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Abstract

In this experiment, the eutrophication system was established by adding sucrose and yeast powder, and the pH and dis-
solved oxygen were measured in a bioreactor in real time to study the effect of aerobic environment on the fermentation
process of Polygonati Rhizoma extract by Lactiplantibacillus plantarum. To further analyze metabolic changes, UPLC-
Q-Exactive MS was used for metabolomic analysis and metabolic profiling. Multivariate analysis was performed using
principal component analysis and Orthogonal projections to latent structures discriminant analysis. Finally, 313 differen-
tial metabolites were selected, 196 of which were annotated through database matching. After fermentation, the content
of short-chain fatty acids, lactic acid, and their derivatives increased significantly, and there were 13 kinds and 4 kinds,
respectively. Both compounds and their derivatives are beneficial to the intestinal flora. Consequently, incorporating L.
plantarum into the aerobic fermentation process of Polygonati Rhizoma extract within the eutrophic system is potentially
advantageous in enhancing the impact of its fermentation solution on the gut microbiota and its effects on human health.
Our findings for this kind of edible and medicinal material research and development offer useful insights.

Highlights

e First report of polygonati Rhizoma fermentation in eutrophic bioreactor system.

e Fermentative components were characterized by UHPLC-QE-MS/MS and multi-data analysis.
e The different metabolites were obtained by comparing before and after fermentation.

e Short-chain fatty acids, lactic acid and their derivatives contents increased.
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Introduction

Polygonati Rhizoma is one of the first 87 edible medici-
nal materials published by the former Chinese Ministry of
Health in 2002, and it is an important Chinese traditional
medicine resource. With strong adaptability to climate and
soil, Polygonati Rhizoma can be grown in various areas
(Gong et al. 2019) and has great potential as a food source.
For example, Polygonatum sibiricum polysaccharide has
blood-enriching effects (Wang et al. 2022a), anti-obesity
effects (Liang et al. 2021), and antidepressant effects (Shen
et al. 2022), Polygonati Rhizoma saponin is hypoglycemic
(Chai et al. 2021), protects the pancreas (Luo et al. 2023),
etc. Both as a food source and in terms of its pharmaco-
logical activity, Polygonati Rhizoma has great research and
development value. However, raw Polygonati Rhizoma is
generally not eaten directly and needs to be processed by
steaming and drying to remove its unpleasant taste (Yao et
al. 2022). In recent years, Polygonati Rhizoma is also pro-
cessed by fermentation; probiotic fermentation of Polygo-
nati Rhizoma has gradually become the focus of the food
field (Wang et al. 2019; Hu et al. 2021).

Probiotics are a kind of active microorganisms that are
beneficial to the host by colonizing in the human body and
changing the composition of the flora in a certain part of the
host. Lactobacillus plantarum is a type of probiotic bacteria
(Leroy and Vuyst 2004). When it is fermented together with
traditional Chinese medicine, its ferments often have spe-
cial physiological functions. For instance, Lactiplantibacil-
lus paraplantarum CRL2051 and L. plantarum CRL2030
ferment pomegranate juice, and this functional drink may
protect against weight gain, liver damage, and dyslipidemia
induced by a high-fat diet consumption (Isas et al. 2023).
Petasites japonicus fermented with lactic acid bacteria
has an anti-allergic effect (Bae et al. 2009), and kiwi juice
fermented with Bifidobacterium bifidum 6169 and L. plan-
tarum 21,805 can regulate cholesterol levels in mice with
hyperlipidemia (Wang et al. 2022b).

Lactic acid bacteria fermentation process is influenced
by many factors, and changing one factor even a little can
make a big difference (César et al. 2023). In L. plantarum
aeration and anaerobic culture catabolism of glucose was
observed in the end product of substantive differences. Oxy-
gen leads to acetic acid growth in aerobic culture and lac-
tic acid growth in anaerobic culture (Murphy and Condon
1984).For instance, the production of y-aminobutyric acid
by L. plantarum N5 was affected by initial pH of 5.5, glu-
tamic acid concentration, nitrogen source, glucose as carbon
source, and incubation temperature and time (Harnentis et
al. 2019). The results showed that organic nitrogen sources
were more favorable for the production of bacteriocin-like
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inhibitory substances compared to inorganic sources during
fermentation by lactic acid bacteria (Jawan et al. 2020).

At present, there are few researches on the fermentation
of Polygonati Rhizoma by lactic acid bacteria. The func-
tional yogurt produced by lactic acid bacteria has good qual-
ity and sweet and sour taste (Sun et al. 2020; Hu et al. 2021).
In a previous study, we explored the fermentation process
of Polygonati Rhizoma, where no extra nitrogen or carbon
sources were added (Wang et al. 2023b). In that study, the
fermentation lasted for 7 days, and the growth rate of lactic
acid bacteria was relatively uniform and slow. This study
was conducted without the addition of additional nutrients
and would like to continue to investigate whether adding
sufficient nutrients can speed up the fermentation process.

Based on previous studies, in this study, suitable nitrogen
and carbon sources were screened for the rapid growth of
lactic acid bacteria and shortened fermentation time. In this
study, L. plantarum was added to establish the eutrophica-
tion system of fermentation. Eutrophication systems add
additional nutrients so that fermentation is in a nutrient-ade-
quate environment, rather than in a nutrient-deficient envi-
ronment. Metabolic profiling and metabolomics analysis
were conducted using (UHPLC-QE-MS/MS). The metabo-
lites with significant differences obtained from metabolic
analysis were classified, and one representative compound
from each class was selected for verification. The significant
difference in the intestinal flora were analyzed and discussed
in combination, to thus provide a direction to the research
and development of fermented Polygonati Rhizoma in the
field of food sciences.

Materials and methods
Polygonati Rhizoma procurement and extraction

Polygonati Rhizoma (20 g; Yipuyuan Inc., China.) was
added to 1 L pure water, extracted at 100°C for 1 h, and
filtered with gauze. The filtered residue was extracted again
in the same way, and then the two extracts were mixed, and
40 g sucrose and 40 g yeast powder were added to prepare
a eutrophication system for later fermentation (Wang et al.
2023a).

Strain and preculture

L. plantarum microbial starter was purchased from Shan-
dong Zhongke-Jiayi Biological Engineering Co., Ltd.,
China. The De Man, Rogosa and Sharpe (MRS) Medium
(HuanKai Microbial Inc., China.) was prepared; | L medium
contained 10 g peptone, 10 g yeast extract, 20 g glucose, 2 g
ammonium citrate, 5 g sodium acetate, 0.5 g MgSO4-7H20,
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and 80 0.5 g Twain (R). Before inoculation, the culture was
grown at 37°C in a shaker for 16 h. The inoculants were cul-
tured at 37°C on a shaker (Shanghai shenxian the rmostatic
equipment factory, China) for 16 h, and the harvested strains
were inoculated.

The bioreactor system

A bioreactor system with independent 2 L fermentation
bottles obtained from Bipu Huarui Scientific Instruments
(Beijing) Co., Ltd., China, was used for fermentation, as
described in previous studies (Wang et al. 2023b). Bioreac-
tor was monitored in real-time for pH and dissolved oxy-
gen (DO), and the data were transmitted to the computer to
record, and the data were visualized by automation.

Fermentation process

There are 6 groups in aerobic and anaerobic environment,
and a total of 12 fermentation bottles. The prepared extracts
were added to each fermentation bottle and sterilized at
121°C. Six groups were taken out first as extracts before fer-
mentation, and then 12 fermentation bottles were inoculated
with L. plantarium with a concentration of about 5x 109
CFU/mL for fermentation. Each fermentation bottle was
connected to an air pump (Yafengshuizu, China) to main-
tain an aerobic environment. The initial pH is 5.29 and the
initial DO is 3.45. During fermentation, the daily growth
of L. plantarium was recorded using an ultraviolet spectro-
photometer to measure OD values (Omak and Yilmaz-Ersan
2022) according to the previously published method. (Omak
and Yilmaz-Ersan 2022). Subsequently, the specific growth
rate of L. plantarum was determined by applying formula
(1) (Patel et al. 2022):

1dX

S X M

1

After fermentation, one sample was taken from each bottle,
and finally, there were a total of six samples, and the sam-
ple was named Aerobic fermentation supernatant (AS). Six
samples of Polygonati Rhizoma were obtained before the
fermentation process, named as extractives of Polygonati
Rhizoma before fermentation (EB), for further analysis. The
samples were promptly subjected to centrifugation (Thermo
Fisher, China), resulting in the separation of cells and super-
natants. These fractions were subsequently employed for
UHPLC-MS/MS analysis.

Ultra-high performance liquid chromatography-
quadrupole time-of-flight mass spectrometry
analysis

Metabolomics analysis was performed by UHPLC-QE-MS/
MS (Thermo Scientific, America), mainly referring to the
previous methods (Xu et al. 2021). Then, 2-hydroxyiso-
caproic acid and 3-phenyllactic acid were validated using
the Agilent 6530 UHPLC-QTOF-MS/MS system (Agilent
Technologies, Wilmington, DE, USA). Chromatography
was performed on IntertSustain C18 column (4.6 mm X
250 mm, 5 pm, GL Sciences, Japan) at 40°C. The mobile
phases were water (A) and acetonitrile (B). For verification,
an elution procedure using optimized linear gradient was
used: 100% A (0-2 min); 100-52% A (2 to 6 min); 52%-0%
A (6-10 min); 0% A (10—12 min); 0-100% A (12—12.1 min);
100% A (12.1-15 min). The flow rate was 1.0 mL/min,
the sample size was 10 pL, and the detection wavelengths
were 210 nm and 245 nm, respectively. Q-TOF conditions
were: scanning range 100-1000 m/z, drying gas tempera-
ture 320°C, sheath gas temperature, 320°C, drying gas (N2)
flow: 8.0 L /min, capillary voltage, 3.5 kV, fragmentor, 110
v, and fragmentation was carried out with stepped normal-
ized collision energy values of 20, 30, and 50. Verification
of 2-hydroxyisocaproic acid and 3-phenyllactic acid was
performed in terms of retention time and mass spectrometry.

Preprocessing and filtering of data

The techniques of data preprocessing and filtering utilized
in this study were derived from previous studies (Wang et al.
2023b). Original mass spectrometry data were subjected to
various processing steps, such as peak alignment, retention
time correction, and peak area extraction, using MS-DIAL
(ver 4.9). Subsequently, the processed data were compared
with publicly available mass spectrometry databases includ-
ing MassBank, NIST14, ReSpect, the Human Metabolome
Database (HMDB), and others. To integrate the data from
these databases, the MSP format was adopted and merged
with the North American MoNA-MassBank database and
the metabolite standard library developed by Shanghai Bio-
profie Biological Technology Co., LTD. In the extracted-ion
features, only variables with more than 50% of the non-zero
measurement values in at least one group were kept.

Multivariate statistical analysis

Statistical analyses were performed using RMarkdown free
software (ggplot2 and MetaboAnalystR) (Balcadzar-Zumaeta
et al. 2023). The Pareto scale was employed to centralize the
mean value of the dataset. To construct the model, princi-
pal component analysis (PCA) and orthogonal projections
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to latent structures discriminant analysis (OPLS-DA) were
implemented. All evaluated models were tested for overfit-
ting using the permutation test method. The score of each
variable was mathematically calculated as the weighted
sum of squares of the PLS weights. The average Variable
Importance for the Projection (VIP) value was 1, and a VIP
value greater than 1 is generally considered significant. The
metabolites were annotated using the statistical significance
threshold of VIP values obtained by the OPLS-DA model,
and a two-tailed Student’s t-test (p-value) was performed
on the normalized raw data by the univariate analysis. The
importance of metabolites was assessed by conducting a
one-way ANOVA test (one-way variance test), followed
by identification of statistically significant metabolites
based on p-value < 0.05 and OPLS-DA VIP>1 (Wang et al.
2023b). The fold change was determined by calculating the
logarithm of the average mass response ratio between two
arbitrary categories.

Results

Real-time detection of pH, dissolved oxygen, and
cells growth

As shown in Fig. 1A, at the beginning of fermentation, the
pH was around 5.3. By day 1 of fermentation, the pH rap-
idly dropped to 3.9. It slowly dropped from day 2 to day 5,
and by the end of day 5, the pH reached 3.75. At the begin-
ning, the DO value remained at about 4 at the beginning,
and gradually increased to about 4.5 from the second day.
From day 3 to day 4, the DO level rose from 2.65 to 5.24,
and overall, the DO level remained around 4.3 mg/L. Before
the fifth day, the DO value fluctuated, indicating that the fer-
mentation was still in progress, so the sample was not taken

Fig. 1 Real-time pH and DO values (A) of Lactiplantibacillus
plantarum fermentation broth of Polygonati Rhizoma under
aerobic conditions and the cell concentration and average specific
growth (B) of Lactiplantibacillus plantarum fermentation broth
of Polygonati Rhizoma under aerobic conditions. DO, dissolved
oxygen; OD, optical density
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before the fifth day. In the fermentation broth of Polygonati
Rhizoma, Fig. 1B displays the concentration of L. planta-
rum along with its average specific growth. Initially, the cell
concentration of L. plantarum exhibited a fast increase, but
its growth rate gradually slowed down from day 1 to day 5
of fermentation. The mean rate of growth per unit of time
also exhibited a swift escalation from the inception of the
fermentation process to the first day of fermentation, cul-
minating in a peak value of 2.84 on the first day. From day
2, the specific growth rate decreased to 0.12 and then con-
tinued to decline; on day 5, the value decreased to 0.031,
which was nearly zero growth. Therefore, samples were
taken on day 5 of fermentation for metabolome analysis.

Principal component analysis and orthogonal
projections to latent structures discriminant
analysis

Figure 2 displays the PCA score plots for the before and
after fermentation stages of the Polygonati Rhizoma extract,
representing the positive (A) and negative (B) aspects. PCA
score plots of positive mode explained more than 47.25%
of the total variance (individually, PC1 and PC2 explained
29.22% and 18.03%, respectively). Simultaneously, the PCA
score plots of the negative mode accounted for over 55.88%
of the total variance. PC1 and PC2 individually contributed
37.29% and 18.59% to the explained variance, respectively.
OPLS-DA is the discriminant analysis of another kind of
supervision and statistical methods. Figure 2C and D pres-
ent the OPLS-DA score plots of EB and AS data in positive
and negative modes, respectively, where an apparent sepa-
ration between groups can be seen. In the positive mode,
Q2=0.923, and in the negative mode, Q2=0.961.
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Fig. 2 PCA score plots of positive ionization (A) and negative ion-
ization (B) metabolite profiling of Polygonati Rhizoma extract (PRE)
before and after fermentation using Lactiplantibacillus plantarum.
Orthogonal projections to latent structures discriminant analysis

Differential metabolite selection

To further analyze the composition changes between EB
and AS groups, volcano plots were used to show the amount
and significance of different metabolites between the two
groups. Two-hundred-seven significant metabolites were
detected in the positive mode, as shown in Fig. 3A. One-
hundred and six significant metabolites were detected in the
negative mode, as shown in Fig. 3B. These data also further
confirmed that under the condition of eutrophication, adding
L. plantarum to Polygonati Rhizoma, caused variations in
the composition of Polygonati Rhizoma extract before and
after fermentation.

Classification of significantly different metabolites

A collective of 313 distinct metabolites were selected; among
these, 196 were annotated by matching the database. The
main categories were organic acids and derivatives (Fig. 4),
with a total of 43 (21.94%), and these include 2-hydroxy-
butyric acid, N-acetyl-L-aspartic acid, levodopa, and other
compounds. Organoheterocyclic compounds, lipids and
lipid-like molecules, organic oxygen compounds, nucleo-
sides, nucleotides, and analogues, phenylpropanoids and
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(OPLS-DA) analysis plots of positive ionization (C) and negative ion-
ization (D) metabolite profiling data of PRE before and after fermen-
tation using L. plantarum. Aerobic fermentation supernatants (AS);
extracts of Polygonati Rhizoma before fermentation (EB)

polyketides and benzenoids, respectively 41 (20.92%), 29
(14.8%), 18 (9.18%), 17 (8.67%), 17 (8.67%), 16 (8.16%).

Effects of significantly different metabolites on
intestinal flora

Under the condition of eutrophication, L. plantarum was
added to ferment Polygonati Rhizoma, whose content
changed greatly before and after fermentation. Particularly
notable are the two broad categories of short-chain fatty
acids and their derivatives and lactic acid and their deriva-
tives (Fig. 5). Among short-chain fatty acids and their deriv-
atives, the most significant was 2-hydroxyisocaproic acid,
followed by 2-hydroxybutyric acid and dihydroxy-valerate.
The change in lactic acid content and its derivatives in the
class was the most significant for 3-(4-hydroxyphenyl)-
lactate, followed 3-phenyllactic acid, and then the indole
lactate. By each choice from the two kinds of compounds
in a compound, the statistical analysis to verify the robust-
ness: short-chain fatty acids and their derivatives and lac-
tic acid and their derivatives (Fig. 6). The two compounds
were compared with the standard substances, and their
response time in the EB and AS groups was found to be
consistent with that of the standard substances. The m/s
of 2-hydroxyisocaproic acid, EB group and AS group

@ Springer



359 Page 6 of 10 Archives of Microbiology (2024) 206:359
Fig. 3 The volcano plot of the comparison A s
. . °
group extracts of Polygonati Rhizoma
before fermentation (EB) vs. aerobic fer-
mentation supernatants (AS) in positive °
mode (A) and negative mode (B), with — 10+ .. N o0
FC> 1.5 or FC<0.667 and P-value <0.05 So = }‘o. $ @ Insignificant Change
as the screening criteria g‘, ° o N $ o ° -1<Log2(FC)<0
8 .  goe ® Log2(FC)<-1
° Q o .
| ° *p @ 0<Log2(FC)<t
5 ~ .8.: % o ® Log2(FC)>1
° D °® °
R .
04 - v r
-20 -10 0 10 20
Log,(Fold Change)
B 127 s g
]
.’ . ° °
94 " °
® o & o6 °
—_ Ld L
2 ” g Insignificant Chango
> 6 ° ° o o o -1<Log2(FC)<0
& ° o SKY @ ® Log2(FC)<-1
I “5 o 0" . 0<Log2(FC)<1
@® Log2(FC)>1
3 ° ‘ $’ : ® o g °
o @ o
04— T T T
-20 -10 0 10 20
Log,(Fold Change)

Fig.4 The Human Metabolome Database (HMDB) classification
of significantly different metabolites before and after fermenta-
tion under aerobic conditions

were 131.0734, 131.0735, and 131.0737, respectively, and
that of 3-phenyllactic acid, EB group, and AS group were
165.0575, 165.0577, and 165.0581, respectively. Thus, the
accuracy of the non-targeted metabolomics approach could
be determined.

Discussion

In this study, pH, DO, PCA, OPLS-DA, volcano plot
and Box pattern were used to study the changes of com-
pound composition and content of L. plantarum fermenta-
tion extract before and after fermentation under eutrophic
conditions.

@ Springer
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The change in pH indicates that from the beginning of
fermentation to day 1, a large amount of acid was produced,
while from day 1 to day 5, the acid production was reduced.
The prophase change of dissolved oxygen may be because
the lactic acid bacteria grew rapidly in the early stage with
high demand for oxygen. The fluctuation of DO value is
related to the compounds generated during fermentation,
which is consistent with previous studies. Later, the growth
rate decreased with low oxygen demand, which led to the
rise in DO value. In general, the DO value was stable at
about 4.3 mg/L, indicating that during the experiment, the
fermentation was always in an aerobic environment and the
aerobic conditions were well maintained.

As shown in PCA, the two groups of EB and AS were
well-separated along PCI, reflecting differences in their
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Fig. 5 Box pattern of some metabolites with significant differences
in content before and after Lactobacillus plantarum fermentation.
2-Hydroxyisocaproic Acid (A); 2-Hydroxybutyric Acid (B); Dihy-
droxy-Valerate (C); 3-Phenyllactic Acid (D); 3-4-Hydroxyphenyllac-

metabolic profiles. The score plot for all the samples was
within 95% of the Hotelling’s T2 ellipse, showing good
reproducibility and stability of the employed metabolomics
method.

As demonstrated in the PCA analysis, the metabolic pro-
files of the EB and AS groups exhibited noticeable distinc-
tions along PCI1, which effectively distinguished the two
groups (Zhou et al. 2018). The score plot of all the samples
remained within the 95% confidence interval of the Hotel-
ling’s T2 ellipse, indicating the reliable reproducibility and
stability of the utilized metabolomics technique (Qu et al.
2019). And OPLS-DA shows Q2> 0.5 in all cases, indicat-
ing good predictive ability of the model. This also indicated
that the composition of Polygonati Rhizoma changed before
and after fermentation under the condition of eutrophication.

As the fermentation continued, it generated a large num-
ber of organic acids and derivatives, and that could be one
of the main reasons for the decrease in pH during the fer-
mentation process. These findings are consistent with the
results of previous studies. Adding L. plantarum to ferment
papaya juice reduced its pH from 5.34 to 3.55 and led to the
production of a large number of organic acids such as lactic
acid, oxalic acid, and tartaric acid (Chen et al. 2018).

Intestinal bacteria play a crucial role in maintaining
immune and metabolic homeostasis and protecting against
pathogens (Thursby and Juge 2017). In recent years, more
studies have shown that Polygonati Rhizoma can regulate

tate (E); Indolelactate (F); Aerobic fermentation supernatants (AS);
Polygonati Rhizoma extractives before fermentation (EB). *p <0.05,
**p<0.01, and ***p<0.001

the body by affecting intestinal flora. Polygonatum sibiri-
cum polysaccharide exhibits good anti-aging activity by
regulating intestinal bacteria and relevant metabolites (Liu
et al. 2023). The intestinal microbiota can be modulated by
the polysaccharides derived from Polygonatum sibiricum
Red. consequently influencing the production of short-chain
fatty acids (Luo et al. 2022); probiotic-fermented products
also have this effect. Likewise, Lactobacillus-fermented
black barley exhibited a regulatory effect on the dysbiosis of
high-fat diet-induced intestinal microbiota (Zhu et al. 2021).

During fermentation, the content of short-chain fatty
acids and their derivatives increased continuously (Fig. 5),
consistent with those mentioned in previous studies. The
content of short-chain fatty acids exhibited diverse incre-
ments when different environments were subjected to
various lactic acid bacteria (Hadinia et al. 2022). A protein-
fermentation product of bacteria, 2-hydroxyisocaproic acid
is effective in controlling the growth of some Gram-positive
such as Staphylococcus aureus and Gram-negative bacteria,
such as Pseudomonas aeruginosa strains (Pahalagedara et
al. 2022); it can inhibit oleic acid-induced triglyceride accu-
mulation and could also stimulate the expression of proteins
in lipid degradation in hepatocytes and triglyceride lipolysis
in 3T3-L1 cells (Li et al. 2022). As a class of metabolites,
short-chain fatty acids play a very important role in intestinal
flora. UHPLC-Q-TOF/MS analysis revealed the presence of
(S)-(-)-2-hydroxyisocaproic acid in the fermented Sijunzi
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Fig. 6 Total ion chromatogram (TIC) (A) and mass spec- A

trometry (MS) data of related peaks (B) of 2-hydroxy- 310 EB-I1
isocaproic acid and 3-phenyllactic acid in Polygonati N EB.1 !
Rhizoma extract before and after fermentation using 4
Lactiplantibacillus plantarum. Aerobic fermentation .
supernatants (AS); extracts of Polygonati Rhizoma AS-11 EB
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decoction. This compound is believed to have a potential
role in regulating the composition of intestinal flora and pro-
moting the development of villi (Guo et al. 2022). Sodium
propionate can remodel the intestinal flora, in turn, signifi-
cantly ameliorate vascular calcification in VDN-treated rats
(Yan et al. 2022).

In addition to short-chain fatty acids, the gut microbi-
ome is also greatly affected by lactic acid and its deriva-
tives. Furthermore, the abundance of several species in the
gut microbiome showed a notable correlation with 3-(4-
hydroxyphenyl)-lactate (Caussy et al. 2018). The organic
acid 3-phenyllactic acid exists widely in food fermented
with lactic acid bacteria; it was found to be an ideal anti-
microbial compound with broad and effective antimicrobial
activity against both bacteria and fungi (Mu et al. 2012). L.
plantarum L168 and its metabolite, indole lactate, improves
intestinal inflammation, tumor growth, and gut dysbiosis
(Zhang et al. 2023). The incorporation of a blend of lactic
acid and glutamine into the diet has the potential to enhance
growth performance in piglets by promoting the develop-
ment of the small intestine, improving digestion, and main-
taining a balanced microflora (Zheng et al. 2019).
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The experimental results also proved that the real-time
monitoring pH, DO and other functions provided by the bio-
reactor and other instruments were conducive to the smooth
progress of the experiment, and the eutrophic system was
conducive to speeding up the fermentation speed of L. plan-
tarum-fermented Polygonati Rhizoma extract. However,
according to the cited literature and analysis in this study,
the results can only be proved to be applicable to L. plan-
tarum, but it has not been proved to be applicable to Lactic
acid bacteria.

Conclusion

Based on the system of eutrophication, L. plantarum was
added to ferment Polygonati Rhizoma in an aerobic envi-
ronment, and more organic acids were produced after fer-
mentation, which may be the reason for the decrease in pH
during the fermentation process. Concurrently, the levels
of short-chain fatty acids, lactic acid, and their derivatives
increased. These substances can function in the human body
and improve the intestinal flora. The results of our study
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offer potentially valuable perspectives for the exploration
and advancement of this medicinal and edible substance.

Acknowledgements The authors sincerely thank Shanghai Bioprofile
Technology Company Ltd., Shanghai, China for their technical help.

Author contributions Conceptualization, J.J.; methodology, Z.W.;
data curation, C.Z.; writing—original draft preparation, Z.W. and Z.X.;
writing—review and editing, J.J.; supervision, J.J. and S.Z.; project
administration, J.L.; funding acquisition, W.H. All authors have read
and agreed to the published version of the manuscript.

Funding This research was funded by China Hunan Provincial Sci-
ence & Technology Department (2022RC1224, 2022ZYC010), Hunan
Academy of Chinese Medicine (202012), Hunan Provincial Admin-
istration of Traditional Chinese Medicine (A2022005, D2022128),
Training program for excellent young innovators of Changsha
(kq2206064) and the First-Class Discipline of Pharmaceutical Science
of Hunan.

Data availability No datasets were generated or analysed during the
current study.

Declarations

Competing interests The authors declare no competing interests.

References

Bae E-A, Trinh H-T, Jang Y-A, Yun H-K, Hong S-S, Kim D-H (2009)
Anti-allergic effect of Petasites japonicus fermented with lactic
acid bacteria in mice. Food Agricultural Immunol 20:155-164.
https://doi.org/10.1080/09540100902974019

Balcazar-Zumaeta CR et al (2023) Reduction in the Cocoa spontane-
ous and starter culture fermentation time based on the antioxidant
Profile characterization. Foods 12:3291

Caussy C et al (2018) Link between gut-microbiome derived metabo-
lite and shared gene-effects with hepatic steatosis and fibrosis
in NAFLD. Hepatology 68:918-932. https://doi.org/10.1002/
hep.29892

César R, Balcazar-Zumaeta EMC-A, llse S, Cayo-Colca G, Idrogo-
Vasquez LD, Muiioz-Astecker (2023) Metabolomics dur-
ing the spontaneous fermentation in cocoa (Theobroma cacao
L.): an exploraty review. Food Res Int 163:112190. https://doi.
org/10.1016/j.foodres.2022.112190

Chai Y, Luo J, Bao Y (2021) Effects of Polygonatum Sibiricum sapo-
nin on hyperglycemia, gut microbiota composition and meta-
bolic profiles in type 2 diabetes mice. Biomed Pharmacotherapy
143:112155. https://doi.org/10.1016/j.biopha.2021.112155

Chen R, Chen W, Chen H, Zhang G, Chen W (2018) Comparative
evaluation of the antioxidant capacities, Organic acids, and vola-
tiles of Papaya juices fermented by Lactobacillus acidophilus and
Lactobacillus plantarum. J Food Qual 2018:9490435. https://doi.
org/10.1155/2018/9490435

Gong J, Yun C, Wu J (2019) Extraction optimization and antioxi-
dant activity of polysaccharides from Polyonatic Sibiricum. J
Guizhou Normal University(Natural Sciences) 37:18-23 doi:
CNKI:SUN:NATR.0.2019-03-004

Guo X et al (2022) Effect of traditional Chinese medicine (TCM) and
its fermentation using Lactobacillus plantarum on ceftriaxone

sodium-induced dysbacteriotic diarrhea in mice. Chin Med J
17:20. https://doi.org/10.1186/s13020-022-00575-x

Hadinia N, Dovom MRE, Yavarmanesh M (2022) The effect of fer-
mentation conditions (temperature, salt concentration, and pH)
with lactobacillus strains for producing short chain fatty acids.
LWT 165:113709. https://doi.org/10.1016/j.1wt.2022.113709

Harnentis H, Nurmiati N, Marlida Y, Adzitey F, Huda N (2019)
v-Aminobutyric acid production by selected lactic acid bacte-
ria isolate of an Indonesian indigenous fermented buffalo milk
(dadih) origin. Veterinary World 12:1352—-1357. https://doi.
org/10.14202/vetworld.2019.1352-1357

Hu X, LiL, Yun J, Luo Q (2021) Study on the development and quality
of Polygonatum sibiricum functional yogurt. Cereals Oils 34:115—
119. https://doi.org/10.3969/].issn.1008-9578.2021.03.029

Isas AS et al (2023) Fermentation of pomegranate juice by lactic
acid bacteria and its biological effect on mice fed a high-fat
diet. Food Bioscience 53:102516. https://doi.org/10.1016/].
b10.2023.102516

Jawan R, Abbasiliasi S, Tan JS, Mustafa S, Halim M, Ariff AB (2020)
Influence of Culture conditions and medium compositions on
the production of Bacteriocin-Like Inhibitory substances by
Lactococcus lactis Ghl. Microorganisms 8:1454. https://doi.
org/10.3390/microorganisms8101454

Leroy F, Vuyst L (2004) Lactic acid bacteria as functional starter cul-
tures for the food fermentation industry. Trends Food Sci Technol
15:67-78. https://doi.org/10.1016/].tifs.2003.09.004

Li B et al (2022) Functional Metabolomics reveals that Astragalus
Polysaccharides improve lipids metabolism through Microbial
Metabolite 2-Hydroxybutyric acid in obese mice. Engineering
9:111-122. https://doi.org/10.1016/j.eng.2020.05.023

Liang J et al (2021) Structural analysis and anti-obesity effect of
Polygonatum Cyrtonema polysaccharide against obesity induced
by high-fat diet in mice. Int J Food Sci Technol 56:4473-4483.
https://doi.org/10.1111/ijfs.15208

Liu Z et al (2023) Polygonatum Sibiricum polysaccharides improve
cognitive function in D-galactose-induced aging mice by regu-
lating the microbiota-gut-brain axis. J Funct Foods 103:105476.
https://doi.org/10.1016/.jff.2023.105476

Luo Y et al (2022) Polysaccharides from the leaves of Polygonatum
Sibiricum Red. Regulate the gut microbiota and affect the pro-
duction of short-chain fatty acids in mice. AMB Express 12:35.
https://doi.org/10.1186/s13568-022-01376-z

Luo J, Chen Z, Guo Q, Chai Y, Bao Y (2023) Effects of saponins
isolated from Polygonatum sibiricum on H202-induced oxida-
tive damage in RIN-mSF cells and its protective effect on pan-
creas. Food Chem Toxicol 175:113724. https://doi.org/10.1016/j.
fct.2023.113724

Mu W, Yu S, Zhu L, Zhang T, Jiang B (2012) Recent research on
3-phenyllactic acid, a broad-spectrum antimicrobial com-
pound. Appl Microbiol Biotechnol 95:1155-1163. https://doi.
org/10.1007/500253-012-4269-8

Murphy M, Condon S (1984) Comparison of aerobic and anaerobic
growth of Lactobacillus plantarum in a glucose medium. Arch
Microbiol 138:49-53. https://doi.org/10.1007/bf00425406

Omak G, Yilmaz-Ersan L (2022) Effect of cordyceps militaris on for-
mation of short-chain fatty acids as postbiotic metabolites. Prep
Biochem Biotechnol 52:1142—1150. https://doi.org/10.1080/108
26068.2022.2033992

Pahalagedara ASNW, Flint S, Palmer J, Brightwell G, Gupta TB
(2022) Antibacterial efficacy and possible mechanism of action
of 2-hydroxyisocaproic acid (HICA). PLoS ONE 17:e0266406.
https://doi.org/10.1371/journal.pone.0266406

Patel N, Shahane S, Bhunia B, Mishra U, Chaudhary VK, Srivastav AL
(2022) Biodegradation of 4-chlorophenol in batch and continuous
packed bed reactor by isolated Bacillus subtilis. J Environ Man-
age 301:113851. https://doi.org/10.1016/j.jenvman.2021.113851

@ Springer


https://doi.org/10.1186/s13020-022-00575-x
https://doi.org/10.1016/j.lwt.2022.113709
https://doi.org/10.14202/vetworld.2019.1352-1357
https://doi.org/10.14202/vetworld.2019.1352-1357
https://doi.org/10.3969/j.issn.1008-9578.2021.03.029
https://doi.org/10.1016/j.fbio.2023.102516
https://doi.org/10.1016/j.fbio.2023.102516
https://doi.org/10.3390/microorganisms8101454
https://doi.org/10.3390/microorganisms8101454
https://doi.org/10.1016/j.tifs.2003.09.004
https://doi.org/10.1016/j.eng.2020.05.023
https://doi.org/10.1111/ijfs.15208
https://doi.org/10.1016/j.jff.2023.105476
https://doi.org/10.1186/s13568-022-01376-z
https://doi.org/10.1016/j.fct.2023.113724
https://doi.org/10.1016/j.fct.2023.113724
https://doi.org/10.1007/s00253-012-4269-8
https://doi.org/10.1007/s00253-012-4269-8
https://doi.org/10.1007/bf00425406
https://doi.org/10.1080/10826068.2022.2033992
https://doi.org/10.1080/10826068.2022.2033992
https://doi.org/10.1371/journal.pone.0266406
https://doi.org/10.1016/j.jenvman.2021.113851
https://doi.org/10.1080/09540100902974019
https://doi.org/10.1002/hep.29892
https://doi.org/10.1002/hep.29892
https://doi.org/10.1016/j.foodres.2022.112190
https://doi.org/10.1016/j.foodres.2022.112190
https://doi.org/10.1016/j.biopha.2021.112155
https://doi.org/10.1155/2018/9490435
https://doi.org/10.1155/2018/9490435

359 Page 10 of 10

Archives of Microbiology (2024) 206:359

Qu Q et al (2019) Comparative molecular and metabolic responses of
wheat seedlings (Triticum aestivum L.) to the imazethapyr enan-
tiomers S-IM and R-IM. Sci Total Environ 692:723-731. https://
doi.org/10.1016/j.scitotenv.2019.07.333

Shen F etal (2022) Polysaccharides from Polygonatum Cyrtonema Hua
reduce Depression-Like Behavior in mice by inhibiting oxidative
stress-calpain-1-NLRP3 Signaling Axis. Oxidative Med Cell
Longev 2022:2566917. https://doi.org/10.1155/2022/2566917

Sun S, Lian X, Zhang Y, Li G (2020) Study on the processing of com-
pound Polygonatum sibiricum yogurt. J Xuchang Univ 39:99—
103 doi: CNKI:SUN:XCSZ.0.2020-02-025

Thursby E, Juge N (2017) Introduction to the human gut micro-
biota. Biochem J 474:1823-1836. https://doi.org/10.1042/
BCJ20160510

Wang J, Jiang R, Wang Q, Liu H, Liu E, Wu Y (2019) Prepara-
tion of Polygonatum Polysaccharides Yogurt and its qual-
ity analysis. Acad Periodical Farm Prod Process :4-9 doi:
CNKI:SUN:NCPJ.0.2019-01-003

Wang J et al (2022a) Blood-enriching effects and Immune-Regulation
mechanism of steam-processed Polygonatum Sibiricum Polysac-
charide in Blood Deficiency Syndrome mice. Front Immunol
13:813676. https://doi.org/10.3389/fimmu.2022.813676

Wang Y et al (2022b) Preparation, model construction and efficacy
lipid-lowering evaluation of kiwifruit juice fermented by pro-
biotics. Food Bioscience 47:101710. https://doi.org/10.1016/j.
1510.2022.101710

Wang Z et al (2023a) Insights into the metabolic profiling of Polygo-
nati Rhizoma fermented by lactiplantibacillus plantarum under
aerobic and anaerobic conditions using a UHPLC-QE-MS/MS
system. 10. https://doi.org/10.3389/fnut.2023.1093761

Wang Z et al (2023b) Insights into the metabolic profiling of Polygo-
nati Rhizoma fermented by lactiplantibacillus plantarum under
aerobic and anaerobic conditions using a UHPLC-QE-MS/MS
system. Front Nutr 10. https://doi.org/10.3389/fnut.2023.1093761

Xu H-H et al (2021) Global metabolomic and lipidomic analy-
sis reveals the potential mechanisms of hemolysis effect of

@ Springer

ophiopogonin D and ophiopogonin D’ in vivo. Chin Med J 16:3.
https://doi.org/10.1186/s13020-020-00412-z

Yan J et al (2022) Beneficial effect of the short-chain fatty acid pro-
pionate on vascular calcification through intestinal microbiota
remodelling. Microbiome 10:195.  https://doi.org/10.1186/
540168-022-01390-0

Yao X, Deng Z, Li H, Zhang B (2022) Effect of processing cycles
on the composition of Polygonatum Cyrtonema Hua during nine-
steam-nine-bask processing. Food Bioscience 50:102081. https://
doi.org/10.1016/5.tbi0.2022.102081

Zhang Q et al (2023) Lactobacillus plantarum-derived indole-3-lactic
acid ameliorates colorectal tumorigenesis via epigenetic regula-
tion of CD8 + T cell immunity. Cell Metabol 35:943-960. https://
doi.org/10.1016/j.cmet.2023.04.015

Zheng P et al (2019) 15 dietary supplementation with lactic acid and
glutamine improve intestinal digestive and regulate intestinal
microflora in weaning piglets. J] Anim Sci 97:16-16. https://doi.
org/10.1093/jas/skz258.032

Zhou C, Tan Y, GoBner S, LiY, Shu Q, Engel K (2018) Stability of the
metabolite signature resulting from the OsSULTR3;3 mutation in
low phytic acid rice (Oryza sativa L.) seeds upon cross-breeding.
J Agric Food Chem 66:9366-9376. https://doi.org/10.1021/acs.
jafc.8b03921

Zhu C et al (2021) Regulatory effects of Lactobacillus fermented black
barley on intestinal microbiota of NAFLD rats. Food Res Int
147:110467. https://doi.org/10.1016/j.foodres.2021.110467

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1186/s13020-020-00412-z
https://doi.org/10.1186/s40168-022-01390-0
https://doi.org/10.1186/s40168-022-01390-0
https://doi.org/10.1016/j.fbio.2022.102081
https://doi.org/10.1016/j.fbio.2022.102081
https://doi.org/10.1016/j.cmet.2023.04.015
https://doi.org/10.1016/j.cmet.2023.04.015
https://doi.org/10.1093/jas/skz258.032
https://doi.org/10.1093/jas/skz258.032
https://doi.org/10.1021/acs.jafc.8b03921
https://doi.org/10.1021/acs.jafc.8b03921
https://doi.org/10.1016/j.foodres.2021.110467
https://doi.org/10.1016/j.scitotenv.2019.07.333
https://doi.org/10.1016/j.scitotenv.2019.07.333
https://doi.org/10.1155/2022/2566917
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.3389/fimmu.2022.813676
https://doi.org/10.1016/j.fbio.2022.101710
https://doi.org/10.1016/j.fbio.2022.101710
https://doi.org/10.3389/fnut.2023.1093761
https://doi.org/10.3389/fnut.2023.1093761

	﻿Fermentation of Polygonati Rhizoma aqueous extract using ﻿Lactiplantibacillus plantarum﻿ under the condition of eutrophication
	﻿Abstract
	﻿Highlights
	﻿Introduction
	﻿Materials and methods
	﻿Polygonati Rhizoma procurement and extraction
	﻿Strain and preculture
	﻿The bioreactor system
	﻿Fermentation process
	﻿Ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry analysis
	﻿Preprocessing and filtering of data
	﻿Multivariate statistical analysis

	﻿Results
	﻿Real-time detection of pH, dissolved oxygen, and cells growth
	﻿Principal component analysis and orthogonal projections to latent structures discriminant analysis
	﻿Differential metabolite selection
	﻿Classification of significantly different metabolites
	﻿Effects of significantly different metabolites on intestinal flora

	﻿Discussion
	﻿Conclusion
	﻿References


