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Introduction: To develop functional foods with traditional medicines and
homologous food ingredients as well as human milk-derived probiotics,
the co-fermentation process of two probiotics, Lactobacillus plantarum R9
and Lactobacillus gasseri B1-27, isolated from the human milk of healthy
parturients and the traditional medicine and food homologous ingredient
Poria cocos, were separately investigated.

Methods: The proliferation effects of different concentrations of Poria cocos
fermentation broth on the two human milk-derived probiotics was evaluated
by mass spectrophotometry. Non-targeted metabolomics assays conducted
before and after fermentation of the human milk-derived L. plantarum R9 and
L. gasseri B1-27 using the 2.5% Poria cocos fermentationbroth.

Results: The Poria cocos fermentation broth at 2.5% significantly enhanced the
total number of L. plantarum RO (p=0.001) and L. gasseri B1-27 (p=0.013) after 20 h
of fermentation, and Non-targeted metabolomics assays conducted before and
after fermentation of the human milk-derived L. plantarum R9 and L. gasseri B1-
27 using the 2.5% Poria cocos fermentation broth revealed 35 and 45 differential
metabolites, respectively. A variety of active substances with physiological
functions, such as L-proline, L-serine, beta-alanine, taurine, retinol, luteolin, and
serotonin, were found to be significantly increased. Mannitol, a natural sweetener
with a low glycemic index, was also identified. The most significantly altered
metabolic pathways were pyrimidine metabolism, pentose phosphate, yeast
meiosis, ABC transporter, insulin signaling, and mineral absorption, suggesting that
co-fermentation of human milk-derived probiotics and Poria cocos may affect the
metabolism of trace minerals, sugars, organic acids, and amino acids.

Discussion: Overall, we determined that the optimal concentration of Poria cocos
to be used in co-fermentation was 2.5% and identified more than 35 differentially
expressed metabolites in each probiotic bacteria after co-fermentation. Moreover,
several beneficial metabolites were significantly elevated as a result of the co-
fermentation process indicating the valuable role of Poria cocos as a functional food.

KEYWORDS

metabolomics, human milk, probiotics, prebiotics, Poria cocos, homology of
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Introduction

Consumers’ increasing attention toward a healthy diet often
leads them to consume functional foods, such as probiotic
functional milk beverages rich in plant ingredients (Binda et al.,
2020), which can improve metabolic disorders, promote the
absorption of trace elements, and strengthen the immune system
(Prosekov et al., 2018). Moreover, these functional foods can
be used as part of supportive care and be consumed daily to
achieve the necessary nutritional balance (Sukhikh et al., 2019).
Plant extracts can be used as additives for various purposes in the
fermented food industry. They positively affect human metabolic
processes in combination with probiotics, improving digestion,
cardiovascular activity, and emotional state. Such additives also
reportedly exert anti-inflammatory, anti-allergic, anti-bacterial,
anti-oxidant, anti-obesity, and anti-diabetic effects (Pothuraju
et al., 2015). However, more prospective studies are needed to
support the reduction of drug intake by consuming a balanced
diet supplemented with functional foods. Food and functional
plant materials that are drug homologous are raw materials of
nutritional and healthy products and are one of the main
categories of dietary supplements.

Poria cocos is the dried sclerotia of Poria cocos (Schw.) Wolf,
a fungus belonging to the family of the polyporaceae, is a well-
known traditional herbal medicine in China and other Asian
countries since ancient times (Wu et al., 2020). It was recorded
in Shen Nong’s Herbal Classic that Poria cocos is mainly indicated
for separating the adverse gi from the chest; it can induce
urination, tranquilize and replenish the mind after long-time
administration, relieve hunger, and prolong the life. Zhongjing
Zhang, a famous doctor in the Han Dynasty, created more than
40 prescriptions based on Poria cocos, such as “Poria Sini
Decoction” and “Wuling Powder” In the Compendium of
Materia Medica, Shizhen Li of the Ming Dynasty also
comprehensively discussed the medicinal value and important
prescription of Poria cocos, which has been administered for
more than 2000 years. In addition to medicinal purposes, Poria
cocos is also a very good nourishing food, which is of great
benefit to physical fitness. The earliest record of Poria cocos
being consumed was an ingredient of the food called “Jade
Fragrant Cake” in the “Wu’s Family Feedback” during the Tang
Dynasty. Poria cocos appears in one of the earliest “lists of
varieties that are both food and medicine” published in China
(Niu et al., 2012). Poria cocos powder, made from the traditional
Chinese medicine Poria cocos, can be directly swallowed,
soaked, or boiled in soup and porridge. It contains triterpenes,
polysaccharides, choline, fat, lecithin, potassium, magnesium,
and other trace minerals, has many bioactive functions, such as
enhancing immunity, lowering blood glucose, resisting
inflammation, and inhibiting bacterial growth, improving sleep
and reducing swelling, and it is well-known by consumers (Xu
et al., 2022). Human milk is the safest food and the main source
of essential nutrients for infants. Studies have confirmed the
presence of probiotics in human milk, indicating that the

Frontiers in Microbiology

02

10.3389/fmicb.2022.1032870

intestinal microbiota of infants and young children may
be originating from mother’s milk, which indirectly affects their
health (Heikkila and Saris, 2003; Martin et al., 2012). The
development of food substances containing human milk-
derived probiotics may therefore have a positively impact on the
composition of the intestinal microbiota in infants and young
children (Prado et al.,, 2008), and thus of great significance to
promote their health (Zhao et al., 2019).

However, changes in people’s traditional eating habits towards
consuming higher amounts of commercial snacks with a low
nutritional value has contributed to declines in the production
and consumption of traditional fermented foods mainly in Asia
and Africa, and the diversity of microorganisms used by fermented
food suppliers is also declining. It is therefore urgent to explore
new fermented food products (Tamang et al., 2016). In the present
study, the synergistic interaction between human milk-derived
probiotics and the traditional medicinal and food homologous
ingredients of Poria cocos powder was evaluated. We studied the
effects of Poria cocos powder on human milk-derived probiotics,
and used non-targeted metabolomics to identify dynamic changes
before and after the fermentation of human milk-derived
probiotics in Poria cocos fermentation broth (Mozzi et al., 2013).

Materials and methods
Strain activation

The MRS broth was prepared, sterilized at 121°C for 20 min,
and then dispensed into 10 ml sterilized test tubes in a BioClean
room. The preserved Lactobacillus plantarum R9 (Genome
Accession Number KU214638.1) and Lactobacillus gasseri B1-27
(Genome Accession Number NR113820.1) strains were inoculated
into the medium at a volume of 200 pl and placed in an incubator
set to 37+ 1°C for 24 h for anaerobic culture. After confirming the
absence of infectious microorganisms using an optical microscope,
the broth was activated three times using 2% inoculum to keep the
bacteria at high viability for future use.

Preparation of the Poria cocos powder
fermentation broth

First, 250 ml of MRS broth liquid medium was prepared. After
adjusting its pH to 6.25, the broth was then evenly dispensed into
five conical flasks and supplemented with 0, 0.5, 1.25, 2.5, 0r 3.75 g
of Poria cocos powder (Beijing Jinchongguang Pharmaceutical
Co., Ltd., Beijing, China). After stirring a blank control
fermentation broth and four Poria cocos fermentation broths at 1,
2.5, 5 and 7.5% were obtained. Subsequently, 10ml of culture
medium in each conical flask was dispensed into five test tubes.
After sterilization at 121°C for 20 min, 200 pl of culture medium
was separately inoculated with L. plantarum R9 and L. gasseri
B1-27 for culture.
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Total bacterial count

A spectrophotometer (NanoDrop 2000, Thermo Scientific,
MA, United States) and a pH meter (Five Easy Plus, Mettler
Toledo Instruments (Shanghai) Co., Ltd., Shanghai, China) were
used to measure the absorbance (optical density, OD) at 600 nm
and the pH value of the fermentation broths with different
concentrations of Poria cocos at 0, 20, and 24 h after inoculation.
Each measurement was repeated three times.

The change in the OD value of each Poria cocos fermentation
broth was calculated throughout 0-20h after the onset of the
fermentation, using the formula E = AOD erimental group — AODcontrol
goup- When E>0, the Poria cocos fermentation broth was
considered to have a proliferation-enhancing effect on the
probiotics derived from human milk, whereas when E<0, there
was no proliferation-enhancing effect (Lu et al., 2014).

Preparation of samples for metabolomic
analysis

Poria cocos fermentation broths with the strongest
proliferation enhancement effect were selected from the broths at
different concentrations and inoculated with 200 pl of L. plantarum
R9 and L. gasseri B1-27 for 24h. Appropriate amounts of
fermentation broth samples were collected at different stages,
transferred into 2 ml centrifuge tubes, supplemented with 500 pl
of methanol solution after concentration and desiccation, and
vortexed for 1 min. Subsequently, samples were centrifuged at
16992 xg for 10min at 4°C and the supernatants were collected
and transferred into new 2 ml centrifuge tubes for concentration
and drying. Samples were reconstituted using 150 pl of 2-chloro-
L-phenylalanine solution prepared in 80% methanol-water
(Thermo Fishe Scientific, Waltham, MA, United States), filtered
through a 0.22 pm membrane, and transferred into a detection
bottle for liquid chromatography-mass spectrometry (LC-MS)
analysis (Dunn et al., 2011).

LC analysis

LC analysis was carried out in a Vanquish ultra-high
performance LC System (Thermo Fisher Scientific) equipped
withthe ACQUITY UPLC® HSS T3 (150x2.1mm, 1.8pum)
column (Waters, Milford, MA, United States). The temperature of
the column was maintained at 40°C. The flow rate and injection
volume were set to 0.25ml/min and 2pl, respectively. For
LC-electrospray ionization (ESI)(+)-MS analysis, the mobile
phases consisted of (C) 0.1% formic acid in acetonitrile (v/v) and
(D) 0.1% formic acid in water (v/v). Separation was conducted
using the following gradient: 0-1min, 2% C; 1-9 min, 2-50% C;
9-12min, 50-98% C; 12-13.5min, 98% C; 13.5-14 min, 98-2% C;
14-20min, 2% C. For LC-ESI (—)-MS analysis, the analytes were
separated with (A) acetonitrile and (B) ammonium formate
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(5mM) using the following gradient: 0-1min, 2% A; 1-9min,
2-50% A; 9-12min, 50-98% A; 12-13.5min, 98% A; 13.5-14 min,
98-2% A; 14-17 min, 2% A (Zelena et al., 2009).

MS conditions

MS detection of metabolites was conducted on a Q Exactive
Focus instrument (Thermo Fisher Scientific, MA, United States)
using an ESI ion source. Simultaneous MS1 and tandem MS/MS
(full MS-ddMS2 mode, data-dependent MS/MS) acquisition
was used. The parameters were as follows: sheath gas pressure,
30 arb; aux gas flow, 10 arb; spray voltage, 3.50kV and — 2.50kV
for ESI(+) and ESI(—), respectively; capillary temperature,
325°C; MS1 range, m/z 81-1,000; MS1 resolving power, 70,000
FWHM; the number of data-dependent scans per cycle, 3; MS/
MS resolving power, 17,500 FWHM; normalized collision
energy, 30%; dynamic exclusion time, automatic (Want
et al,, 2013).

Bioinformatics and statistical analyses

The raw off-machine MS files were converted to mzXML
format using the MSConvert tool in the Proteowizard software
package (v3.0.8789; Smith et al., 2006). The R XCMS software
package (Navarro-Reig et al., 2015) was used to perform peak
detection, peak filtering, and peak alignment processing to
obtain a quantitative list of metabolites. The public Human
Metabolome Database (HMDB!) MassBank?, LIPIDMAPS?,
mzCloud®, and Kyoto Encyclopedia of Genes and Genomes
(KEGG®) databases were used for identifying metabolites. The
robust LOESS signal correction (QC-RLSC) was applied for
data normalization to correct for any systematic bias. After
normalization, only the ion peaks with relative standard
deviations (RSDs) of less than 30% were retained to ensure
proper metabolite identification.

Principal component analysis (PCA) and orthogonal partial
least squares discriminant analysis (OPLS-DA) in the R software
package Ropls were used to reduce the dimensionality of sample
data (Thévenot et al., 2015). The metabolic profiles were visualized
as a score plot, where each point represents a sample. The
corresponding loading plot and S-plot were generated to provide
information on the metabolites influencing sample clustering. All
models were evaluated for overfitting using permutation tests.
OPLS-DA, which allows discriminating metabolites based on
variable importance on projection (VIP) was used. The p-value,

a M~ NN
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VIP returned by OPLS-DA, and fold change (FC) were applied to
determine the variables that contributed to metabolite
classification. Finally, p <0.05 and VIP values >1 were considered
statistically significant. The MetaboAnalyst software package (Xia
and Wishart, 2011) was used to perform functional pathway
enrichment and topology analyses on the identified differentially
metabolized molecules. The enriched pathways were used to
browse differential metabolites and pathway maps with the KEGG
Mapper visualization tool. Agglomerative hierarchical clustering
analysis was performed on the dataset using Pheatmap
package in R.

Results

Effects of different concentrations of
Poria cocos fermentation broth on the
proliferation of human milk-derived
probiotics

The 2.5% Poria cocos fermentation broth had the strongest
proliferation- enhancing effect on L. plantarum R9 and L. gasseri
B1-27 (Figure 1). The absorbance of the fermentation broth at
600 nm, measured by spectrophotometry, revealed that the total
bacterial counts of L. plantarum R9 (p=0.001) and L. gasseri
B1-27 in the 2.5% Poria cocos fermentation broth were
significantly increased after 20 h of fermentation (p=0.013). In
addition, 7.5% Poria cocos powder inhibited the growth of both
probiotics (Table 1). Moreover, as shown in Table 2, the pH of
Poria cocos fermentation broths with different concentrations
varied between 3.9 and 4.2 during the fermentation of human
milk-derived probiotics (Gueimonde et al., 2004), which was in
line with the pH value required for commercial fermented milk;
however, there was no significant difference between
fermentation broths.

0.03

0.02

0.01

-0.01

-0.02

I I 1 1 1 1 1 1 1 1 1 1 1 1
Poria cocos concentration

FIGURE 1

E-values of Lactobacillus plantarum R9 and Lactobacillus gasseri
B1-27 in Poria cocos fermentation broth at different
concentrations.
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Metabolites changes after fermentation

The dynamic changes in metabolites at the initial state, after
sterilization, and after human milk-derived probiotics
co-fermentation with 2.5% Poria cocos powder broth were
determined using non-targeted metabolomics and analyzed with
PCA, OPLS-DA, and other analytical methods. An obvious
separation could be observed on the PCA and OPLS-DA score
maps (Boulesteix and Strimmer, 2007). Different Poria cocos
fermentation broths produced clear differences in the positive and
negative ESI modes, indicating that the Poria cocos fermentation
broth of the two probiotic bacteria yielded different metabolites
before and after fermentation with a significant classification
effect. The total contributions in the positive and negative ESI
modes reached 75.7 and 76.1%, respectively, in the OPLS-DA
score figure reached 74.5 and 73.5%, respectively, in the OPLS-DA
reflecting the metabolite differences between whole samples
(Trygg and Wold, 2002). In addition, in the PCA, the R2X in the
positive and negative ESI modes were 0.757 and 0.761,
respectively; as both values were higher than 0.5, the model had
good interpretability. The model built in the OPLS-DA had an
R2X of 0.849, RY2 of 0.997, and model prediction ability Q2 of
0.849 in the positive ESI mode and an R2X of 0.735, RY2 of 0.899,
and Q2 of 0.742 in the negative ESI mode. The replacement test
results showed that the model was stable and reliable, and had
good interpretability, validating the good representativeness of the
Poria cocos fermentation broth samples and the non-targeted
metabolomics methodology (Dunn et al., 2011; Xu et al., 2015;
Zha et al., 2021; Figure 2).

Analysis of differential metabolites

Based on the results of the OPLS-DA model, differential
metabolites were identified using the cut-off values of p <0.05 and
VIP >1 (Dunn et al., 2011), Metabolites were identified based on
the precise m/z and retention times of corresponding standard
compounds in combination with data queries on public databases
such as HMDB. After the initial Poria cocos fermentation broth
was sterilized by high temperature and pressure, certain organic
acid-based metabolomic differences were produced, including 19
differential metabolites such as heptanoic acid, cis-aconitic acid,
phthalic acid, and 2-(methylamino) benzoic acid. A total of 35 and
45 differential metabolites were detected in L. plantarum R9 and
L. gasseri B1-27, including organic acids and their substituted
derivatives, amino acids and their derivatives, flavonoids,
vitamins, purines, and pyrimidines and their derivatives were
identified. The differential abundance of these metabolites is
displayed as a heatmap in Figure 3. Overall, the contents of various
metabolites in the fermentation broth of Poria cocos were
significantly different before and after fermentation. Generally, the
content of metabolites in the Poria cocos fermentation broth after
L. gasseri B1-27 and L. plantarum R9 fermentation was lower than
that before fermentation, with similar metabolic patterns within
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TABLE 1 Absorbance (optical density, OD) of the Lactobacillus plantarum R9 and Lactobacillus gasseri B1-27 fermentation broths with different
concentrations of Poria cocos fermentation broth.

Concentration of Lactobacillus plantarum R9 Lactobacillus gasseri B1-27

Poria cocos

fermentation broth Oh 20h 24h AOD\E Oh 20h 24h AOD\E
Control 0.24+0.06 437021 4.780.03 4.13\0 0.23+0.21 4026 41038 3.77\0
1% 0.49+0.1 39702 4.18+0.78 3.48\-0.65 —0.57+0.15 32407 35053 3.77\0
2.5% 0.77+0.31 6.83+0.38* 520.30 6.06\1.93 —0.23+0.55 5.9£0.72% 4.87+0.87 6.13\2.36
5% 0.43+0.59 4.23+0.74 4.23+1.93 3.8\-0.33 0.13+0.15 4.6+1.22 4.77+0.45 4.47\0.7
7.5% 0.21+0.95 2.82+0.81 4.13+0.46 2.61\-1.52 0.83+0.49 3.8+0.31 5.2+0.66 2.97\-0.8

All data in table have been x100 for conciseness; *indicates p <0.01.

TABLE 2 pH of the Lactobacillus plantarum R9 and Lactobacillus gasseri B1-27 fermentation broths with different concentrations of Poria cocos
fermentation broth.

Concentration of Lactobacillus plantarum R9 Lactobacillus gasseri B1-27

Poria cocos

fermentation broth Oh 20h 24h 0h 20h 24h
Control 6.15+0.02 3.85+0.02 3.64+0.04 6.34+0.03 3.91+0.01 3.89+0.03
1% 6.11+0.03 3.92+0.02 3.87+0.05 6.29+0.02 3.9£0.01 3.86+0.01
2.5% 6.12+0.02 3.98+0.04 3.9+0.03 6.23+0.03 3.89+0.01 3.91+0.04
5% 6.04+0.03 3.96+0.03 3.89+0.01 6.21+0.01 3.91+0.01 3.9£0.03
7.5% 6.03+0.01 3.94+0.02 3.84+0.01 6.17+0.03 3.9+0.02 3.93+0.03

each group. The content of organic acids and their substituted Discussion
derivatives, as well as amino acids and their derivatives, were

higher after fermentation than that before fermentation (Figure 3). Probiotics are commonly used biological ingredients in many
Comparison of the contents of different metabolites allowed functional fermented foods, and Lactobacillus and Bifidobacterium
identifying the effects of Poria cocos in human milk-derived species are the most commonly used probiotics. The probiotics
probiotic fermentation. used in the present study were L. plantarum R9 and L. gasseri

B1-27, which were isolated from the human milk of healthy
mothers in Beijing and possessed excellent probiotic properties
Metabolic pathway analysis of differential (Yin et al., 2019). Both strains are known as effective probiotics

metabolites that are closely associated with human health and are commonly
used in functional foods and for fermentation in the dairy
The differential metabolites identified from the industry (Selle and Klaenhammer, 2013; Seddik et al., 2017).
co-fermentation broth of Poria cocos and L. plantarum R9 and Probiotics in human milk may be the direct source of the intestinal
L. gasseri B1-27 were involved in 165 and 181 metabolic microbiota of infants and young children, indirectly affecting their
pathways, respectively. The 20 most significant metabolic health. Poria cocos is a commonly used material in traditional
pathways were determined according to the comprehensive Chinese medicine with various biological activities, such as anti-
analysis of p-values and impact values of each pathway. KEGG tumor, immune regulation, anti-inflammation, anti-oxidation,
enrichment analysis was used to analyze the effect of human and anti-aging effects. Although probiotics are functional
milk-derived probiotics on metabolic pathways in Poria cocos microorganisms that transform animal and plant materials via
fermentation broth before and after fermentation, and the fermentation, improve the bioavailability of nutrients, and enrich
results are presented in Figure 4. Five important metabolic the sensory quality of foods, no study has examined the interaction
pathways were identified, which may also be the key pathways of human-derived probiotics and medicinal materials (Tamang
though which human milk-derived probiotics and Poria cocos et al., 2016). Therefore, the present study aimed to explore the
exert their synergistic effects in vivo. According to the relative interaction between human milk-derived probiotics and Poria
response value of the identified metabolites in the metabolic cocos, the prebiotic effects of this traditional Chinese medicine,
pathways and the dimension reduction algorithm, the and the probiotic potential of human milk-derived probiotics.
correlation coefficients between the metabolic pathways were To explore the proliferation-enhancing effect of Poria cocos
calculated and used to draw the metabolic pathway association on probiotics and to determine its optimal concentration, four
network presented in Figure 5. concentrations of Poria cocos fermentation broth (1, 2.5, 5, and
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7.5%) were analyzed. Usually, the concentration of fermentation
additives is optimal at 1-10%, and excessive addition may affect
the organoleptic properties of fermented products. By comparing
the OD value of the two probiotics in Poria cocos fermentation
broth at the tested concentrations 20h after the onset of
fermentation (Table 1), we found that the proliferation-enhancing
effect of Poria cocos on L. plantarum R9 and L. gasseri B1-27 was
correlated with the concentration of Poria cocos. When the
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concentration of Poria cocos in the medium was 2.5%, the
fermentation broths of the probiotic strains reached their
maximum OD values and increasing the concentration of Poria
cocos in the fermentation broth led to decreasing OD values of the
fermentation broths. When the concentration of Poria cocos
reached 7.5%, the growth of L. plantarum R9 and L. gasseri B1-27
was inhibited. This might be because Poria cocos itself contains a
large number of polysaccharides, small molecular sugars, amino
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FIGURE 3

Hierarchical clustering heatmap of bacterial metabolites before and after fermentation. (A) Differential metabolites before and after fermentation
of Lactobacillus plantarum R9. (B) Differential metabolites before and after fermentation of Lactobacillus gasseri B1-27. Relative contents are
indicated as differences in color. The redder the color, the higher the content of the metabolite, and the bluer the color, the lower the content of
the metabolite.

acids, and a variety of trace elements, which might serve as a that when the concentration of Poria cocos reached 7.5%, the
carbon and nitrogen sources for the probiotic strains, thus inhibitory factors present in Poria cocos exceeded the beneficial
promoting the growth of the probiotic bacteria. It is also possible effects. Due to the high concentration of saccharides in the
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Bubble chart of the metabolic pathways in which the differential
metabolites identified after fermentation participate.
(A) Lactobacillus plantarum R9. (B) Lactobacillus gasseri B1-27.
Each bubble represents a metabolic pathway. The impact value
of each enriched pathway is displayed in the X-axis and the —
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significant the impact of the detected differential metabolites on
the pathway is. The larger the impact value, the larger the dot,
which means the higher the contribution of the metabolites
detected on that pathway, and the greater the impact on the
metabolic pathway. Colors are related to p values; the lighter the
color, the larger the p value.

solution, the internal and external osmotic pressure imbalance of
the bacteria inhibited their proliferation. The above results show
that, in a certain concentration range, Poria cocos significantly
enhances the proliferation of L. plantarum R9 and L. gasseri
B1-27, and a 2.5% Poria cocos concentration yielded an optimal
effect. However, the concentration range used in this study was
still wide, and subsequent, more accurate optimization is
warranted for the future production and application of
Poria cocos.

Frontiers in Microbiology

08

10.3389/fmicb.2022.1032870

Based on LC-MS non-targeted metabolomics, 35 and 45
differential metabolites were identified from the fermentation
broth of Poria cocos before and after fermentation with
L. plantarum R9 and L. gasseri B1-27 (Figure 6). The differential
amino acids identified from the Poria cocos fermentation broth of
L. plantarum R9 included L-proline, beta-alanine, taurine,
N-acetylleucine, and N-acetyl leucine. These free amino acids and
peptides with various physiological functions are important
contributors to the unique organoleptic and nutritional quality of
Lactobacillus sp. fermented foods (Hu et al., 2022). For instance,
L-proline has been tested for its anti-tumor activity in tissue
culture and in vivo. As one of the most popular sport supplements
worldwide, beta-alanine can increase carnosine content in skeletal
muscle and act as an intracellular pH buffer, improving exercise
performance and delaying exercise fatigue (Trexler et al., 2015).
Taurine is a sulfur-containing non-essential amino acid that helps
regulate cell volume and anti-oxidant defense against stress, and
plays an important role in cellular redox homeostasis and skeletal
muscle function (Spriet and Whitfield, 2015); it also has
physiological effects in regulating lipid metabolism disorders and
lowering blood glucose, which has been confirmed in both animal
and clinical studies (Kp and Martin, 2022). Probiotics can produce
a variety of organic acids during fermentation, thereby reducing
the pH of the fermentation broth and effectively inhibiting the
production of miscellaneous bacteria during fermentation. For
instance, the significantly elevated stearic acid levels may help
soften blood vessels and prevent hypertension and cardiovascular
problems, thereby promoting health (Valenzuela et al., 2011).
With an electron-rich pyrrole ring and a 2-carboxylic acid
functional group, pyrrole-2-carboxylic acid can provide a
nucleophilic center, endowing it with anti-bacterial, anti-fungal,
anti-inflammatory, and anti-tumor activities (Hu et al., 2020).
Retinol is a dietary compound with vitamin A activity. Vitamin A
is a key nutrient in the human diet, with particular importance in
vision maintenance, embryonic development, immunity, tissue
repair, and homeostasis (O’Connor et al., 2022). Flavonoids are a
large class of secondary metabolites with diverse structures and
widely distributed in plants. Some flavonoids have diverse
structures and some of them have important pharmacological
activities such as anti-cancer and anti-inflammation (Middleton
et al., 2000). They can also add a pleasant aroma to fermented
products. Among the differential metabolites identified in the
present study, luteolin has high medicinal value. Compared with
other flavonoids, luteolin is most effective in inhibiting tumor cell
proliferation (Seelinger et al., 2008), and it can also protect the
nervous system, reduce the occurrence of neuropathy, and
improve memory and cognitive function through its anti-oxidant
and anti-inflammatory effects (Yao et al., 2021). These differential
metabolites, which were significantly increased after fermentation,
can potentially enhance the health benefits of the final product
(Tables 3, 4).

Other types of organic acids, amino acids, and alcohols were
also produced as a result of the co-fermentation of L. gasseri B1-27
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and Poria cocos powder. In addition to L-proline, taurine, pyrrole- alcohol, is a natural sweetener with low glycemic index. It has a
2-carboxylic acid, luteolin, and retinol, serotonin was also wide range of applications in the food and pharmaceutical
produced. This monoamine can improve people’s mood, memory, industries and can also act as an antioxidant. Many homologous
sleep, and thermoregulation, and has anti-inflammatory and and heterologous flactic acid bacteria and yeasts used in
immune-enhancing properties (Balakrishna et al., 2021; Slifirski fermentation are known to produce mannitol (Saha and Racine,
et al,, 2021). Mannitol, a naturally occurring six-carbon sugar 2011), and the use of biological cultures for producing mannitol
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has advantages compared to its production via phytochemical
synthesis (Chen et al, 2020). In the future, mannitol might
be produced by co-fermentation of L. gasseri B1-27 and Poria cocos
powder, and directly applied in food manufacturing, conferring

Frontiers in Microbiology

10

additional nutritional value to fermented products (Martinez-
Miranda et al., 2022). The metabolic change process of Poria cocos
fermentation broth is regulated by a variety of substances and
reactions. It is impossible to evaluate all metabolic changes based
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on a single substance. Thus, metabolic pathway analysis and
comparisons against the KEGG database should be performed,
followed by metabolite classification according to the pathways or
functions the differential metabolites are associated with. The
impact of human milk-derived probiotics on the biological
metabolism of Poria cocos fermentation broth can then evaluated
macroscopically. As shown in Figure 4, the number of metabolites
associated with pyrimidine metabolism, phosphopentose, yeast
meiosis, ABC transporter, and insulin signaling pathways increased
most significantly after the co-fermentation of L. plantarum R9 and
Poria cocos. The number of metabolites related to ABC transporters,
cancer center carbon metabolism, mineral absorption, pyrimidine
metabolism, and yeast meiosis signaling pathway increased most
significantly after the co-fermentation of L. gasseri B1-27 with
Poria cocos. The pyrimidine metabolic pathway affects the synthesis
of important substances, such as nucleotides and amino acids, in
Poria cocos. ABC transporters (ATP-binding cassette transporters)
are a large and ancient family of transmembrane transport proteins,
which are involved in physiological activities such as the transport
and accumulation of metabolites, detoxification of harmful
substances, stomatal regulation, and plant defense (Zhang et al.,
2022). The pentose phosphate pathway is an important pathway of
sugar metabolism in plants. Its metabolites include NADPH, which
is involved in biosynthesis, and pentose phosphate, which is
required for nucleic acid metabolism, while some intermediate
products can participate in amino acid and fatty acid synthesis
(Patra and Hay, 2014).

Probiotic co-fermentation has been found to promote the
production of metabolites with functional properties that lead to
beneficial changes in fermented products. Co-fermentation
experiments of two lactic acid bacteria promoted the formation of
volatile metabolites, especially acetaldehyde, diacetyl, and acetoin,
and increased the quantities of flavor compounds in yogurt (Tian
et al,, 2019). Additionally, the co-fermentation of oat milk by
Lactobacillus and Bifidobacterium decreased the levels of both
lignans and phytic acid, while increased the levels of some
polyphenols and the bioaccessibility of specific amino acids,
vitamins, and polyphenols (Bocchi et al., 2021). Studies on two
yeasts showed that co-fermentation adjusted the content of
polyphenols and ethyl ester to decrease the bitterness, and
enhance the aroma of cider (Wang N. et al., 2022) and wine (Hu
etal., 2018). In addition, co-fermented yeast and Lactiplantibacillus
plantarum enhanced the quality and preservation of fermented
teas (Wang R. et al, 2022). No studies have focused on the
eventual possibility of the production of metabolites that may
be deleterious to human health. In the future, research in the field
of co-fermentation is likely to receive increasing attention.
However, animal experiments may be needed to further
investigate the active ingredients and efficacy of the metabolites
produced post fermentation.

Overall, we determined that the optimal concentration of
Poria cocos to be used in co-fermentation was 2.5% and identified
more than 35 differentially expressed metabolites in each probiotic
bacteria after co-fermentation. Moreover, several beneficial
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TABLE 3 Metabolomics sample group information.

Group Group name Abbreviation Quantity
1 Initial state Chu 3
2 After sterilization Mie 3
(before
fermentation)
3 After L. plantarum R 3
R9 fermentation
4 After L. gasseri B 3
B1-27
fermentation

TABLE 4 Differential metabolites between the four tested groups.

Group Total Up- Down- Total
regulated  regulated  differential
metabolites
2 versus 1 380 5 14 19
3 versus 2 380 30 5 35
4 versus 2 380 36 9 45
4 versus 3 380 5 13 18

metabolites were significantly elevated as a result of the
co-fermentation process indicating the valuable role of Poria cocos
as a functional food. Furthermore, the present study lays the
foundation for further research on infant formula and other
functional prebiotic fermented products, providing a reference for
using probiotics and medicinal and edible homologous functional
plant metabolites as food additives.
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