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Dual-platform metabolomics combined with multivariate data analysis was used to investigate the effects of
adding fish gelatin (FGH) at different degrees of hydrolysis (DH) on the growth and metabolic pathways of
different species of Lactobacillus in fermented milk. The results showed that the promotion effect of FGH on
Lactobacillus was related to the species of probiotics. The corresponding metabolic pathways also changed, with
the promotion of Lactobacillus by FGH mainly regulated through amino acid metabolism, lipid metabolism, and
nucleotide metabolism pathways. The excess DH inhibited the growth of L. paracasei by adjusting its metabolic
state through reducing nucleotide requirements, allocating protein resources, and adopting a stress response. In

conclusion, this study revealed the effectiveness of dual-platform metabolomics in explaining the metabolic
mechanisms of probiotics, providing theoretical support and a scientific basis for the development of functional

fermented foods.

1. Introduction

It is common for fermented dairy products to be prepared with single
probiotics, such as Yakult, LAJOIE, and Cherita. An essential require-
ment for these products is that probiotic must be present in sufficient
numbers in the fermented product to benefit the human body. Most of
these single probiotics belong to the genus Lactobacillus. However, slow
growth and low survival are critical problems in single probiotic fer-
mented milk. This dilemma is attributed to the lack of specific nutri-
tional factors in milk. Besides, some Lactobacillus cannot synthesize
amino acids and cell envelope protease (CEP), which limits its rapid
propagation (Li et al., 2020).

The peptides are better absorbed by probiotics than amino acids at
the same concentration. Further enzymatic digestion of fish gelatin (FG)
yields a product called fish gelatin hydrolysate (FGH), which contains
peptides consisting of two or more amino acid units joined by a peptide
bond. A previous study has shown that protein hydrolysates from

poultry waste sources can effectively promote the growth of probiotics
(Lazzi et al., 2013). Whereas in most studies, peptide promoted pro-
biotics were carried out on cultural media. This growth condition is ideal
for the growth of the target microorganisms but cannot reproduce the
conditions in practical application scenarios. It is also worth noting that
the degree of hydrolysis (DH) of FGH dramatically affects the length of
the peptide chain and the degree of exposure of the terminal amino
group (Alemadn et al., 2011). Higher DH corresponds to a higher number
of peptides in general. Therefore, it is also essential to study what level
of hydrolysis is most suitable for the growth of probiotics. However, the
current understanding of the basic mechanisms of probiotic growth-
promoting processes is minimal and the application of different levels
of hydrolyzed FGH in milk matrices to improve the quality of fermented
milk has not been investigated.

Metabolomics can comprehensively and systematically reveal
changes in bacterial intracellular metabolism following the addition of
variable external supplements (Guo et al., 2022). Nuclear magnetic
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resonance (NMR) spectroscopy and ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS) are two major
metabonomic techniques in practical use. The former has the advantage
of being reproducible and non-destructive to the sample (Emwas, 2015),
while the latter has the advantage of being able to combine the high
resolution of chromatography with the high sensitivity of mass spec-
trometry and is used for the analysis of sub-biological samples (Ashraf
et al., 2020). Given the respective advantages of these two techniques,
NMR and UPLC-MS were combined to provide a comprehensive un-
derstanding of the growth-promoting process and metabolic response of
Lactobacillus in fermented milk to the addition of FGH with different DH.

This study aimed to determine the mechanisms of promotion and
metabolic effects of different DH of FGH on Lactobacillus. The strains
were Lacticaseibacillus paracasei subsp. paracasei CASEI 431 (L431) and
Lactobacillus acidophilus LA-5 (LA-5), which are now widely used in
various probiotic fermented milk due to their own potential health
benefits (Corona-Hernandez et al., 2013). Fish gelatin at 5 %, 10 %, 15
%, and 20 % hydrolysis degree was added to the fermented milk,
respectively. In addition, the mechanism of the effect of hydrolysate on
probiotics was further investigated through microbiological analysis and
untargeted dual platform metabolomics combined with multivariate
data analysis.

2. Materials and methods
2.1. Materials

L431 and LA-5 were supplied from Chr. Hansen Co. Itd (Singapore).
Skim milk powder was purchased from Nature 1td. (Singapore). FG (200
Bloom) was purchased from Chengdu Jingdian Co. Itd. (Sichuan, China).
Methanol-d4s was purchased from Cambridge Isotope Laboratories
(Miami, FL, USA). LC-MS grade methanol was purchased from Waters
(Milford, MA, USA). Pancreatin from porcine pancreas (EC: 232. 468. 9;
96.7 U/mL based on trypsin activity) and other chemicals (analytical
grade) were purchased from Sigma-Aldrich Co. Itd (Singapore).

2.2. Hydrolysis of fish gelatin

FG (3 g) was dissolved in 80 mL of distilled water. After adjusting it
to pH 8 by 0.05 mol/L sodium hydroxide, the distilled water was then
increased to 100 mL to obtain a final concentration of 3 % (w/v). The
hydrolysis reaction was started by the addition of pancreatin at various
amounts as described by Benjakul and Morrissey (1997) to obtain DH of
5 %, 10 %, 15 % and 20 %, respectively. The hydrolysis reaction was
carried out at 50 °C for 4 h, followed by heating at 90 °C for 15 min to
deactivate it. The resulting mixture was then centrifuged for 10 min
(25 °C, 5000 x g). The supernatant was collected and then freeze-dried
(Lyovapor™ L-300, Buchi, Switzerland) to obtain FGH, which was
placed in polyethylene bags and stored at —20 °C for subsequent
experiments.

The DH of FGH was determined using formaldehyde titration. For 2 g
of sample, 70 mL of water was added in a beaker placed on a magnetic
stirrer. The pH of the solution was adjusted to 8.2 by 0.05 mol/L sodium
hydroxide before 10 mL of formaldehyde (37 wt% in HoO) was added to
the solution. Titration was then carried out with 0.05 mol/L sodium
hydroxide until the pH of the sample reached 9.20 using a pH meter
(Thermo Orion pH meter, Waltham, MA, USA). Free amino groups were
determined by formol titration and total nitrogen was determined ac-
cording to the Dumas combustion method (Jung et al., 2003). DH was
calculated according to the following equation:

DH = [% Free amino groups/% total nitrogen] x 100.

2.3. Bacterial strains and culture conditions

Lyophilized Lactobacillus acidophilus LA-5 and Lacticaseibacillus par-
acasei subsp. paracasei CASEI 431 were inoculated onto Deman-Rogasa
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(MRS) broth (Merck) and incubated under anaerobic and aerobic con-
ditions (37 °C, 24 h), respectively. A second succession of cultures was
prepared and cultured (37 °C, 48 h) in the same way. Bacterial pre-
cipitates were collected by centrifugation (10,000 x g, 10 min, 4 °C) and
washed twice with 0.1 mol/L phosphate-buffered saline (PBS, pH 7.2)
and resuspended (Ozturkoglu-Budak et al., 2019).

2.4. Preparation of fermented milk

The preparation of fermented milk was shown in Fig. S1. According
to the previous study in our group, the FGH with DH of 0 % (FGH-0) was
added at 0.4 % (w/w) to reconstituted skim milk (total solids 10 g/100
g) as the control group (Yin et al., 2021). FGH with DHs of 5 % (FGH-5),
10 % (FGH-10), 15 % (FGH-15), and 20 % (FGH-20) was added sepa-
rately to reconstituted skim milk (total solids 10 g/100 g) at the amount
yielding an equivalent level of nitrogen content to FGH-0 determined by
Dumas combustion method (Jung et al., 2003). The mixture of skim milk
and FGH with different DHs were was then heated to 121 °C (5 min)
under high pressure, followed by immediate cooling to 42 °C and
inoculation with LA-5 or L431 (approximately 10® CFU/mL). Subse-
quently, the milk was put into an incubator (42 °C) for 20 h. The fer-
mented milk was then removed from the incubator and rapidly cooled
and stored at 4 °C for 48 h for post-fermentation.

2.5. Enumeration of total viable cells (TVC)

TVC was counted by spread plate technique with some modifications
(Faraki et al., 2020). Before and after fermentation, 10 mL of fermented
milk samples with different strains were mixed with 90 mL of deionized
(DI) water in a stomach bag and then homogenized for 2 min to mix
well. Subsequently, tenfold serial dilutions in 0.1 % (w/v) buffered
peptone water were used and incubated in MRS agar. LA-5 and L431
were incubated under anaerobic and aerobic conditions for 72 h (37 °C),
respectively.

2.6. Extraction and preparation of probiotics metabolites

Fermented milk (30 mL) containing bacterial cells was diluted with
0.1 % peptone water (270 mL). Diluted samples were centrifuged at 500
x g for 2 min at 4 °C to precipitate cells (Wang, Zhou, & Yang, 2022).
Afterward, the cells suspension obtained by low-speed centrifugation
was washed twice with 5 mL PBS and re-centrifuged (12,000 x g, 10
min, 4 °C). The pellets were resuspended with about 1 mL of cold
methanol-d4 solution for NMR or ice-cold (MS grade) methanol for
UPLC-MS analysis. Cells were completely lysed by three freeze-thaw
cycles in liquid nitrogen to extract intracellular metabolites, and me-
tabolites were centrifuged to collect (12,000 x g, 20 min, 4 °C). For NMR
analysis, Trimethylsilyl propionic acid (TSP) (1 mmol/L) was dissolved
in methanol-d4 in advance. Then, TSP as an internal standard was
transferred to the NMR tube to determine the concentration of indi-
vidual metabolites. For UPLC-MS analysis, 0.1 mmol/L gallic acid as an
internal standard was added before being injected through a sterile
nylon 0.2 pm filter into the HPLC vial (Wang, Gao, & Yang, 2022).

2.7. UPLC/Q-TOF-MS measurement

Metabolomics analysis was performed with an ACQUITY UPLC™ I-
Class PLUS system (Waters, Milford, MA, USA) equipped with a VION
ion mobility spectroscopy quadrupole time-of-flight mass spectrometer
(IMS-QTOF-MS) (Waters, Manchester, U.K.). An Acquity HSS T3 column
was selected (1.8 pm, 2.1 * 30 mm; Waters, Manchester, UK) with a
column oven temperature of 30 °C, and the temperature of auto-sampler
was maintained at 8 °C. The mobile phases were 0.1 % formic acid in
water (A) and acetonitrile (B), all used solutions were LC-MS grade. The
linear gradient program began with 1 % B for 1.5 min; 1.5-8 min in-
creases in B from 1 % to 70 %; 8-13 min increases in B from 70 % to 90
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%; 13-13.5 min increase in B from 90 % to 99 %; 13.5-16 min held at 99
% B; and 16-20 min (post-acquisition time) starting mobile phase 1 % B
to re-equilibrate the column. The mobile phase injection volume was 5
pL and the flow rate was 300 pL/mL. ionization was performed in ESI-
and ESI + modes. The mass range was set to m/z 50-800 Da and the scan
time was 0.2 s. The ESI source conditions were as follows: capillary
voltages, 1.8 kV (ESI + ) and 2.3 kV (ESI — ) for LA-5, as well as 6.13 kV
(ESI + ) and 2.5 kV (ESI-) for L431, were used for the detection of
probiotic metabolites; The source temperature and desolvation tem-
perature are 120 °C and 500 °C, respectively. Nitrogen was used as
desolvation and cone gas with a flow rate of 800 L/h.

2.8. NMR spectroscopic analysis

A Bruker DRX-500 NMR spectrometer with a 'H resonance frequency
of 500.23 MHz (Bruker, Rheinstetten, Germany) was used for metabolic
analysis. The standard NOESY pulse sequence was used to gain the 'H
spectra of each sample with a width of 10 ppm. The spectrum was gained
using 128 scans, and a 2 s relaxation delay. The free induction decays
were multiplied using an exponential function equivalent to a 1-Hz line-
broadening factor prior to Fourier transformation. 2D NMR spectra
4_13C heteronuclear single quantum correlation (HSQC) was used for
the confirmation of chemical signals of metabolites. In particular, the 'H
spectrum was acquired in the F2 channel with a spectral width of 10
ppm while the 13C spectrum was tested in the F1 channel with a spectral
width of 175 ppm (Wang, Zhou, & Yang, 2022).

2.9. Data processing

The NMR spectra were processed manually by Topspin 4.0.9
(Bruker) software, and the obtained spectral phases and baselines were
manually corrected with reference to the chemical shifts of the TSP. The
metabolites corresponding to the spectra were identified by referring to
the NMR database and related studies. The databases were as follow:
Madison Metabolomics Consortium Database (https://mmecd.nmrfam.
wisc.edu/), and Human Metabolome Database (https://www.hmdb.
ca/). Subsequently, the data were further processed and analyzed
using SIMCA software (version 13.0, Umetrics, Umed, Sweden), and the
full region excluding 3.29-3.35 ppm containing the methanol signal was
normalized to a width of 0.02 ppm. Principal component analysis (PCA)
and orthogonal projection to potential structure discriminant analysis
(OPLS-DA) were used for grouping to determine differences due to
different treatments. The significant altered metabolites was selected by
variable importance in projection (VIP) > 1, Fold change (FC) value > 2
and P < 0.05 (Wang, Gao, et al., 2022).

Progenesis QI software (V.2.4, Nonlinear Dynamics, Waters, New-
castle, U.K.) was used for the processing of UPLC-MS spectra. Peak
picking, filtering, retention time alignment, and response normalization
were performed automatically. The adducts [M+H]", [M+NH4]",
[M+Na]* and [M+K]" were selected in ESI+, and [M—H]™ and
[M—H;0—H] ™ were selected in ESI- for metabolite identification, while
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (htt
ps://www.genome.jp/kegg/pathway.html) and the HMDB were
jointly used for reference. EZinfo (V.3.0, Umetrics, Sweden) was applied
for PCA and OPLS-DA. Metabolites that were significantly changed in
each FGH-added sample compared to the control were screened ac-
cording to VIP > 1, P < 0.05 and CV < 30 (Wang, Gao, et al., 2022).
These data were combined with data obtained from NMR analysis to
explain the main metabolic disturbances in Lactobacillus strains
following the addition of FGH.

2.10. Statistical analysis
All experiments were repeated independently in triplicate. Statistical

analysis of the obtained metabolite contents was performed using the
one-way ANOVA (Duncan’s Multiple Range Test) model in SAS 8.0 with
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a significant difference level of P < 0.05.
3. Results and discussions
3.1. The growth of Lactobacillus after adding FGH with different DH

The addition of FGH did promote the growth of probiotics signifi-
cantly. As shown in Fig. 1, the growth of LA-5 was promoted notably
after the addition of FGH with DHs of 10 %, 15 % and 20 %, respectively.
The cell increments increased from 1.81 to 1.97 log CFU/L (P < 0.05)
with the increase of DH (from 10 % to 20 %), whereas the control group
only increased to 1.55 log CFU/L. As for L431, it was promoted signif-
icantly when the DH of FGH was less than or equal to 10 %. The growth
amount increased from 1.79 log CFU/L in the control group to 2.12 log
CFU/L in the FGH-10 group (P < 0.05). However, when DH was 15 %,
the increment of probiotics was not considerably different from those in
the control group. When DH further increased to 20 %, the growth of
probiotics was decreased (reduced to 1.59 log CFU/L, P < 0.05). The
FGH in larger DH, usually with a smaller molecular weight, would be
easily absorbed and utilized by organisms. The promoting trend of LA-5
was consistent with this assumption. When DH was<10 %, L431 also
accorded with this hypothesis. However, the opposite result was pre-
sented in L431 when DH was>10 %.

The difference in the performance of L431 and LA-5 may be because
the ability of L. acidophilus CEP is weak, which results in its low capacity
to utilize macromolecular protein (Li et al., 2020). In addition, the
ability of L. acidophilus to synthesize amino acids is minimal, and its
nutritional requirement for amino acids is mainly satisfied by absorbing
amino acids and oligopeptides in a growth medium (Azcarate-Peril
et al., 2005). L431 had higher CEP activity than LA-5, and one of the
representative CEPs, PrtP, was first identified in L. paracasei subsp.
paracasei strains. The research on the utilization of nitrogen sources by
L. paracasei is very limited, but Morishita et al. (1974) reported that its
growth does not require amino acids such as Ala, Gly, His, Phe, and Pro.
Previous studies have shown that the activity of CEP is not significantly
affected by adding short peptides to growth media (Alcantara et al.,
2016). In this study, its increment number was decreased after the
addition of FGH-20, which may be due to the accumulation of a large
number of peptides in the growing environment. Peptides catabolized by
its own CEP and supplied by FGH-20 resulted in excessive peptide ag-
gregation, inhibiting the expression of its protein hydrolysis system, and
thus affecting its growth and proliferation. The proposed mechanism is
shown in Fig. 1 (a-b).

3.2. Metabolic profiling of Lactobacillus by NMR and UPLC-MS

The dual platforms of NMR and UPLC-MS identified 92 and 112
metabolites in LA-5 and L431 (Tables S1-S4), respectively. Typical NMR
spectra were shown in Figs. S2-S3. This result represented a significant
improvement in the efficiency and coverage of metabolite detection
compared to previous platforms that relied solely on NMR (44 metab-
olites) and UPLC-MS (47 significant metabolites) (Chen et al., 2022; Guo
et al., 2022). For LA-5, in addition to 13 compounds (Glutamate, AMP,
Phenylalanine, ADP, Xanthine, UMP, Tryptophan, Glutamine, PEP,
Lactate, Aspartic Acid, Betaine, and Proline) that were detected in both
NMR and LCMS, 16 and 25 were unique metabolites detected under ESI
+ and ESI- respectively, and 34 were detected only by NMR. For L431,
except for 6 compounds, glutamic acid, UMP, glutamine, proline,
choline, and lysine were identified by both methods. UPLC-MS ESI + and
ESI- detected 31 and 35 unique metabolites respectively, while NMR
detected 30 specific metabolites. This result showed that the two plat-
forms have an excellent complementary effect. 'H NMR has proved to be
a gold technique for studying non-targeted metabolomics, which could
effectively detect primary metabolites such as sugars, amino acids,
organic acids, and nucleotides (Wang, Zhou, & Yang, 2022). However,
due to the relatively low abundance of secondary metabolites such as
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Fig. 1. Increment of probiotic cells (A: LA-5; B: L431) after adding different DH of FGH before and after fermentation and hypothetical mechanism of action on LA-5
(a) and L431 (b) after the addition of FGH. Data are expressed as mean + standard deviation (n = 3). One-way ANOVA was applied to examine statistical significance

between conditions, *: P < 0.05, **: P < 0.01, ns: no significant differences.

phenolic acids, flavonoids, and alkaloids, NMR quantitative detection is
also quite tricky. LC-MS could supplement this part by being more
sensitive than NMR, which enables the detection of metabolites with
lower relative concentrations (Moco et al., 2008). Overall, the compo-
sition categories of probiotic metabolites detected from both platforms
are presented in Fig. 2. It could be seen that although the two bacteria
were different in species, the composition of the metabolite species was
not notably significantly different, nucleotide-related compounds and
amino acids accounted for almost half of all metabolites detected, and

organic acids, sugars, lipids, and other substances accounted for the
other half.

3.3. Identification of metabolic differences in Lactobacillus in response to
different DH of FGH

In order to provide a global overview of metabolic profile and screen
the main discriminative metabolites, PCA models based on the NMR,
ESI + and ESI- datasets were conducted. In the NMR model of LA-5, the
first three components accounted for a total of 73.12 % changes, PC1:
46.13 %, PC2: 16.25 %, and PC3: 10.74 %, respectively. The quality

parameters of Q2 and R?X (Fig. 3) were 0.48 (above 0.45) and 0.73
(above 0.5), respectively, indicating that the predictability and inter-
pretation of the model are satisfactory (Nurani et al., 2021). As for that
of L431, the first three PCs accounted for the 75.78 % difference change,
(PC1:39.5 %, PC2: 20.23 %, and PC3: 16.05 %). Q* was 0.586, and R?X
was 0.76. From the PCA diagram, it could be seen that the control group
and the experimental group of L431 and LA-5 were obviously distin-
guished, which indicated that the metabolism of probiotics was affected
by the hydrolysis of fish gelatin. There were significant differences for
probiotics in metabolic states before and after the hydrolysis of FGH.

Based on the results of UPLC-MS ESI- and ESI+, four models were
constructed with quality parameters shown in Table S5. R2X being close
to 1 and Q? > 0.5. The response parameters validated the quality of the
models. The obvious distinction between the control group and the
experimental group can be seen from the PCA score plot, which was
similar to the results observed in NMR-based model. These results jointly
revealed differences in the metabolic levels of probiotics before and after
FG hydrolysis and further suggested that non-targeted metabolomics
based on NMR and UPLC-MS might be a potential tool to identify spe-
cific biomarkers under different treatments.



Y. Le et al.

Food Chemistry 408 (2023) 135232

Fig. 2. Venn diagram showing the overlap of metabolites detected by NMR and UPLC-MS of LA-5 (A-1) and L431(B-1); metabolite composition of LA-5 (A-2) and

1431 (B-2).
3.4. Altered metabolites in Lactobacillus by different DH of FGH

To clarify the detailed metabolic changes induced by different DH in
Lactobacillus, the metabolites with significant changes after adding FGH
were identified by OPLS-DA model. According to the results of influence
of FGH with different DH on bacterial growth in Section 3.1, the FGH-10
and FGH-20 were chosen because of the obvious metabolic differences
to establish OPLS-DA model by comparing with the control group. The
data fitted well with OPLS-DA model (R?Y: 0.985-0.991; Q%
0.899-0.988). OPLS-DA loading S-plots were provided based on the
covariance P and correlation p(corr) between metabolites and modeled
class designation. The dots below and above the X-axis represent lower
and higher concentrations compared to their control sample (Fig. 4).
Metabolites with VIP > 1 (colored in red) that made credible contribu-
tions were located at the far left or right side of the Fig. 4 to the sepa-
ration of the paired samples. According to the P values, it can be further
screened to be able to diagnose the metabolites with significant differ-
ences among treatments. Data from both platforms are summarized in
Fig. 5.

For example, 24 of the metabolites such as Thr, Ala, Pro, Gln, GSH,
ADP and AMP increased, and 13 of the metabolites such as Glu, NAD,
UMP, PE decreased in abundance in the LA-5 (Fig. 5A) in response to
FGH addition. As similar as LA-5, when FGH addition, 22 up-regulated
components such as ADP, AMP, Xanthine and 9 down-regulated me-
tabolites including NAD, Tyr, Choline in L431 (Fig. 5B) were found to be
responsible for the differentiation with the control group. The metabolic
response of probiotics to external treatment has been evaluated and
significant perturbations in branched amino acids, and adenine were
observed. Despite shared metabolic components, the response of
different strains to such stress differed. These results indicated that
variations in the differential metabolites may be responsible for the
different reactions and alterations among probiotics to FGH. In addition,
based on these differential variants, a hypothetical schematic diagram
showing the main perturbations of LA-5 and L431 under FGH of

different DH was presented in Fig. 6 to facilitate the future industriali-
zation of probiotic fermented milk.

3.5. Metabolic network modulations in LA-5 after FGH addition

It has been proved that FGH can promote the growth of lactic acid
bacteria. For LA-5, with the increase of DH, its efficiency for the pro-
liferation of LA-5 also increases. However, its mechanism for promoting
the growth of probiotics is still unclear. Here, FGH-10 and FGH-20
compared with FGH-O were selected to analyze the metabolic
pathway. The results showed that the majority of metabolic activities in
LA-5 was related to the metabolism of amino acids, nucleotides, lipids
and carbohydrates (Fig. 6).

3.5.1. Amino acid metabolism

In this experiment, the increases of all amino acids except glutamate
were observed (Fig. 5A), indicating that the addition of FGH com-
plemented the peptides and amino acids needed by LA-5 during its
growth and promoted its amino acid metabolism. Some studies have
found that under environmental changes, microorganisms respond to
altered conditions by altering amino acid content in the cells (Chen
et al., 2022). In this experiment, the addition of FGH created an ideal
living environment for LA-5. Amino acids like Thr, Ala, Pro, GSH, Gln,
Arg, Asp, Lys and Met all showed an up-regulation trend, which also
indicated that the addition of FGH promoted the amino acid metabolism
of LA-5. In addition, in Fig. 5A, it was observed that the FC values of
FGH-20 were greater than that of FGH-10, indicating that FGH-20 had a
more significant effect on amino acid metabolism changes than FGH-10.
This result was also consistent with the increase of LA-5 in Section 3.1.

Among all the increased amino acids, arginine showed the most
significant change in content, which might be because arginine played a
crucial role in cell growth as well as early proliferation as a polyamine in
the arginine and proline metabolic pathway, which regulates cell
growth and differentiation, and modulates ion channels (Lefevre et al.,
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Fig. 4. Orthogonal partial least squares discriminant analysis (OPLS-DA) S-plots of NMR and UPLC-MS analysis of LA-5 and L431 strains. A: control vs FGH-10, B:

control vs FGH-20.

2011). In addition, alanine, a glucogenic amino acid, can be converted
to glucose for energy production through gluconeogenesis and glycolysis
(Shi et al., 2022). It was differentially expressed in the experimental
groups (a substantial increase was observed in the FGH-20 group),
perhaps indicating that bacterial growth and proliferation were regu-
lated by increasing energy supply. The decline in glutamate is also
thought to be related to the addition of complex nitrogen sources. In
previous studies, glutamic dehydrogenase was inhibited when a nitro-
gen source was added to the growth medium of the bacteria, and
inhibited glutamate synthesis (Gunka & Commichau, 2012). Another
possible reason is that glutamate often acts as an osmoprotectant,
accumulating in response to adverse effects in the environment when
cells are exposed to stress from the environment (Bearson et al., 2009).

The decrease in glutamate content may further explain the supplemen-
tation of FGH with nutrients required for LA-5 growth and proliferation,
providing an ideal growth environment for LA-5.

3.5.2. Lipid metabolism

In LA-5, significant changes in lipid content were also observed
(Fig. 5A), and changes in lipids are usually associated with stress re-
sponses in cell membranes. Phosphatidylglycerol (PG) and phosphati-
dylethanolamine (PE) are the predominant cell membrane components
that contribute to the structural stability and fluidity of the membrane
(Bharatiya et al., 2021). Gram-positive bacteria can modulate their
membrane composition at different growth stages and in different
growth media to adjust the net charge in response to changes (Parsons &
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Fig. 5. Differential metabolites in LA-5 (A) and L431 (B) from control vs FGH-10, control vs FGH-20 detected by NMR and UPLC-Q/TOF-MS.
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Rock, 2013). In addition, membrane lipids were found to be involved in
bacterial growth, and Lyso-PC could be used as a growth substrate for
Salmonella, which consumes Lyso-PC to counteract the unfavorable host
environment when nutritionally deficient (Antunes et al., 2011). This
could explain why the Lyso-PC content in the bacterium increased
instead after the addition of FGH. Eicosapentaenoic Acid (EPA) has been
shown to be associated with the strength of cell membranes, and EPA
also resists oxidative stress, so when EPA levels rise, the metabolic state
of bacteria is also better (Nishida et al., 2006).

3.5.3. Nucleotide metabolism

A decrease in NAD and NADH was observed inside the cells (Fig. 5A),
as a ubiquitous coenzyme, both involved in redox reactions of hundreds
of enzymes (Dong et al., 2014), and the decrease in their content may
indicate that the bacterial proliferation reached a steady state,
completing the transition from the exponential to the stationary growth
phase. UMP also showed a decrease after FGH addition. In previous
studies, UMP synthesis resulted in more carbon metabolism in the
pentose phosphate pathway, thereby inhibiting the fluxes of glycolysis
and TCA cycle, both of which are closely related to bacterial energy
supply and growth (Chen et al., 2010). The rise in UMP indicates high
energy demand and good growth status of LA-5. In addition, an increase
in adenine-related metabolites (AMP, ADP), pyrimidine nucleotides
UDP was observed, and since these nucleotides are synthesized during
DNA replication, cell growth, their increase could also indicate high
energy demand and metabolic activities of the cells (Wang, Gao, et al.,
2022). With this rise in demand, the metabolism of glucose, the source of
LA-5 core competence, also rose, as evidenced by the rise in the content
of Lactate, propylene glycol, ethanol, mannitol, glucose and glycerate in
the strain (Jain et al., 2015).

3.6. Metabolic network modulations of L431 after FGH addition with
different DH

The vast majority of metabolites observed to be significantly

different in L431 (Fig. 5B, Fig. 6) after adding FGH were nucleotide-
based, probably because most of the compounds detected by UPLC-MS
were of the nucleotide-related compounds (Wang, Gao, et al., 2022).
It is also possible that changes in environmental nitrogen caused sig-
nificant perturbations to the nucleotide metabolism of L431. For
example, Fitzsimmons et al. (2018) demonstrated its significant effect
on nucleotide metabolism when nitrogen was starved. In addition, un-
like LA-5, the addition of FGH significantly increased L431 cell growth
at a DH of 10 %, while its growth decreased significantly at a DH of 20
%. To elucidate the mechanism of regulation of L431 metabolism by the
degree of hydrolysis, the differences in metabolite expression between
FGH-10 and FGH-20 were synthesized to elucidate the effect of the de-
gree of hydrolysis on the amount of probiotic growth.

In the comparison of FGH-10 and FGH-20 groups with the control
group, the difference in the fold change of the majority of metabolites
was not significant, except for Xanthine. It was detected in both ESI- and
ESI + modes and the data showed consistency in both modes. A sub-
stantial increase in the variation was also observed in FGH-20 compared
to the increase in FGH-10. This may be because when hydrolysis is
excessive, the increased small peptide and amino acid composition of
the environment inhibits the expression of protease and thus the pro-
liferation. L431 proliferation is retarded indicating a decrease in its
nucleotide requirement (Bhat et al., 2015), subsequently, its degrada-
tion by purines would produce higher levels of Xanthine. In addition, a
lesser reduction in NADH (reduction form of NAD) content was also
observed in FGH-20 compared to FGH-10. The elevation of NADH is
often associated with counteracting the stress response (Burns et al.,
2010), which further supports that as the degree of hydrolysis increases,
it is detrimental for the uptake and utilization with L431. Cyclic AMP,
which ensures that proteomic resources are used in different metabolic
sectors according to the needs of different nutritional environments
(You et al., 2013), had significantly higher concentrations in FGH-20.
This result is also consistent with previous findings that it accumulates
intracellularly during nitrogen starvation (Hood et al., 1979).

A decrease in Tyrosine and Threonine was observed only in the FGH-
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10 group, both metabolites associated with osmotic regulators, whose
levels rise during their antioxidant defense (Zhang et al., 2021). In
addition, a substantial rise in uracil was observed only in the FGH-20
group, and since uracil is present only in RNA, the changes suggest a
facilitation of RNA synthesis, possibly because L431 is required to
maintain proteins and enzymes necessary for cellular life activities when
peptide uptake is blocked. Glyceraldehyde was elevated only in FGH-20,
which is a highly reactive compound that crosslinks proteins and whose
modified proteins appear to be cytotoxic, inhibiting intracellular
glutathione levels and inducing ROS production, which adversely affects
cells (Dharmaraja, 2017). And compared to FGH-20, there was an in-
crease in a-Glucose content in FGH-10, indicating a rise in its glucose-
related metabolism, and further indicating a better growth state and
higher energy requirement in FGH-10 than in the FGH-20 group.

4. Conclusion

The effectiveness of FGH in promoting the growth of Lactobacillus
was demonstrated in this work. The dual platform metabolomics study
revealed that amino acid metabolism, lipid metabolism, and nucleotide
metabolism pathways were key to the growth-promoting mechanism.
Furthermore, when over-hydrolyzed FGH inhibited L431 growth, pro-
biotics counteracted this adverse response by regulating nucleotide re-
quirements, allocating protein resources, and adapting to adopt stress
strategies. Overall, this study provided valuable insights into the pro-
biotic growth-promoting mechanisms of FGH, and this finding may also
serve as a scientific basis for the application of functional fermented
dairy products with hydrolysate addition.
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