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Abstract

Background [euconostoc mesenteroides (L. mesenteroides) has known as an electrogenic probiotic bacterium.
However, metabolites related to electro-fermentation in ferments of L. mesenteroides are not unveiled.

Result Electrogenic L. mesenteroides fermentatively metabolized bovine milk to dense ferments with homogeneous
particle-size distribution. A non-targeted metabolomics approach was performed on non-fermented and L.
mesenteroides-fermented milk. A total of 917 metabolites were identified and quantified by ultra-high performance
liquid chromatography (UHPLC)-tandem mass spectrometry (MS-MS). Thirteen prokaryotic metabolic pathways
associated with differentially expressed metabolites (DEMs) were revealed through Koto Encyclopedia of Genes

and Genomes (KEGG) enrichment analysis. Anthranilic acid (AA) and 3-hydroxyanthranilin acid (3-HAA), potentially
as electron donors, and quinolinic acid, an electron donor precursor, in the tryptophan kynurenine pathway were
significantly increased in the fermented milk. Histidine, arginine, and riboflavin involved in bacterial survival or
bioelectricity production were elevated after fermentation.

Conclusions Results indicate that electrogenic L. mesenteroides can mediate electro-fermentation to transform milk
to a new nutritional source which is rich in electron donors reportedly acting as antioxidants.
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Introduction

Leuconostoc mesenteroides (L. mesenteroides) is a Gram-
positive and heterofermentative lactic acid probiotic
bacterium which can mediate fermentation to produce
several beneficial metabolites including short-chain fatty
acids (SCFAs) [1]. It has been documented that butyric
acid, one of SCFAs in glucose ferments of L. mesenteroi-
des, efficiently elevated the level of insulin to ameliorate
diabetes [2], and diminish high fat diet (HFD)-induced
abdominal fat [3] via activation of free fatty acid recep-
tor 2 (Ffar2) in mice. Notably, L. mesenteroides has
been found as an electron-producing bacterium which
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metabolizes glucose [1] or linoleic acid [3] to generate
electrons through an intracellular cyclophilin A-depen-
dent pathway. Electron produced by linoleic acid fer-
mentation of L. mesenteroides remarkedly suppressed
the formation of HFD-induced 4-hydroxy-2-nonenal
(4-HNE), an end product of lipid peroxidation and a bio-
marker of free radicals [3].

Electrogenic bacteria undergo a mechanism of extra-
cellular electron transfer (EET) to transfer intracellular
electron to its acceptor outside of the bacteria [4]. One
of pathways of EET involves in activation of type II nico-
tinamide adenine nucleotide (NADH) dehydrogenase
(NDH-2) to oxidize NADH generated by glycolysis or fer-
mentation, and yield nicotinamide adenine dinucleotide
(NAD") as well as electron. Demethylmenaquinone-8
(DMK-8) on the membrane functions as an electron
mediator to further transport electron to the extracellu-
lar space [5]. Electrogenic bacteria using EET have been
identified in environment [6] and human gut [7] and skin
[8]. In the human gut microbiome, it has been unveiled
that bacterial EET well contributed to the potential bal-
ance of oxidation and reduction (redox) [9]. Inflamma-
tory bowel diseases (IBD) induced excessive production
of reactive oxygen species (ROS) in the intestine [10].
Likewise, antibiotic administration interrupted intestinal
redox homeostasis [11]. Administration of electrogenic
probiotic bacteria such as Lactobacillus plantarum (L.
plantarum), L. casei, and/or L. rhamnosus [12] remark-
edly restored intestinal redox homeostasis by scavenging
ROS [13] and simultaneously outcompeting with patho-
gens for electron acceptors [14]. These probiotic bacteria
have been used to improve IBD [15] and help restore the
gut microbiome after antibiotic disruption [16].

A fundamental intrinsic problem at conventional fer-
mentation is associated with the need for balancing the
net redox between substrates and fermentation products,
resulting in a limited number of fermentation products
being produced. One solution for this problem is elec-
tro-fermentation, a biotechnological process that uses
electrodes to modify the cultural media by changing the
redox balance in bacterial metabolism, resulting in the
additional yields of fermentation products [17]. Electro-
genic bacteria exerted EET to interact electrically with
extracellular conductive substances [18]. When the con-
tinued generation of electrons by electrogenic bacteria
occurs during fermentation, an adequate amount of elec-
trons may overcome the redox constraint of fermenta-
tion, leading to production of sufficient bioelectricity and
metabolites [19]. It has been illustrated that electrogenic
L. plantarum can mediate EET to enhance fermentation
metabolism through substrate-level phosphorylation and
a decrease the extracellular pH [12]. ATP-binding cas-
sette (ABC) transporters in bacteria are protein com-
plexes which transfer specific molecules such as amino
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acids across the cell membrane [20]. Certain types of
ABC transporters accelerate the electron production in
bacteria by facilitating the transport of amino acids such
as histidine that is involved in EET [21], assisting the pro-
cess of electron generation.

Bovine milk is a very ample source of amino acids
including phenylalanine and tryptophan [22]. Previ-
ous studies using targeted metabolite analysis revealed
thatelectrogenic L. mesenteroides metabolized phenyl-
alanine to various neurotransmitters [23]. Tryptophan
can be metabolized by bacteria through several path-
ways including serotonin, indole and kynurenine path-
ways [24]. Future foods are developing proteins that can
be synthesized using gas, light or electrons [25]. Carbon
dioxide (CO2) fermentation is a method of eco-fermen-
tation where bacteria convert CO2 into value-added
molecules [26, 27]. In this study, we aimed to determine
which metabolic pathways were utilized by electrogenic
bacteria to yield valuable metabolites. Electrogenic L.
mesenteroides was used as a probiotic bacterium for fer-
mentation of bovine milk. A non-targeted metabolite
analysis using ultra-high performance liquid chromatog-
raphy (UHPLC)-tandem mass spectrometry (MS-MS)
was performed to quantify the metabolites in fermented
milk.

Materials and methods

Bacterial growth

The curd during making cheese from products in the New
England Cheesemaking Supply Company (Northampton,
MA, USA) was spread on an agar (0.3%) plate contain-
ing tryptic soy broth (TSB) (Sigma, St. Louis, MO, USA)
for 24 h. A bacterial colony was selected from the agar
plate and cultured in TSB at 37 °C for 24 h. After cen-
trifugation at 5,000 rpm for 10 min, bacterial pellets were
resuspended in phosphate-buffered saline (PBS) for all
experiments. The colony forming units (CFUs) of bac-
teria were calculated by conversion of optical density
600 nm (ODy,) to bacterial numbers.

Gram staining and catalase test

For Gram staining, pellets of bacteria (10’ CFU/mL)
were resuspended by a Gram stain kit (Sigma) and spread
evenly across the surface of a microscope slide. Catalase
tests were conducted by placing 3% H,O, (100 puL) onto
bacteria (5x10° CFU) on glass slides [28]. The bubbles
leading from production of oxygen gas indicated a cata-
lase positive result.

Phylogenetic analysis

Identification of bacteria were conducted by 16 S rRNA
sequencing using the 16 S rRNA 27 F and 534R prim-
ers for polymerase chain reaction (PCR) [8]. The basic
local alignment search tool (BLASTN, National Library
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of Medicine 8600 Rockville Pike, Bethesda, MD, USA)
was used to analyzed the 16 S rRNA gene sequence of a
selected colony. The gene sequences of 16 S rRNA from
selected colony and other bacteria were uploaded onto
ClustalW [29], an algorithm for multiple sequence align-
ment (MSA). A phylogenetic tree was created by Molecu-
lar Evolutionary Genetics Analysis (MEGA), a software
that implemented many analytical methods and tools for
phylogenetic analysis [30]. The bootstrap values were cal-
culated from 1,000 replicate datasets to obtain the confi-
dence level of each branch on a phylogenetic tree.

Fermentation

For milk fermentation, the identified L. mesenteroides
bacteria (108 CFU/mL) were added into the whole bovine
milk (Agropur, Appleton, WI, USA) at 37 °C for three
days. The formation of dense solids during milk fermen-
tation was recorded every 6 h. The freeze-dried powders
were prepared by placing fermented milk in Eyela labora-
tory freeze-dryer (Eyela USA, NY, USA) under a vacuum
pressure of 100 millitorrs for 12 h [23].

Bacterial electricity and physicochemical characteristics of
milk ferments

Detection of bacterial electricity was based on a pub-
lished method [31]. Briefly. L. mesenteroides (10" CFU)
in 2 mL TSB with or without 2% glucose (Sigma) was
placed onto a carbon felt (Fuel Cell Earth LLC, Woburn,
MA, USA) as anode. A carbon cloth (Fuel Cell Earth
LLC) wrapped with a proton exchange membrane
(PEM) served as a cathode. Change in voltage (mV) was
recorded for 60 min by a digital multimeter (Lutron, DM-
9962SD, Sydney, Australia). The particle sizes analyzed by
dynamic light scattering and zeta potentials evaluated by
an electrophoretic mobility technique were performed
by a Malvern Mastersizer 3000 and a Zetasizer Nano
ZS, respectively (Malvern Panalytical Inc., Westbor-
ough, MA, USA) [32]. All analyses were run in triplicate
at room temperature (20+1 °C) after diluting (1:50) the
freeze-dried powders with distilled water.

Non-targeted metabolite analysis

The freeze-dried powders (50 mg) were dissolved in 150
pL of 50% methanol (containing 5 ppm 2-chlorophenyl-
alanine). After centrifugation at 12,000 rpm, the superna-
tant was filtered through a 0.22 pm filter membrane and
mixed with quality control (QC) samples for evaluating
instrument stability. For non-targeted UHPLC-MS-MS
analysis [33], an Orbitrap Exploris 120 mass spectrom-
eter (ThermoFisher Scientific, Greenville, NC, USA) was
connected to a Vanquish UHPLC (ThermoFisher Scien-
tific) to identify the metabolites in non-fermented and
fermented milk. An ACQUITY UPLC HSS T3 column
(Waters Corporation, Milford, MA, USA) in the UHPLC
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system was used with a flow rate of 0.4 mL/min. Formic
acid (0.1%) and acetonitrile (containing 0.1% formic acid)
were selected for mobile phase A and B, respectively. The
mass spectrometer with Xcalibur software (version: 4.7,
Thermo) was used to obtain data-dependent acquisi-
tion (DDA) data. Heated electrospray ionization (HESI)
source was operated to obtain a resolution of 60,000, via
scan range 100—-1000 mass-to-charge ratio (m/z), auto-
matic gain control (AGC) Target Standard, and Max
IT 100 ms. The top 4 ions were screened for secondary
fragmentation to attain a resolution of 15,000 via higher
energy collision dissociation (HCD) energy 30%, AGC
Target Standard and Max IT Auto.

Metabolite library search and quantification

The new generation commercial software Compound
Discoverer™ 3.3 (version 3.3.2.31, Thermo, Waltham,
USA) combined with various types of MS-MS spectral
libraries was used to perform qualitative and quantitative
analysis of metabolites. The peaks in MS-MS spectra that
were undetected in more than 50% of the QC samples
were filtered, and the miss values of the undetected peaks
were filled using the software Fill Gaps algorithm, and the
Sum total peak area was then normalized. The mzCloud
online library (https://www.mzcloud.org/), LIPID MAPS
(https://www.lipidmaps.org/), human metabolome da
tabase (HMDB) (https://hmdb.ca/), MoNA (https://m
ona.fiehnlab.ucdavis.edu/) and NIST_2020_MSMS sp
ectral library [34] served as sources for identification of
metabolites. The mass tolerance of the first stage of mass
spectrometry (MS1) was set to 15 ppm and the Match
Factor Threshold of the second stage of mass spectrom-
etry (MS2) was set to 50. Metabolites with p-value <0.05
and various important in projection (VIP)>1 were con-
sidered statistically significant (Table S1). The relative
abundance of metabolites in non-fermented milk and
fermented milk was shown in a Volcano plot. Metabo-
lites with the magnitude of the fold change in binary
logarithm [log,(FC)] by combining the statistical t-test
[-log,o(p value)] were displayed.

Pathway analysis

Functional examination of differential metabolites by
clusterProfiler (version 4.6.0) mainly involved Koto
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis [35], which displayed significantly enriched
metabolic pathways and measured overall differential
abundance scores to reveal the average and overall trend
changes of all differential metabolites within a specified
pathway, assisting in the identification of metabolic path-
ways in bacteria. The differentially expressed metabolites
(DEMs) were quantified and displayed in the specified
pathways. The p-value ranged from O to 1 was shown in
KEGG pathway enrichment. A lower p-values indicated
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greater pathway enrichment. The rich factor was the
ration of differentially expressed metabolite numbers
annotated in the pathway to all metabolite numbers
marked in the ways. The greater the rich factor was
obtained, the greater the degree of pathway enrichment
was considered (Table S2).

Statistical analysis

The unpaired t-test using GraphPad Prism°® 8.0 soft-
ware was performed for statistical analysis. Results were
considered statistically significant when the p-values of
<0.05 (*), <0.01 (**), and <0.001 (***), The mean + stan-
dard deviation (SD) was calculated from data obtained
from at least three independent experiments.

Results

Biochemical characteristics and phylogenetic analysis of
16 S rRNA gene sequence of selected L. mesenteroides

A bacterium colony isolated from cheese appeared pur-
ple-violet and formed spherical or cocci-shaped cells
under a microscope after a procedure of Gram positive
stains (Fig. 1A). In a catalase test, no oxygen gas was pro-
duced from H,O, reaction, indicating that selected bac-
teria did not express catalase (Fig. 1B). The 16 S rRNA
gene sequence of a selected colony shared 99.80% iden-
tity to 16 S ribosomal RNA gene, partial sequences for L.
mesenteroides strain American Type Culture Collection
(ATCC)8293T [accession identification (ID): KX886793],
L. mesenteroides strain SJRP174 (accession ID:
MH698390) isolated from whey, L. mesenteroides strain

(A) I (C)
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TA (accession ID: KU361186) isolated from kimchi, and
L. mesenteroides subsp. 213M0 dextranicum gene (acces-
sion ID: AB97900) isolated from Mongolian fermented
mare milk. In addition, the 16 S rRNA gene sequence of
a selected colony had 96.74% and 97.10% identity to Leu-
conostoc lactis (L. lactis) strain MBFCND-13 (accession
ID: GU049408) and strain Korean Collection for Type
Cultures (KCTC)3528 (accession ID: LC071838), respec-
tively (www.arb-silva.de). A phylogenetic tree showed
that four L. mesenteroides strains (ATCC8293T, SJRP174,
TA and 213MO) located at different branches from two
L. lactis strains (MBFCND-13 and KCTC3528). Further-
more, the identified L. mesenteroides had shorter branch
distances to L. mesenteroides ATCC8293T, ATCC8293T,
SJRP174, TA or 213MO strains and longer branch dis-
tances to two L. lactis strains, demonstrating a close evo-
lutionary relationship of identified L. mesenteroides with
other L. mesenteroides strains (Fig. 1C).

Bacterial electrogenicity and physicochemical
characteristics of milk ferments

To confirm the electrogenicity of a L. mesenteroides strain
isolated from cheese, electron-induced voltage changes
from bacteria in the presence or absence of glucose were
measured in vitro using electrodes. As shown in Fig. 2A,
L. mesenteroides in media with glucose triggered a higher
voltage change compared to bacteria in media without
glucose, supporting previous results that L. mesenteroi-
des was an electrogenic bacterium which can metabolize
glucose to yield electrons [1]. To investigate the probiotic
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Fig. 1 Biochemical characteristics and phylogenetic analysis of selected L. mesenteroides bacteria. (A) Gram positive stains showed the bacteria had
purple-violet appearance and formed spherical or cocci-shaped cells. Bar =10 um. (B) Bubbles (arrow) leading from production of oxygen gas from S.
epidermidis ATCC12228, a catalase positive bacterium, not but from identified L. mesenteroides (LM), a catalase negative bacterium. Bars=0.5 cm. (C) A
phylogenetic tree was constructed using the 16 S rRNA gene sequences from identified L. mesenteroides(LM), four L. mesenteroides strains (ATCC8293T,
SJRP174, TA and 213M0) and two L. lactis strains (MBFCND-13 and KCTC3528). Bootstrap values based on 1,000 replications were indicated at branch
nodes. The branch length, representing the amount of evolutionary change or genetic divergence, was shown
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Fig. 2 Particle sizes and zeta potentials in L. mesenteroides-fermented bovine milk. (A) Bacterial electricity measured by voltage changes (mV) was re-
corded for 60 min in the presence (+G) or absence (-G) of glucose. (B) The formation of dense solid (arrow) and pH values were observed in fermented
milk (FM), not non-fermented milk (M). Bar =0.5 cm. (C) Particle sizes (d.nm; diameter in nanometers) and zeta potentials (mV) (D) of non-fermented milk
(M) and fermented milk (FM) were compared. The p-values of <0.001 (***) with mean +SD from experiments in triplicate were displayed

activity of L. mesenteroides, bacteria were incubated
with bovine milk. The formation of dense solid in bovine
milk and a reduction in pH values from 6.66+0.35 to
4.50 £0.62 indicated the occurrence of fermentation after
adding L. mesenteroides for 3 days (Fig. 2B). Different
sizes of particles from 100 to 10,000 nm were detected in
non-fermented milk. However, the particle sizes (approx-
imately 1,000) in fermented milk became uniform after
bacterial fermentation (Fig. 2C). Furthermore, the L.
mesenteroides fermentation increased the absolute values
of the negative zeta potentials of particles in milk from
-9.24+0.18 mV to -24.67 £ 0.25 mV (Fig. 2D).

Abundant metabolites in bovine milk and their changes
after L. mesenteroides fermentation

The abundance of metabolites in milk was quanti-
fied based on their intensities of corresponding peaks
on the MS-MS spectra. 917 metabolites were detect-
able through a non-targeted metabolite analysis using
UHPLC-MS-MS (Table S1). Nine metabolites with
intensities greater than 2x10° were detected in non-
fermented milk (Fig. 3A). The content of linoleamide
had no changes after fermentation. However, the con-
tent of leucyltryptophan, a dipeptide, in fermented milk
had increased by 2.19-fold compared to non-fermented
milk. The amounts of three amino acids or short pep-
tides [phenylalanine-leucine (phe-leu), L-norleucine, and

H-proline-leucine-histidine-OH  (H-pro-leu-his-OH)],
three lipids (L-alpha-glyceryl-phosphorylcholine, sphin-
ganine, and choline) and palmitic acid reduced after
fermentation. Results in Fig. 3A and Table S1 indicated
that bovine milk contained various amino acids/short
peptides, lipids and organic acids and their abundances
can be changed by metabolism of L. mesenteroides during
fermentation.

Metabolites with large magnitude changes and high
statistical significance after milk fermentation

A volcano plot displays metabolites which have both
statistically significant and large magnitude changes
[36]. As shown in Fig. 3B, among 917 identified metab-
olites, 95 metabolites did not alter their abundances
after fermentation. However, compared with metabolite
abundance in non-fermented milk, 380 [log,(FC)>1;
-log,o(p value)=1.3] and 442 [log,(FC) <-1; -log;o(p
value) >1.3] metabolites increased or decreased their
contents, respectively, after fermentation. In fermented
milk, the top 5 metabolites with a significant decrease
were diethyl sulfate, perlargonidin, C20H3404 {5-[4a,5-
Bis(hydroxymethyl)-1,2-dimethyl-1,2,3,4,4a,7,8,8a-
octahydro-1-naphthalenyl]-3-methylpentanoic acid},
daidzein, and genistein. The top 5 metabolites with a con-
siderable increase were buprenorphine, LKK (H-lysine-
leu-lysine-OH), L-isoleucyl-L-threonine, C40H61N708,
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Fig. 3 Changes in the abundance of metabolites in L. mesenteroides-fermented bovine milk. (A) Changes of the nine most abundant metabolites with
intensities > 2x 10” in mass spectra in non-fermented milk were quantified after L. mesenteroides fermentation. An increase (red), decrease (green) or no
change (white) in abundance of metabolites after fermentation was displayed. A volcano plot (B) showed the relative changes of abundance of identified
917 metabolites. Red and green dots represented that the abundance of metabolites increased and decreased, representatively, in fermented milk. Grey
dots indicated the rest of the metabolites with no significant changes that were detected in both non-fermented and fermented milk. The names of top
10 significantly changed metabolites (5 increased and 5 decreased metabolites) were shown. The p-values of <0.05 (¥), <0.01 (**),and <0.001 (***) from

three separate experiments with mean = SD were shown. ns=non-significant

and (1E)-1,7-bis(4-hydroxyphenyl)hept-1-en-3-one.
Pelargonidin, daidzein, and genistein are plant flavo-
noids which can be transferred to milk when they were
added into the diet of lactating dairy ruminants [37, 38].
Although the volcano plat showed the top 10 signifi-
cantly changed metabolites between non-fermented and
fermented milk, the abundance of these metabolites in
bovine milk was relatively low. In fact, several increased
metabolites  including trans-3-Indoleacrylic  acid
(>3.5x10° MS intensity; a 1.86-fold increase after fer-
mentation) with high abundance and potential benefits
for humans have been identified in fermented milk (Table
S1). 122 of 380 increased metabolites with greater than a
1.5-fold increase after milk fermentation have been listed
in Table S3.

Changed metabolites in metabolic pathways via KEGG
enrichment analysis

The KEGG enrichment analysis showed that 200 changed
metabolites, namely DEMs, between non-fermented and
fermented milk were involved in 143 metabolic pathways.
The top twenty pathways with the lowest p-values or the
greatest pathway enrichment included seven eukaryotic
and thirteen prokaryotic metabolic pathways. The thir-
teen prokaryotic metabolic pathways (Fig. 4, Table S2) in
an order with p-values from low to high were ABC trans-
porters (map02010), protein digestion and absorption

(map04974), biosynthesis of amino acids (map01230),
aminoacryl-tRNA biosynthesis (map00970), mineral
absorption (map04978), glycine, serine and threonine
metabolism (map00260), cAMP signaling pathway
(map04024), phenylalanine, tyrosine, and tryptophan
biosynthesis metabolism (map00400), tryptophan metab-
olism (map00380), biosynthesis of cofactors (map01240),
D-amino acid metabolism (map00470), beta-alanine
metabolism (map00410) and citrate cycle (TCA cycle)
(map00020). 16 DEMs were found in the pathway related
to ABC transporters. The 6 (arginine, histidine, serine,
adenosine, riboflavin and guanosine) out of 16 DEMs
with increased abundance in the fermented milk. The rest
of DEMs with decreased abundances were lysine, valine,
maltose, uridine, isoleucine, 5-aminolevulinic acid, beta-
ine, phthalic acid, xanthosine, and maltotriose (Table S2).
The p-values, DEMs with increased/decreased abun-
dance, and their associated KEGG WebLinks were shown
in Table S2.

DEMs in the kynurenine pathway for tryptophan
metabolism of L. mesenteroides

Results from the KEGG enrichment analysis (Fig. 4) have
demonstrated that seven DEMs were associated with
metabolism of tryptophan, which is particularly plenti-
ful in milk. Tryptophan can be metabolized by probiotic
bacteria through three major downstream pathways, the
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Fig. 5 Several metabolites involved in the kynurenine pathway augmented after L. mesenteroides fermentation. (A) Tryptophan in bovine milk was
metabolized by L. mesenteroides to various metabolites via 3 different pathways (kynurenine, serotonin and indole pathways). (B) The abundance of five
metabolites (tryptophan, AA, 3-AA, quinolinic acid, and indole) (red bars) significantly increased in fermented milk and the abundance of two metabolites
(picolinic acid and 5-HIAA) (green bars) decreased in fermented milk (FM) compared to that in non-fermented milk (M) (open bars). The p-values of <0.05
(*),and <0.001 (***) from three different experiments with mean + SD were shown

serotonin, indole, and kynurenine pathways (Fig. 5A).
Five of seven DEMs including tryptophan, anthranilic
acid (AA), 3-hydroxyanthranilin acid (3-HAA), quino-
linic acid, and indole significantly increased their abun-
dances in the L. mesenteroides-fermented milk (Fig. 5B).

Compared with non-fermented milk, the fermented milk
contained lower amounts of 5-hydroxyindole-3-acetic
acid (5-HIAA) and picolinic acid. A MS2 spectrum of
quinolinic acid identified by UHPLC-MS-MS analy-
sis was shown in Fig. 6. Remarkably, three DEMs (AA,
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Fig. 6 The MS2 spectrum of quinolinic acid. UHPLC-MS-MS was per-
formed to identify the quinolinic acid in L. mesenteroides-fermented milk.
A peak at the retention time of 5.22 min in the UHPLC spectrum was sub-
jected to MS-MS analysis. Two peaks (red squares) at MS2 spectrum with
experimental m/z values at 122.0624 and 166.0160 well matched to theo-
retical m/z values at 122.0248 and 166.0146 of quinolinic acid, respectively
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Fig. 7 The pathway of ABC transporters with the lowest p-values (great-
est pathway enrichment) after screening DEMs. (A) The histidine trans-
porter (HisPMQJ), arginine transporter (ArtJ-ArtPIQM), arginine/ornithine
transporter (AotJ, Q, M and P), and riboflavin transporter (RfFuABCD) were
involved in translocation of histidine, arginine, arginine/ornithine, and ri-
boflavin, respectively. (B) The levels of DEMs including histidine, arginine,
and riboflavin in L. mesenteroides-fermented milk (FM) were significantly
higher than those in non-fermented milk (M). The p-values of <0.05 (¥),
<0.01 (**), and <0.001 (***) and mean+SD were obtained from experi-
ments performed in triplicate

3-HAA, quinolinic acid) with elevated amounts in fer-
mented milk indicated the activation of the kynuren-
ine pathway in L. mesenteroides during fermentation.
AA, 3-HAA and quinolinic acid have been known as an
electron donor or precursor with properties of primary
or secondary antioxidants [39, 40, 41] in the tryptophan
kynurenine pathway, a route for cellular energy genera-
tion [42].

DEM:s associated with prokaryotic-type ABC transporters

At least seven prokaryotic-type ABC transporters have
been reported [43]. The KEGG enrichment analysis has
linked sixteen DEMs to metabolic pathways of ABC
transporters (Fig. 4 and Table S2). Phthalic acid and
betaine were delivered across the bacterial membrane

Page 8 of 12

through the mineral and organic ion transporters. Malt-
ose, maltotriose and nucleosides (adenosine, guanosine,
xanthosine, and uridine) which were mainly transported
by basic membrane protein A (BmpA)-NupABC, were
involved in the oligosaccharide, polyol, and lipid trans-
porters. 5-aminolevulinic acid was transported by dipep-
tide-binding protein (Dpp)A which belonged to peptides
and nickel transporters. Histidine, arginine, lysine, ser-
ine, valine and isoleucine mediated the phosphate and
amino acid transporters across the bacterial membrane.
Riboflavin can be delivered by riboflavin uptake (Rfu)
ABC transporters which are the members of metallic cat-
ion, iron-siderophore and vitamin B12 transporters. As
shown in Fig. 7, the amounts of histidine, arginine, and
riboflavin were substantially increased after milk fermen-
tation. L. mesenteroides is an electrogenic bacterium [1,
3]. The results have demonstrated that many metabo-
lites with increased abundance after milk fermentation
engaged in bacterial ABC transporters. The increased
histidine, an electron donor [44], arginine, a pH regulator
[45], and riboflavin, an electron amplifier [46, 47], may
facilitate the survival or bioelectricity of L. mesenteroides
during electro-fermentation.

Discussion

The non-fermented bovine milk contained heterogenous
sizes of particles (100 to 10,000 nm). After fermentation,
particles in fermented milk became uniform in size at
approximately 1,000 nm (Fig. 2C). Electrons generated by
electrogenic L. mesenteroides may regulate the aggrega-
tion of casein micelles with negative surface charges in
milk [48], resulting in homogeneous sizes of particles in
fermented milk. A highly negative/positive zeta poten-
tial has been used to foresee the stability of particles [49].
High absolute values of zeta potentials indicated particle
stabilities. As shown in Fig. 2D, the absolute value of zeta
potentials of fermented milk was higher than that of non-
fermented milk, suggesting that L. mesenteroides fermen-
tation conferred good stability of milk ferments.

The relative abundance of metabolites in non-fer-
mented milk or L. mesenteroides-fermented milk was
determined by measuring the m/z of their ions in mass
spectra (Fig. 3A). The abundance of metabolites was
calculated based on their intensities of correspond-
ing peaks on the mass spectra. Metabolites first were
ionized by bombarding them with a high-energy elec-
tron beam to obtain their m/z values. However, not all
metabolites, such as neutral metabolites, can be ionized
readily, leading to signal loss. Several solutions including
chemical derivatization [50] and ion suppression using
ion-pairing agents [51, 52] have been proposed to quan-
tify the poor ionized metabolites in mass spectrometry.
L. mesenteroides is a lactic acid bacterium with capability
of converting lactose in milk to lactic acid. However, in
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this study, lactic acid was not detected by non-targeted
metabolite analysis. One of possible reasons may be due
to the suppressive effects from other acids produced in
fermented milk. Protons (H*) derived from other acids
may suppress the anion of lactic acid [53]. Furthermore,
lactic acid is a relatively small and polar molecule which
made identification difficult in ionization-required mass
spectrometry. To accurately detect lactic acid in a com-
plex fermentation mixture, specific sample prepara-
tion including derivatization [54] may be necessary to
increase the efficiency of ionization. L. mesenteroides is
a hetero-fermentative bacterium which can decompose
the carbohydrates into multiple end products. Besides
the metabolites with greater than 1.5-fold increased
abundance (Table S3), many bioactive metabolites such
as amino acids [glutamic acid (a 0.51-fold increase),
phenylalanine (a 0.60-fold increase), and proline (a 0.57-
fold increase)] and organic acids [citric acid (a 1.13-fold
increase), malic acid (a 0.70-fold increase), and threonic
acid (a 1.20-fold increase)] were detectable in milk fer-
ments of L. mesenteroides.

Cell-envelope proteinase (CEP) of lactic acid bacteria
presents the activity in hydrolysis of milk proteins such
as B-casein [55]. Milk fermentation by these bacteria has
been known for generation of bioactive peptides (2—-20
amino acid residues) with antioxidant properties [56].
Many short peptides among 917 metabolites (Table S1)
have been identified in fermented milk although bio-
logical functions of these peptides are unknown. The
amounts of phe-leu and H-pro-leu-his-OH peptides
reduced after milk fermentation (Fig. 3A). Contrast-
ingly, the levels of L-isoleucyl-L-threonine and LKK
(H-lysine-leu-lysine-OH) increased after milk fermen-
tation (Fig. 3B). Besides short peptides, organic acids
were found abundantly in bovine milk. The content of
trans-vaccenic acid, a fatty acid secreted in breast milk
[57], was decreased after milk fermentation of L. mes-
enteroides. Compared to that in non-fermented milk,
the abundance of trans-3-Indoleacrylic acid significantly
increased in fermented milk. It has been reported that
indoleacrylic acid eased type 2 diabetes via activation of
the aryl hydrocarbon receptor (AhR) signaling pathway
in rats [58]. However, the levels of 6-hydroxycaproic acid,
hippuric acid, and phenyllactic acid (PLA), which affect
the milk preservation [59, 60], were considerably reduced
in fermented milk.

The kynurenine pathway is a metabolic route for break-
ing down tryptophan in both prokaryotes and eukary-
otes, and it plays a critical role in generating cellular
energy [42]. Although tryptophan catabolism through
the kynurenine pathway in L. mesenteroides is not well
characterized yet, three metabolites (AA, 3-HAA and
quinolinic acid) in the kynurenine pathway were ele-
vated by milk fermentation of L. mesenteroides (Fig. 5).
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AA chemically is ortho aminobenzoate with electron-
donating groups [61]. AA was viewed as a secondary
antioxidant with application for inhibition of oxidative
stress [62]. 3-HAA is an excellent electron donor in elec-
trochemical experiments [63]. It can vastly reduce free
radicals such as hydroxyl radical and peroxynitrite [64]
by hydrogen atom donation [65]. Quinolinic acid is a
precursor of NAD™, an electron donor, and plays a criti-
cal role in oxidative phosphorylation and glycolysis [66].
Several Gram-positive bacteria express flavin synthe-
sis genes and operate the flavin-based EET for electron
transferring [47]. Riboflavin (vitamin B2), a precursor to
the coenzymes flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD), secreted from bacteria can
shuttle electrons to acceptors and amplify the electron
signals [67]. Administration of FMN into an electrogenic
bacterial culture led to a substantial increase in elec-
tric current [47]. As shown in Fig. 7A and Table S1, the
amount of riboflavin in fermented milk was significantly
higher than that in non-fermented milk. During electro-
fermentation, L. mesenteroides may mediate the catabo-
lism of tryptophan in milk and/or flavin synthesis to
enrich the amounts of AA, 3-HAA, quinolinic acid and
riboflavin with the purpose of obtaining sufficient elec-
tron donors or mediators for sustaining its electrogenic-
ity. Supplements of fermented milk with high amounts of
electron donors or mediators may enhance energy pro-
duction of human cells [68].

Through the KEGG pathway enrichment analysis, the
increased and decreased metabolites in milk after fer-
mentation were strongly related to ABC transporter path-
way with the lowest p-value compared to that for other
metabolic pathways (Table S2). The levels of histidine
and arginine associated with histidine, arginine, argi-
nine/ornithine transporters, respectively, were noticeably
higher in fermented milk (Fig. 7). Histidine is an “elec-
trogenic” amino acid with an imidazole ring structure,
acting as an electron donor or acceptor. When interact-
ing with metal ions like zinc or copper in active sites of
enzymes, histidine can participate in electron transfer to
influence the catalytic activities of enzymes [69]. Several
histidine-rich motifs in DNA transcription factors, which
take part in making the connection of proteins to nucleic
acids by zinc-fingers [70]. It has been reported that his-
tidine transporter is indispensable for bacterial growth
under acid stress [71]. Furthermore, histidine electro-
active bacteria have been identified [72]. These bacteria
possess surface proteins containing histidine residues,
functioning as a redox center, which can accept or donate
electrons to participate in electrochemical reactions with
their environment. It has been reported that bacteria can
be genetically modified with histidine-tagged protein
fibers to enhance their electroactivities [73]. Arginine
or arginine/ornithine transporters facilitate the uptake
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or exchange of arginine and ornithine across the bacte-
rial membrane. L. mesenteroides expresses the arginine
deiminase, which can convert arginine into ornithine and
ammonia to protect bacteria from acidic environment
[74]. Thus, the elevated histidine and arginine in fer-
mented milk (Fig. 7) may increase the survival or electro-
genicity of L. mesenteroides during electro-fermentation.

Conclusions

The non-targeted metabolomics approach comprehen-
sively profiled 917 metabolites in non-fermented and L.
mesenteroides-fermented milk. The top 13 prokaryotic
metabolic pathways included pathways related to ABC
transporters and tryptophan metabolism, and ones with
the lowest p-values were selected via KEGG enrich-
ment analysis. The abundance of 3 DEMs (AA, 3-HAA
and quinolinic acid) in the tryptophan kynurenine path-
way and 3 DEMs (histidine, arginine, and riboflavin)
associated with bacterial survival and EET substantially
increased in L. mesenteroides-fermented milk. These
DEMs may facilitate the electro-fermentation of L. mes-
enteroides. In addition, L. mesenteroides-fermented milk
with these DEMs which acted as an electron donor or
precursor may become new antioxidant nutrients for
humans.
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5-HIAA 5-hydroxyindole-3-acetic acid

his histidine
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