass coverslips in the L. plantarum
mono-culture and its co-culture with A. pasteurianus, whereas thin and smooth layers were observed in the
other cultures. Similar enhancement of biofilm formation was reported in the bi-culture of Pseudomonas
fluorescens and Staphylococcus aureus. In cell counting at 72 h, A. pasteurianus and especially L.
plantarum produced more biofilm-associated cells than the other two Lactobacillus strains in mono-cultures
(Fig. 1E). However, their numbers had less discrepancy in co-cultured biofilms, where 4. pasteurianus
accounted for 93.5-94.4% of total cells (Fig. 1E), as supported by Gram staining (Fig. 1F). These proportions
were much higher than those observed in co-cultured planktonic cells (42.1-51.6%), suggesting that strains
were differentially regulated depending on their ecological niches. The A. pasteurianus exhibited robust

531" whereas growth of Lactobacillus strains

tolerance to acetic acid through multiple adaptive mechanisms
was strongly inhibited by acetic acid®*. Moreover, A. pasteurianus has evolved a metabolic strategy that
prioritizes speed over efficiencyl®®, preferring ethanol as the carbon source for energy generation!*. Thus, the
metabolites may play central roles on establishment of a commensal relationship conferring a metabolic
advantage to A. pasteurianus over the Lactobacillus strains!*7]. The results implied that specific metabolic

regulation can occur in the interplay between L. plantarum and A. pasteurianus for the biofilm enhancement.
3.2 Independence of enhancement of co-cultured biofilms on excess AI-2 production

Bacterial communication usually relies on the secretion and sensing of Als as signaling molecules. AI-2
plays a pivotal role in regulating growth and biofilm formation in both Gram-negative and Gram-positive

58591 The biological activity of AI-2 was verified using V. harveyi BB170 as an

bacteria, including LAB!
indicator strain (Fig. S1). Then, the effect of AI-2 on cultures was assessed at 6% ethanol concentration.
Supplementation with AI-2 significantly promoted only the planktonic biomass of mono-cultured
Lactobacillus strains (Fig. 2A), but it enhanced biofilm formation in all Lactobacillus-contained cultures (Fig.
2B). To confirm the positive role of AI-2 in biofilm development, D-galactose was added as an AI-2
inhibitor®#. D-galactose exhibited no effect on planktonic biomass in various cultures (Fig. 2C); however, it
significantly reduced biofilm formation in cultures (Fig. 2D). The results revealed that the presence of Al-2
significantly can increase Lactobacillus resistance to ethanol stress and enhance their mono- and co-cultures
biofilm formation.

In mono-cultures, L. plantarum naturally exhibited the highest AI-2 activity, followed by L. casei,
whereas L. fermentum and A. pasteurianus showed almost no detectable AI-2 activity (Fig. 2E), confirming
that Lactobacillus strains differ in their AI-2 signaling intensities!”). However, AI-2 production was not

further elevated in co-cultures (Fig. 2E). This result suggested that factors other than AI-2 are responsible for

the enhanced biofilm formation in the co-culture of L. plantarum and A. pasteurianus''-*?1,
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Fig. 2 Effect of AI-2 on the bacterial growth and biofilm formation at 6% ethanol. (A) Effect of AI-2 on planktonic cell
growth. (B) Effect of AI-2 on biofilm formation. (C) Effect of D-galactose on planktonic cell growth. (D) Effect of
D-galactose on the biofilm formation. (E) Measurement of AI-2 production in cultures using V. harveyi BB170 bioassay.
Relative values are presented referring the negative control (fresh AB medium). Supernatant of V. harveyi BB170 culture is
used as positive control. Cultures incubated for 72 h are measured in each assays. In A - D, different lowercase letters
represent the significant difference between Al-2-treated and non-treated sample in a group (p < 0.05), and different capital
letters represent significant differences between the cultures with same treatment (p < 0.05).
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3.3 Metabolomics analysis

To investigate the metabolic interactions between L. plantarum and A. pasteurianus within the biofilm,
metabolomic profiling was conducted. A total of 309 metabolites were identified (Table S2). All compounds
were detected in every sample, and can be used to clearly separated the sample groups in PCA (Fig. S2),
consistent with the distinction by the PCA of ion profiles (Fig. S3). Among the compound classes, alcohols,
amines, and ketones showed comparable levels across the three biofilm types, whereas the remaining classes
differed significantly between at least two groups (Table S3). Amino acids and organic acids were the most
abundant and diverse metabolites in all samples. Saccharides and their derivatives were most enriched in the L.
plantarum mono-culture (Mo-L), followed by the A. pasteurianus mono-culture (Mo-A), and were lowest in
the co-culture. Conversely, pyrimidines and purines were most abundant in Mo-A, intermediate in the
co-culture, and least in Mo-L. Phenols were highest in Mo-A and showed comparable levels between Mo-L
and the co-culture. Steroids were lowest in Mo-L and showed comparable levels between Mo-A and the
co-culture.

A total of 122 significantly differential metabolites were identified between the Mo-A and the Mo-L
(Fig. 3A). The variation of certain metabolites corresponded well to the known metabolic traits of the two
species. For instance, L. plantarum produced markedly higher levels of D-phenyllactic acid and
y-aminobutyric acid (Fig. S4A), which are characteristic metabolites associated with the antifungal and

[63-64]

functional activities In contrast, Mo-A exhibited elevated levels of metabolites closely linked to

oxidative stress mitigation such as glutathione, oxidized glutathione, cysteinylglycine and most phenolic

compounds (eg. catechol and (-)-epigallocatechin) (Fig. S4A and Table S2)©!

, reflecting the strong
dependence of A. pasteurianus on dissolved oxygen and cellular redox balance ability!®®. Furthermore, A4.
pasteurianus produced high 2-phenylethanol, a key volatile compound typically derived from yeast
metabolism during vinegar fermentation[¢7-6%],

A total of 90 differential metabolites were identified between the Mo-A and the co-culture, while 94
were detected between the Mo-L and the co-culture (Fig. 3B and C, Table S2). Forty-two metabolites were
shared between the two comparisons (Fig. 3D). Among them, 30 metabolites (Fig. 3E) showed significant
deviations from the expected values predicted by the simple mixture of mono-culture contents based on the
relative abundances of each strain in the co-culture. These 30 metabolites were therefore considered to be
markedly affected by the interspecies interactions. Of these, 16 metabolites exhibited intermediate levels
between Mo-A and Mo-L, whereas 5 (cluster 2) and 9 (cluster 4) metabolites were significantly upregulated
and downregulated in the co-culture, respectively. Pathway enrichment analysis of these 30 metabolites
revealed substantial impacts on five KEGG pathways: purine metabolism, glycerolipid metabolism, fructose
and mannose metabolism, the citrate cycle (TCA), and alanine, aspartate and glutamate metabolism (Fig.
3F). Elevated xanthine levels induce the production of reactive oxygen species via xanthine dehydrogenase,
which in turn activates stress responses that upregulate the synthesis of EPS and adhesive proteins. This not

only reinforces the integrity of the biofilm matrix but also enhances bacterial aggregation and surface



Y.Hu et al. / Food Science and Human Wellness 17 (2028)

adhesion/®®!. Accumulated 2'-deoxyadenosine can paradoxically promote QS, driving biofilm maturation!’"),

Depletion of key metabolic intermediates can also elicit compensatory cellular responses that augment

biofilm formation. For instance, lysine methylation of adhesins AtaA is critical for mediating adhesion in

Acinetobacter species, and disruption of this post-translational modification (e.g., reduced N(6)-methyllysine

levels) triggers excessive EPS production to stabilize biofilm aggregates!’!). These results demonstrate that

co-cultivation profoundly remodels the metabolic profiles of L. plantarum and A. pasteurianus, which

converge to drive increased biofilm formation.
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Fig. 3 Metabolomics analysis of bacterial strains embedded in biofilms. (A - C) Volcanic diagram of the differential
metabolites (FDR P < 0.05) (A) between Mo-L and Mo-A, (B) between Mo-L and co-culture, and (C) between Mo-A and
co-culture. (D) Venn diagram of differential metabolites in pairwise comparison of the 3 groups. (E) The heat maps of 30

deferential metabolites. (F) KEGG pathway analysis of the 30 metabolites. Pathways with impact factor > 0 and P < 0.05 are
marked. (G) Venn diagram of 45 differential metabolites identified by LEfSe analysis (LDA > 2.5 and P < 0.05) and the 36
core ones identified in (D). (H) O.PLS-DA biplot performed with the 19 shared differential metabolites.

Thirty-six differential metabolites were shared among the pairwise comparisons of the three groups (Fig.

3D), and effectively distinguished the groups in PCA (Fig. S5). In the LEfSe analysis, 45 differential

substances (LDA > 2.5 and P < 0.05) were identified as key discriminants among the groups (Fig. S6)7?!.

Nineteen of these LEfSe-identified metabolites overlapped with the 36 common differential compounds (Fig.

3G). To further characterize these metabolites, O2PLS-DA was employed with the 19 metabolites, a model
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commonly used to determine the associations of characteristic metabolites with specific groups!’?]. The
O2PLS-DA model, showing high explanatory and predictive performance (R*X = 0.991, R?Y = 0.993, Q> =
0.987), exhibited strong group separation (Fig. 3H). These compounds could therefore be considered potential
biomarkers distinguishing the three cultures. The identified biomarkers highlighted distinct metabolic
pathways for each culture type. Xanthine and 2’-deoxyadenosine, associated with purine metabolism, were
enriched in the co-culture. Phosphoenolpyruvic acid, dihydroxyacetone phosphate, B-glycerophosphoric acid,
and trehalose 6-phosphate were predominantly enriched in glycolysis pathway of Mo-L. CMP and GMP,
related to pyrimidine metabolism, were enriched in Mo-A. The results highlighted the importance of enhanced
purine metabolism in driving biofilm formation in the co-culture system. Beyond the effects of elevated
xanthine and 2'-deoxyadenosine levels, increased metabolic flux through the purine metabolic pathway
sustains the production of ATP and NADPH, thereby enhancing biofilm resilience to environmental

stresses!’#. Collectively, the metabolic shifts represent a key driver of biofilm enhancement in the co-culture.

3.4 Transcriptomic analysis

A total of 26,259,476 to 94,610,044 reads were generated in transcriptomics of mono- and co-cultures
of L. plantarum and A. pasteurianus (Table S4). Comparing co-cultured L. plantarum (Co-L) with its Mo-L
identified 412 DEGs, of which 248 were upregulated and 164 downregulated in Co-L (Fig. S7A). For A.
pasteurianus, 924 DEGs were detected in co-culture (Co-A) relative to the Mo-A, including 514 upregulated
and 410 downregulated genes (Fig. S7B). HCA of the DEGs revealed a clear distinction between mono- and
co-cultures (Fig. 4A and B), which was consistent with the PCA of transcriptomic profiles (Fig. S8).

In KEGG annotation, 126 and 290 DEGs were identified between Co-L and Mo-L (Table S5) and
between Co-A and Mo-A (Table S6), respectively. These DEGs were largely assigned to the functional
category ‘Metabolism’ at level 1 (Fig. 4C and D). Further, DEGs of L. plantarum were primarily distributed in
‘ko01110 Biosynthesis of secondary metabolites’ and ‘ko01120 Microbial metabolism in diverse
environments’ (Fig. 4C). These pathways encompass multiple metabolic modules and play key roles in
mediating a wide range of biological activities and microbial adaptation, including communication,
competition, and interactions with the environment!”>7%). For 4. pasteurianus, DEGs were mainly enriched in
‘k000620 Pyruvate metabolism’, ‘ko00240 Pyrimidine metabolism’, and ‘ko00860 Porphyrin metabolism’
(Fig. 4D), highlighting their importance in adaptation to co-cultured biofilms. Additionally, acpS
(holo-[acyl-carrier protein] synthase) and fabD ([acyl-carrier-protein] S-malonyltransferase) were enriched in
the pathway of ‘ko00074 Mycolic acid biosynthesis’ of Co-L. Mycolic acids are the characteristic components
of the cell walls of acid-fast bacteria like mycobacterial. The up-regulation of ‘ko00074 Mycolic acid
biosynthesis’ can contribute to the mycolic acid-based permeability barrier!’”7® and biofilm formation!’,
One gene, rfaB (UDP-D-galactose:(glucosyl)LPS alpha-1,6-D-galactosyltransferase) involved in biosynthesis
of lipopolysaccharide in bacterial cell wall, was enriched in ‘ko00540 Lipopolysaccharide biosynthesis’ of

Co-L. The down-regulation of this pathway may also promote biofilm formation®’!,
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Fig. 4 Transcriptomics analysis of bacterial strains embedded in biofilms. (A and B) HCA of DEGs (A) between Co-L and
Mo-L, and (B) between Co-A and Mo-A. (C and D) KEGG term analysis of regulated pathways (C) in Co-L compared with
Mo-L, and (D) in Co-A compared with Mo-A. In C and D, the first lap indicates top 20 GO term and the number of the genes

corresponds to the outer lap. The second lap indicates the number of the genes in the genome background and Q values for
enrichment of the upregulated genes for the specified biological process. The third lap indicates the ratio of the upregulated

genes (deep purple) and downregulated genes (light purple). The fourth lap indicates the enrichment factor of each KEGG
term. (E and F) KEGG database-based GSEA analysis of regulated pathways (E) in Co-L compared with Mo-L, and (F) in
Co-A compared with Mo-A. The x-axis shows the normalized enrichment score (NES), and the y-axis shows the FDR.
Significantly enriched terms (FDR < 0.25) are colored by red.

GSEA further identified five upregulated pathways in Co-L compared with Mo-L, including ‘Histidine
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metabolism’, ‘Arginine biosynthesis’, ‘Pyruvate metabolism’, ‘Pentose phosphate pathway’, and ‘Propanoate
metabolism’ (Fig. 4E and Table S7). These pathways are critical for generating molecular building blocks and
energy, thereby enhancing bacterial adaptation. The expressions of various phosphotransferase transporter
system (PTS) genes were increased to enhance the utilization of sugar and alcohol for pyruvate metabolism,
including scr4 (sucrose PTS), bglF (B-glucoside PTS), gatd (galactitol PTS), gatC (galactitol PTS), ulaAd
(L-ascorbate PTS), and ulaC (L-ascorbate PTS). Likewise, rhamnose utiliztion was enhanced to support
pyruvate metabolism, as shown by the increased expressions of rhaAd (rhamnose isomerase), rhaB
(rhamnulokinase) and rhaD (rhamnulose-1-phosphate aldolase). The ‘Pentose phosphate pathway’ appeared
essential for maintaining cell viability, since three genes in this pathway (gntZ; gntK; xpk) exhibited the
highest transcriptional increases in the Co-L compared with Mo-L, accompanied by significantly elevated
expression of rbsD (ribose/D-xylose importer). For energy supplement, frd4 (succinate dehydrogenase
flavoprotein subunit of complex II in oxidative phosphorylation pathway) was significantly upregulated,
promoting ATP generation via proton translocation®!l. The upregulation of ‘Arginine biosynthesis’ and
‘Propanoate metabolism’ can contribute to enhancing acid resistance in LABP®!. Other acid resistance
mechanisms were also adopted. For instance, /dh (lactate dehydrogenase) was downregulated to reduce lactic
acid production. All these upregulated pathways have been reported to influence biofilm formation as follows.
‘Histidine metabolism’ is associated with cell surface protein production®”, and is known for promoting

83]

bacterial bioflm!®¥. Enhanced ‘Arginine biosynthesis’ has been demonstrated to promote biofilm

attachment!®). Highly active ‘Pyruvate metabolism’l®3], ‘Pentose phosphate pathways’®®! and ‘Propanoate

metabolism’[®7]

are also reported to favor biofilm development.

Contrast to the occurrence in L. plantarum, carbon metabolisms (e.g. TCA cycle,
Glycolysis/Gluconeogenesis, Pyruvate metabolism, Glyoxylate and dicarboxylate metabolism, and
Propanoate metabolism) were repressed in Co-A compared with Mo-A (Fig. 4F and Table S8). The
downregulation of ‘Glyoxylate metabolism’ and ‘Pyruvate metabolism’ has been reported in a similar
study!'). “Sulfur metabolism’, ‘Ribosome’ and ‘Microbial metabolism in diverse environments’ were also
downregulated. ‘Sulfur metabolism’ typically cooperates with glycolysis and pyruvate metabolism to supply
energy and electrons!®®]. ‘Ribosome’ is integral to global translation processes, and represents a fundamental
pathway to change basic cellular functions!®). ‘Microbial metabolism in diverse environments’ reflects broad
metabolic adaptation to environmental changes. Repression of these pathways likely allowed A. pasteurianus
to avoid excess energy production, supporting survival under the low-pH, microaerobic conditions of
biofilm!**"-#8] Consistent with the metabolic repression, several nutrient intake and cell division transport
genes were downregulated, including pst4 (phosphate importer), pstB (phosphate importer), cysW
(sulfate/thiosulfate importer) and fisX (cell division permease). Six pathways were unregulated, including
‘Plant-pathogen interaction’, ‘Porphyrin and chlorophyll metabolism’, ‘Glutathione metabolism’,

‘Homologous recombination’, ‘Pantothenate and CoA biosynthesis’ and ‘ABC transporters’ (Fig. 4F and

Table S8). Pyrroloquinoline quinine dependent alcohol dehydrogenase (PQQ-Adh)-PQQ-Aldh (aldehyde
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dehydrogenase)-respiratory chain constitutes the major energy-generating system in 4. pasteurianus'®*). Adh
contains hemes c¢ and pyrroloquinoline quinone as the prosthetic groups, and functions as the primary
component of the respiratory chain®®”, Enhancement of the hemes c-related ‘Porphyrin metabolism’ and adh
expression likely helped maintain homeostasis under hypoxia and acid stress!*. Similarly, upregulated
‘Glutathione metabolism’, consistent with elevated glutathione and oxidized glutathione contents, provided
powerful redox buffering!®l. Upregulation of ‘Pantothenate and CoA biosynthesis’ was associated with acid
tolerance!®!). In the enriched ‘Transporter’ category, the upregulation of several genes, including urtB (urea
importer), ssuB (alkanesulfonate importer), bfuF (cobalamin importe) and nasA (nitrite importer), contributes
to acid neutralization and oxidative stress mitigation®>#, Additional acid resistance mechanisms included
upregulation of ocd (ornithine cyclodeaminase), maoll (primary-amine oxidase), and ipdC (indolepyruvate
decarboxylase), which generate NH3 and remove carboxyl groups to counter intracellular acidity. The
expressions of genes encoding efflux pumps, such as lagD (lactococcin-G exporter), lolD (lipoprotein
exporter), lolE (lipoprotein exporter and /p¢B (lipopolysaccharide exporter), were upregulated, resulting in the
increase of components that make up of the cell envelop and biofilm®>7). In ‘Homologous recombination’,
most DNA processing proteins and purinenucleoside phosphorylase have been shown the up-regulations in
thicker Streptococcus mutans biofilms>%%°1. Altogether, these upregulated categories enhanced both cell

survival and biofilm development.
3.5 Integrated transcriptomic and metabolomic analysis

Al-2 is formed through the cyclization of 4,5-dihydroxy-2,3-pentanedione (DPD), which is synthesized
from S-adenosyl-homocysteine via two sequential enzymatic steps catalyzed by Pfs and LuxS!'%!. The genes
encoding Pfs, LuxS, and AI-2 receptor LuxR were identified in L. plantarum, but were absent in A.
pasteurianus. The expressions of these three genes were unchanged in the co-culture compared with the Mo-L,
which were confirmed by qRT-PCR confirming that AI-2 production was not responsible for the enhanced
biofilm formation in the co-culture (Fig. S9). Moreover, no genes mapped to QS or biofilm formation
pathways were significantly changed in Co-L relative to Mo-L (Fig. SI0A and B). In contrast, several QS and
biofilm formation genes were significantly upregulated in Co-A compared with Mo-A (Fig. S10C and D).
Among these, hfg, a pleiotropic regulator controlling the expression of multiple genes in microbes!'°!!, showed
the highest upregulation in the Co-A transcriptome. These findings suggest that QS and biofilm-related
pathways in 4. pasteurianus may contribute to the enhancement of biofilm formation in the co-culture.

To further elucidate the regulatory mechanisms coordinating cellular responses during L. plantarum - A.
pasteurianus cohabitation, a network integrating protein—metabolite interactions was constructed (Fig. 5A,
Tables S9 and S10). The network encompassed 23 metabolic pathways identified through GSEA (Fig. 4E and
F) and pathway enrichment of differential metabolites (Fig. 3E). The four pathways with the highest degree of
connectivity were ‘ko01120 Microbial metabolism in diverse environments’, ‘ko01200 Carbon metabolism’,
k002010 ABC transporters’, and ‘ko00230 Purine metabolism’. ‘ko01120 Microbial metabolism in diverse
environments’ accounted for 5.92% (51/861) of the total associations in A. pasteurianus and 6.55% (22/336)
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in L. plantarum. ‘ko01200 Carbon metabolism’ represented 3.25% (28/861) of edges in A. pasteurianus and
2.68% (9/336) in L. plantarum. ‘ko02010 ABC transporters’ contributed 2.44% (21/861) and 4.17%
(14/336), and ‘ko00230 Purine metabolism’ contributed 1.97% (17/861) and 4.17% (14/336) of edges to A.
pasteurianus and L. plantarum, respectively. Certain regulatory mechanisms were strain-specific,
particularly in 4. pasteurianus. For example, ‘ko00860 Porphyrin metabolism’ was exclusively associated
with A. pasteurianus, and numerous ribosomal genes (ko03010) showed prominent roles due to their
extensive internal interactions. This highlights that while both strains share core adaptive pathways in

cohabitation, 4. pasteurianus exhibits distinctive metabolic and translational responses in the co-culture

context.
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Given the extensive associations of purA in the network, the ATP synthesis pathway was examined. In 4.
pasteurianus, except for ndk , genes closely involved in ATP production in Co-A were largely upregulated
(ackA, gpt, purA, ppnN, and mazG) (Fig. 5B). This suggests that 4. pasteurianus can efficiently generate ATP
from exogenous molecules. Further, the upregulation of expressions of dld and budB reinforced the
conversion of lactic acid into a-acetolactate in A. pasteurianus, wherein hydroquinone or NADH can be
generated to maintain intracellular redox balance and increase ATP. Acetoin, a less toxic volatile metabolite
than lactic acid, was then produced through enhanced budA under the suppressed TCA cycle!'®?! .| These
findings underscore the importance of supplemental energy and reducing power and complementary lactic
acid metabolism for A. pasteurianus survival in co-culture. In fact, proton-motive-force-dependent efflux
systems!!®land an ATP-dependent ABC transporter (AatA)!'%l have been stressed the key roles to pump out
acetic acid in AAB. Complementary metabolisms were also created to favor L. plantarum in the co-culture.
For instance, sorbitol levels were higher in co-culture and Mo-A than in Mo-L (Fig. S4B), with sr/B (sorbitol
PTS) and SORD (D-glucitol:NAD+ 2-oxidoreductase) upregulated in Co-L, facilitating conversion of sorbitol
into fructose via sorbose/sorbitol metabolism. As well, galactose/galactitol metabolism was complementarily
constructed and beneficial to the Co-L, considering the abundant galactitol content in co-culture and Mo-A
(Fig. S4B) and upregulation of most relevant DEGs in Co-L (Fig. S11). A. pasteurianus exhibited intense red
fluorescence in CLSM images of its monocultured biofilm, indicative of severe cellular damage (Fig. 6). Such
damaged cells were not detected in the co-cultured biofilm. Given that the abundance of 4. pasteurianus was
comparable between monocultured and co-cultured biofilms (Fig. 1E), metabolic crosstalk between the two
strains likely represents a key mechanism underlying the enhanced survival and stress resilience of A.
pasteurianus within the co-cultured biofilm matrix!1%%,

Overall, acid stress responses and complementary metabolisms were key drivers of the transcriptomic
and metabolomic adaptations of L. plantarum and A. pasteurianus in co-cultured biofilms. Notably, energy
generation and intracellular redox balance were emphasized in 4. pasteurianus, whereas the provision of
biomass building blocks was prominent in L. plantarum. These adaptive changes facilitated a symbiotic

relationship that favored A. pasteurianus, and comprehensively elucidated the observation that biofilm

formation in the co-culture exceeded that of either mono-culture.

Fig. 6 CLSM images of biofilms in (A) mono-culture of A. pasteurianus, (B) mono-culture of L. plantarum, and co-culture of
A. pasteurianus and L. plantarum.
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3.6 Effect of A. pasteurianus-L. plantarum co-culture on vinegar production

We further investigated the effects of A. pasteurianus-L. plantarum co-fermentation on the
physicochemical properties of vinegar. Acetic acid produced by AAB is the most critical quality of vinegar.
LAB are also major contributors to organic acid biosynthesis, with lactic acid being the second most abundant
organic acid in the product®!. LAB fermentation not only imparts unique flavors, but its product lactic acid
also plays an important role in mitigating the pungency of acetic acid. The two organic acids have been
proved to be important secondary carbon source for various bacteria. Consistent with expectations, the
contents of total acids and lactic acid were significantly higher in the A. pasteurianus-L. plantarum
co-fermentation compared with the A. pasteurianus monoculture (Fig. 7A). Notably, acetic acid content was
also elevated in the co-fermentation (Fig. 7A), which could be explained by the enhanced cellular and Adh
gene expression of A. pasteurianus. As well, L. plantarum can preferentially produce acetic acid!%,
Furthermore, the contents of other organic acids (oxalic acid, tartaric acid, malic acid, citric acid and succinic
acid) were significantly increased in the co-fermentation, which may result from the upregulated carbon
metabolism of L. plantarum (Fig. 7A).

TP and TF are the primary contributors to the antioxidant activity of vinegar, a property recognized as a
key health-promoting characteristic of vinegar''%’l. The contents of TP and TF, as well as DPPH and ABTS
radical scavenging activities, were all significantly increased in vinegar produced by 4. pasteurianus-L.
plantarum  co-fermentation (Fig. 7B and C). A previous study demonstrated that these
antioxidant-characteristics were markedly enhanced by LAB fermentation, which were greatly correlated with
the enrichment of pyruvate metabolism, glycolysis/gluconeogenesis and fructose and mannose metabolism as
described in our study!'®. Collectively, these findings suggest that A. pasteurianus-L. plantarum

co-fermentation holds great potential for industrial application to improve the physicochemical and functional

properties of vinegar.
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Fig. 7 Effects of L. plantarum-A. pasteurianus co-fermentation on (A) organic acids, (B) TP and TF contents, and (C) DPPH
and ABTS radical-scavenging activities of vinegar.
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4. Conclusions

A. pasteurianus showed enhanced growth in bicultures with L. casei, L. plantarum, and L. fermentum.
Notably, biofilm formation was markedly elevated in the L. plantarum-A. pasteurianus co-culture.
Metabolomic analysis revealed extensive metabolic pathway perturbations in the in the L. plantarum-A.
pasteurianus co-cultured biofilm compared with monocultured biofilms. Transcriptomic data further
delineated the regulatory mechanisms of bacterial adaptive responses. Beyond acid neutralization, L.
plantarum primarily upregulated pathways for molecular building block biosynthesis, while A. pasteurianus
reinforced energy supply and intracellular redox homeostasis. Complementary pathways, including lactic
acid, sorbose/sorbitol, and galactose/galactitol metabolism, were also critical for interspecific interaction.
Enhanced biosynthesis and export of lipopolysaccharides, lipoproteins, organic acids, amino acids, and
nucleotides, and upregulated quorum sensing and biofilm formation pathways in A. pasteurianus,
collectively drove robust co-cultured biofilm formation. Furthermore, A. pasteurianus-L. plantarum
co-fermentation significantly improved the vinegar characteristics of acid production capacity and
antioxidant activity. This study elucidates the regulatory mechanisms of bacterial adaption and biofilm
formation in the L. plantarum-A. pasteurianus co-culture, providing valuable insights for industrial vinegar

fermentation applications.
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