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Abstract: The fermentation process can be affected when the starter culture enters the viable but
nonculturable (VBNC) state. Therefore, it is of interest to investigate how VBNC cells change
physiologically. Lacticaseibacillus (L.) paracasei Zhang is both a probiotic and a starter strain. This
study aimed to investigate the metabolomic differences between VBNC and recovered L. paracasei
Zhang cells. First, L. paracasei Zhang was induced to enter the VBNC state by keeping the cells in a
liquid de Man-Rogosa-Sharpe (MRS) medium at 4 °C for 220 days. Flow cytometry was used to sort
the induced VBNC cells, and three different types of culture media (MRS medium, skim milk with
1% yeast extract, and skim milk) were used for cell resuscitation. Cell growth responses in the three
types of recovery media suggested that the liquid MRS medium was the most effective in reversing
the VBNC state in L. paracasei Zhang. Metabolomics analysis revealed 25 differential metabolites from
five main metabolite classes (amino acid, carbohydrate, lipid, vitamin, and purine and pyrimidine).
The levels of L-cysteine, L-alanine, L-lysine, and L-arginine notably increased in the revived cells,
while cellulose, alginose, and guanine significantly decreased. This study confirmed that VBNC cells
had an altered physiology.
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1. Introduction

The production of food frequently uses lactic acid bacteria (LAB), a class of Gram-
positive bacteria that ferment carbohydrates [1]. During industrial food production pro-
cesses, some LAB may be exposed to unfavorable growth conditions, such as extreme
temperature, nutrient restriction, and low pH [2]. Some bacteria enter the viable but non-
culturable (VBNC), which helps cells withstand a harsh environment and external stress.
Cells in this state can endure for a very long time while only having very low metabolic
activity [3]. VBNC cells, on the other hand, may recover by resuming normal activity and
becoming cultivable again if the external stress is removed or the unfavorable environment
is changed [4]. Most research on the physiology and metabolism of the VBNC state has
been on Gram-negative bacteria, many of which are pathogens. There is currently a lack of
knowledge on Gram-positive bacteria in this aspect, especially probiotics [5].

The concept of VBNC was first proposed by Xu et al. (1982), who described the
presence of VBNC in river and marine environments, including Escherichia coli and Vibrio
cholerae [6]. It has been confirmed that more than 100 microorganisms (including bacteria
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and fungi) can enter the VBNC state [7]. Various methods, such as raising environmental
temperature and adding organic matter or other essential nutrient elements, have been used
to revive microorganisms in the VBNC state [8,9]. However, the strategy to recover from
the VBNC state is microbe-specific, requiring extensive experimental testing. Food safety
and human health may be at risk if pathogenic bacteria shift from the VBNC state [10].
The recovery of nonpathogenic or even probiotic bacteria, on the other hand, may make it
simpler to explore inaccessible microbial resources in nature [7]. Regardless of whether the
objective is to prevent the reversal of pathogenic microbes in the VBNC state or to recover
beneficial ones, our understanding of the physiology and metabolism of VBNC bacterial
cells is still rather limited.

Flow cytometry is a crucial nonculture technique for detecting cell activity during the
induction and recovery of VBNC cells [11]. This method rapidly moves a focused beam
through fluid streams to analyze cells, measuring forward scatter and side scatter at specific
wavelengths, detecting bacterial activity, and sorting cells based on the obtained informa-
tion [12]. Cell activity has been widely detected using fluorescent labeling technology [13].
Based on cell viability and activity, cell subpopulations can be differentiated using flow
cytometry and fluorescent labeling (SYTO 9 and propidium iodide [PI]) [14]. SYTO 9 dye
can penetrate any type of cell, whereas PI can only bind to DNA through damaged cell
membranes [15,16]. Therefore, VBNC cell subpopulations can be effectively chosen and
collected for further experimentation using a cell sorter like the MoFlo Astrios®? based on
cell viability and activity staining patterns [17].

The processes of entering and exiting the VBNC state are intricate and may involve
significant alterations in the physicochemical and metabolic state of the cells [18]. However,
the mechanism of microbial VBNC state recovery is still unclear, especially from the
metabolomic perspective. Metabolomics has the potential to give a more accurate snapshot
of the actual physiological state of the cell by examining the full range of the metabolites
present in a microorganism and tracking the overall results of the interactions between its
development processes and the environment [19]. Changes in gene and protein expression
are reflected at the metabolomics level [20]. A commonly employed analytical technique
in metabolomics research is ultra-performance liquid chromatography quadrupole time-
of-flight tandem mass spectrometry (UPLC-Q-TOF-MS/MS), which has the advantages
of high peak resolution, quick analysis time, and high detection sensitivity [21,22]. It is
suitable for separating and analyzing traces of components in various complex samples [23].
Since there is little information on the physiology, metabolism, and recovery of VBNC
bacteria, particularly in probiotics, it would be of interest to use the power of metabolomics
analysis to understand the biology of VBNC bacteria and identify the key metabolites
and metabolic pathways that are involved in switching between the VBNC and normal
cell states.

Lacticaseibacillus paracasei Zhang (L. paracasei Zhang) is a strain of lactic acid bacteria
with good probiotic properties. It was isolated from a koumiss sample collected in Inner
Mongolia, China [24]. This probiotic strain shows strong resistance to acid and bile salt
stress [25]. It has been shown to have a variety of probiotic effects in both animal and
human intervention trials, including lowering blood lipids, regulating the immune system,
reducing oxidative stress, and inhibiting gut pathogens [26,27]. This bacterium has been
widely used in food, fermentation, medicine, and other fields [28,29]. Our earlier research
demonstrated that when L. paracasei Zhang cells were kept in a cold de Man-Rogosa—Sharpe
(MRS) medium for an extended period, the cells could be induced to enter the VBNC
state [30]. However, no study has yet examined the recovery of VBNC L. paracasei Zhang.

This study used a metabolomics approach to identify the optimal conditions for
reviving L. paracasei Zhang from the VBNC state and the ensuing physiological changes.
The L. paracasei Zhang strain was induced into the VBNC state, and VBNC cells were
collected by a cell sorter and grown in three different recovery media to identify the optimal
resuscitation strategy. The metabolomic differences between the VBNC and recovered cells
were then examined using UPLC-Q-TOF-MS/MS.
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2. Materials and Methods
2.1. Bacterial Strain and MRS Medium Formulation

Lacticaseibacillus paracasei Zhang was preserved and provided by the Key Laboratory
of Dairy Biotechnology and Engineering, Ministry of Education, Inner Mongolia Agricul-
tural University. The strain was deposited in the China General Microbiological Culture
Collection Center (deposit number: 1697). Each liter of the liquid MRS medium used
in this study comprised: peptone from soybean (10 g), beef extract (10 g), yeast extract
(5 g), glucose (20 g), Tween-80 (1 g), potassium phosphate dibasic (2 g), sodium acetate
anhydrous (5 g), trisodium citrate dihydrate (2 g), magnesium sulfate (0.2 g), manganese
sulfate monohydrate (54 mg). The medium was adjusted to pH 6.5 and autoclaved at
121 °C for 15 min.

2.2. Cell Activation and Induction of the VBNC State

Lacticaseibacillus paracasei Zhang was stored in lyophilized tubes. To activate the
bacteria, the freeze-dried cells were inoculated in 5 mL of MRS medium (Oxoid, Basingstoke,
UK), and the inoculated culture was incubated at 37 °C for 24 h. The procedure was
repeated three times. Lacticaseibacillus paracasei Zhang was induced to enter the VBNC
state by keeping the activated cells in the liquid MRS medium (pH 3.8) at 4 °C for about
220 days [30].

2.3. Sorting VBNC L. paracasei Zhang Cells by Flow Cytometry

Flow cytometry in combination with fluorescent staining (SYTO 9 and PL; purchased
from Dojindo Laboratories, Shanghai, China) was used to differentiate VBNC cells from
dead or noninduced cells. Briefly, four clean centrifuge tubes (2 mL) were labeled as the
negative control, PI-positive, SYTO 9-positive, and PI-SYTO 9-double-positive. Samples of
L. paracasei Zhang VBNC cells (5 mL) were centrifuged at 4000x g for 5 min. Pelleted cells
were washed twice and adjusted to a cell density of about 10° CFU/mL with phosphate-
buffered saline. Then, 1 mL of the diluted cells was added to each of the four labeled
centrifuge tubes. For the negative control tube, only the bacterial suspension was added.
For the other three centrifuge tubes, appropriate reagents were added: 10 pL of PI stain
(0.1 mM/L) in PI-positive; 10 puL of SYTO 9 stain (0.2 mM/L) in SYTO 9-positive; 10 pL
each of SYTO 9 and PI stains at the respective aforementioned concentrations in PI-SYTO
9-double-positive. The three cell preparations were gently mixed for 30 s and incubated for
15 min at room temperature in the dark before flow cytometry analysis and cell sorting on a
MoFlo AstriosEQ flow cytometer (Beckman Coulter, Inc., Indianapolis, IN, USA). Cells that
entered the VBNC state were processed in the sorting mode and collected in designated
sterile tubes for subsequent recovery experiments.

2.4. Recovery of VBNC Cells

The results of our extensive literature search found that the MRS medium, 10% skim
milk + 0.1% yeast powder, and skim milk were mostly chosen for the reactivation of
lactobacilli [31]. Therefore, the collected VBNC cells were inoculated (2% inoculum) into
5 mL of liquid MRS medium, skim milk with 1% yeast extract, and skim milk, respectively,
and incubated at 37 °C for 24 h. The cells were subcultured for three rounds in the respective
growth media as described above. Then, 0.5 mL of the resuscitated bacterial suspension
of each culture was serially diluted ten-fold in 0.85% NaCl solution and subjected to pour
plate count on MRS agar to determine the optimal growth medium for cell recovery. The
inoculated agar plates were incubated aerobically at 37 °C for 48 h before colony counting.

2.5. Assessing the Viability and Activity of Recovered VBNC Cells

The cellular activities of the recovered VBNC cells were assayed using a LIVE/DEAD
BacLight Bacterial Viability Lit L7012 (Thermo Fisher Scientific Inc., Waltham, MA, USA).
The staining kit functions via two fluorescent stains, SYTO 9 and PI. Briefly, 500 uL of cell
suspensions of recovered bacteria were centrifuged at 4000 g for 5 min, washed twice
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with, and resuspended (500 pL) in phosphate-buffered saline. Then, a 1.5 pL dye mix
(1.5 puL each of SYTO 9 and PI dissolved in 100 uL of dimethyl sulfoxide) was added. The
cell mixtures were gently mixed and incubated in the dark for 15 min before observing their
cellular activity using a fluorescence microscope (Leica Microsystems, Wetzlar, Germany).
Viable and active cells having an intact plasma membrane appeared green, while dead
bacteria with a damaged cell membrane appeared red [32].

2.6. UPLC-Q-TOF-MS/MS Analysis

Sample pre-treatment for metabolomics analysis. Samples of VBNC and resuscitated
L. paracasei Zhang cells were prepared according to the method described previously [33].
Briefly, each sample (1 mL) was transferred to a 5 mL centrifuge tube and mixed thoroughly
with 1/3 volume of acetonitrile. The mixture was centrifuged at 10,000 g for 10 min. The
supernatant was aspirated and transferred to another new 5 mL centrifuge tube containing
1/3 volume of acetonitrile. The mixture was left at 4 °C for 2 h before centrifugation at
12,000 x g for 5 min. The supernatant was then concentrated by rotary evaporation for 9 h,
re-dissolved by adding 1 mL of 40% acetonitrile solution and centrifuged at 10,000 g for
5 min. Finally, the supernatant was filtered through a 0.22 um microporous membrane. A
quality control sample was prepared by mixing an equal volume (15 pL) of all samples,
which was applied between every six samples to evaluate the instrumental stability during
the sample runs and data collection process.

UPLC-Q-TOF-MS/MS analysis. Metabolomics analysis was performed on the pre-
pared samples using UPLC-Q-TOF-MS/MS (Waters Corporation, Milford, MA, USA). The
pretreated samples were separated using a reversed-phase system with a BEH C18 col-
umn (1.7 pm, 2.1 mm X 100 mm). The sample injection volume was 10 pL. The flow rate
was 0.45 mL/min. The column chamber temperature was 35 °C. Conditions in positive
ion mode: mobile phase A, 0.1% formic acid solution; mobile phase B, 0.1% formic acid—
acetonitrile solution. Conditions in negative ion mode: mobile phase A, 0.1% ammonia
solution; mobile phase B, pure acetonitrile solution. Gradient elution program in positive
ion mode: 2 min, 90% A, 10% B; 6 min, 70% A, 30% B; 10 min, 35% A, 65% B; 14 min, 10% A,
90% B; 15 min, 10% A, 90% B; 16 min, 90% A, 10% B. Gradient elution program in negative
ion mode: 2 min, 90% A, 10% B; 6 min, 70% A, 30% B; 12 min, 35% A, 65% B; 14 min, 10% A,
90% B; 15 min, 10% A, 90% B; 16 min, 90% A, 10% B. As the rate of gradient change in the
elution could affect the peak time and metabolite separation, the rate of gradient change
was tested, adjusted, and optimized based on the results of metabolite separation.

Mass spectrometry parameters were selected based on a previous study [34]. Mass
spectrometry was conducted using the Q-TOF-MS/MS system (Waters MS Technologies,
Manchester, UK) for metabolite detection in both positive and negative ion (ESI* /ESI™)
modes, and the m/z ratio scan range was between 50 and 1000 m/z. To ensure the accuracy
and reproducibility of the measurements, leucine enkephalin (2 ng/mL) was used as the
calibration solution (m/z ratio set to 556.2771 and 554.2615 m/z in ESI* /ESI~, respectively).
The specific run parameters were as follows: capillary voltage, 2.5 kV; sample cone well
voltage, 40 kV; ion source temperature, 100 °C; desolvent gas temperature, 350 °C; desolvent
gas flow rate, 600 L/h; and cone well gas flow rate, 50 h/L.

Data processing and multivariate statistical analysis. The original metabolic data
obtained by UPLC-Q-TOF-MS/MS were imported into the Progenesis QI 2.2 (Waters Corpo-
ration, Milford, DE, USA) software for data processing. The transformed and preprocessed
data were imported into the SIMCA 14.1 software for multivariate statistical analysis
and visualized by Metaboanalyst 5.0. Differential metabolites were identified based on a
threshold of p < 0.05, variable importance in projection (VIP) > 1, and fold change (FC)
> 2 between two compared sample groups. Based on the m/z ratio, retention time, and
fragment information, significantly different metabolites were identified. Then, Kyoto Ency-
clopedia of Genes and Genomes pathway analysis was performed using the Bacillus subtilis
pathway database as a reference to identify differentially abundant metabolic pathways.
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3. Results and Discussion
3.1. Sorting L. paracasei Zhang VBNC Cells by Flow Cytometry

The results of cell sorting are shown in Figure 1. As L. paracasei Zhang transitioned
into the VBNC state, the permeability of the cell membrane was changed. The ability of
the SYTO 9 dye to penetrate any cell and PI to only penetrate damaged cell membranes
allowed for the differentiation between active and dead cells when SYTO 9 and PI were
combined. The staining pattern enabled the partitioning and sorting of VBNC cells.
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Figure 1. Flow cytometry combined with fluorescence labeling to differentiate live, dead, and viable
but nonculturable (VBNC) Lacticaseibacillus paracasei Zhang. Dot plots of cells of (A) side scatter (SSC)
against forward scatter (FSC); (B) propidium iodide (PI) staining; (C) SYTO 9 staining; (D) SYTO 9/PI
double staining. R1 in (A), R2 in (B), R3 in (C), and R4 in (D) indicate bacteria at all physiological
states, dead, live, and VBNC cells, respectively.

Cell sorting was based on the staining pattern, which reflected the physiological state
of the cells. The negative control consisted of cells that had not been stained; the PI-positive
and SYTO 9-positive controls consisted of cells that had been stained by PI and SYTO 9,
respectively. The double-positive cells were VBNC cells which were sorted and collected
(Figure 1A-D). Figure 1A shows a dot plot of forward scatter (FSC) and side scatter (SSC);
cells in the R1 region represent bacterial cells of all physiological states. Figure 1B,C were
the positive controls for PI and SYTO 9, respectively; thus, the R2 region in Figure 1B and
R3 region in Figure 1C represent the dead and live bacterial cells, respectively. Figure 1D
shows a dot plot of SYTO 9/PI-double-staining cells, in which cells were partitioned into
three groups: R2 (dead cells), R3 (live cells), and R4 (VBNC cells). Cells in the VBNC state

were sorted and collected accordingly.
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3.2. Resuscitation of VBNC Cells

The sorted VBNC L. paracasei Zhang cells were resuscitated in three different types of
recovery growth media, namely skim milk, skim milk with 1% yeast extract, and liquid
MRS medium. The number of viable cells in the three different recovery media was
enumerated by pour plate count, revealing a substantially higher viable count in the
culture resuscitated in the liquid MRS medium (8.85 x 108 CFU/mL) than in the skim
milk (3.87 x 107 CFU/mL) and skim milk with 1% yeast extract (7.32 x 10 CFU/mL).
Therefore, the most effective recovery medium for reversing the VBNC state in L. paracasei
Zhang was the liquid MRS medium. One obvious difference between the composition of
the MRS medium and the skim milk-based media is the high mineral content of the former.
Minerals promote the metabolism and growth of lactobacilli, control osmotic pressure,
and enhance enzyme or coenzyme activity [35]. The VBNC state of lactic acid bacteria
was previously reported to be reversible by adding nutrients [36]. Given the differences
in mineral content between the MRS medium and the two media made of skim milk, it
is possible that minerals were the essential components needed to resuscitate the VBNC
L. paracasei Zhang cells. The purpose of this study, however, was not to specifically identify
how each chemical element contributed to the resuscitation of VBNC cells. To confirm our
hypothesis, additional research will be required.

3.3. Growth Curves of Normal and Recovered L. paracasei Zhang

To demonstrate that VBNC L. paracasei Zhang were successfully recovered, we com-
pared the growth of normal and recovered L. paracasei Zhang in liquid MRS medium
(Figure 2). Both the normal and recovered cultures exhibited typical sigmoidal growth
curves. However, the normal culture grew more quickly than the recovered culture, with a
much shorter lag phase and an earlier logarithmic phase than the recovered culture. After
18 h of growth, when the normal culture had already reached the stationary phase, the
recovered culture only reached the logarithmic phase. Furthermore, the optical density of
the normal culture (at 600 nm) was still clearly higher than that of the recovered culture at
the end of the monitored period (28 h). These findings suggest that, despite the recovered
culture regaining the ability to engage in active growth, its growth was still constrained
when compared with the normal culture.

18- —a—normal cells
—e— recovered cells

0.6 |

Optical density at 600 nm

0.4
02}

0.0 L | I L I )
0 5 10 15 20 25 30

Time (h)

Figure 2. The growth curves of normal and recovered viable but nonculturable Lacticaseibacillus
paracasei Zhang. Error bars represent SD.

3.4. Evaluation of the Activity of Recovered L. paracasei Zhang by Fluorescent Microscopy

To examine the activity of VBNC cells recovered after three rounds of subculture in
liquid MRS medium, skim milk with 1% yeast extract, and skim milk, they were subjected
to staining by the LIVE/DEAD BacLight™ kit and fluorescence microscope (Figure 3). The
morphology of the cells recovered in the liquid MRS medium resembled that of normal
cells, appearing as straight rods with a dispersed cell arrangement. In all three recovered
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cell cultures, there were more green (active/live) cells than red (inactive/dead) cells, but
the fluorescent staining intensity, size, and morphology of recovered cells in the liquid
MRS medium resembled normal cells more than those revived in the two skim milk-based
media. These results suggested that the culture revived in the MRS medium had a higher
activity level than the other two recovered cultures, which is consistent with cell growth
behavior. The variation in the level of VBNC cell recovery using various culture media is
consistent with a prior report [37].

A B

Figure 3. Fluorescent micrographs of cell activity and viability staining by the LIVE/DEAD
BacLight™ assay kit. Lacticaseibacillus paracasei Zhang in (A) normal state, recovered in (B) lig-
uid de Man-Rogosa-Sharpe medium, (C) skim milk with 1% yeast extract, and (D) skim milk;
magnification x1000.

3.5. Metabolomic Differences between VBNC and Resuscitated Cells

Metabolomics analysis was performed on VBNC cells and MRS-medium-recovered
cells using UPLC-Q-TOF-MS/MS analysis. The metabolomics dataset comprised 1524 and
2149 metabolites in the ESI* and ESI™ modes, respectively. The metabolomics data of cells
in the two physiological states were then compared using orthogonal projections to latent
structures discriminant analyses (OPLS-DA). In OPLS-DA, the two indicators, R?Y and
Q?, represent the model interpretation rate and predictive ability, respectively. The R?Y
and Q? values of the OPLS-DA models of data obtained in both ESI* and ESI" modes were
very high, 1 or very close to 1 (ESI* mode: R2Y =1, Q* =0.996; ESI” mode: R2Y =1, Q% =1;
Figure 4A,B), suggesting a high interpretation rate and predictive ability in both models.
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Figure 4. Orthogonal projections to latent structures discriminant analysis (OPLS-DA) of
metabolomics data of viable but nonculturable (VBNC) and recovered Lacticaseibacillus paracasei Zhang
(FS). OPLS-DA plots and results of permutation tests (200 random permutations) of metabolomics
data generated in the (A,C) positive and (B,D) negative ion modes, respectively. In (A,B), the subfix
letter of the sample code represents the specific replicate sample. The two indicators, R*Y and Q?,
represent the model interpretation rate and predictive ability, respectively. In (C,D), R? and Q? from
200 permutation tests in the OPLS-DA model are plotted. The y-axis shows R? and Q?, whereas
the x-axis shows the correlation coefficient of permuted and observed data. The two points on the
right represent the observed R? and Q2. The cluster of points on the left represents 200 permuted R?
and Q?. Dashed lines denote corresponding fitted regression lines for observed and permutated R?
and Q2.

A permutation test is necessary to confirm whether OPLS-DA results are false positives
because the OPLS-DA analysis method is susceptible to overfitting in the case of a small
sample size of metabolic data [38]. The OPLS-DA models created from the data of the posi-
tive and negative ion modes were therefore evaluated with permutation tests (200 random
permutations), and the intercept between the regression line and the Y-axis obtained from
the permutation tests was used as a standard to determine whether the models were over-
fitted. The intercepts of R?> and Q? in both models were smaller than the explanatory and
predictive values of the model variables (~1 in all cases; Figure 4C,D), suggesting that the
models were not overfitted and that the generated models were reliable. The permutation
test charts were then used to predict VIP values to identify differential metabolites.

3.6. Differential Metabolites between VBNC and Recovered Cells

Twenty-five significantly different metabolites (threshold settings of p < 0.05, FC > 2,
and VIP > 1) were identified in the complete dataset. The recovered cells had 14 signifi-
cantly increased and 11 significantly decreased metabolites compared with VBNC cells,
and these significantly differential metabolites included amino acids, carbohydrates, lipids,
vitamins, purines and pyrimidines, and others (Table 1).
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Table 1. Differential metabolites between viable but nonculturable state and recovered cells.
. . Molecular Retention . VIP
Class Metabolite Identity Formula Time (min) m/z Ratio Value Log,(FC) p-Value
L-Cysteine C3H7NO,S 0.80 267.07 227 3.53 1.12 x 10~
L-Alanine C3HyNO, 0.83 134.05 2.23 2.63 3.72 x 1076
L-Glutamic acid Cs5HgNOy 3.65 118.05 2.19 3.03 1.98 x 1077
L-Lysine CeH14NL O, 15.75 109.77 2.16 6.68 2.70 x 107>
. . L-3- -5
Amino acid Cyanophenylalanine C1oH10N2 O 1.09 137.03 2.27 2.21 2.20 x 10
L-Glutamine Cs5H19N,O3 3.64 144.07 2.26 5.84 452 x 107°
L-Arginine CgH14N4O, 14.56 139.10 2.40 5.62 8.97 x 107°
L-Asparagine CoH14N» 05 3.64 159.08 2.02 3.21 7.26 x 1075
L-tyrosine CoH11NO;3 3.24 180.07 2.31 —3.14 1.44 x 10~
Cellulose (CeH19O5)n 0.93 295.03 2.10 —2.79 1.02 x 1075
N-Acetyl-D-
: _ _ -5
Carbohydrate glucosaminel CgH1sNOgP 0.77 304.06 2.36 2.58 3.90 x 10
phosphate
Xylooligosaccharide C5H1,05 1.12 152.06 2.19 3.12 7.70 x 107>
D-Trehalose anhydrous C12H»Oqq 2.32 253.64 2.14 —2.87 1.05 x 1078
Palmitoleic acid Ci6H3,0, 5.97 271.23 2.30 —2.23 6.36 x 107°
.. N-Anthranilate C1oH1¢NOgP 0.77 304.06 2.36 —2.58 7.75 x 1075
Lipid Methyl-2
Lo _ -5
methylvalerate CyH1,04 0.77 207.04 2.26 2.86 5.67 x 10
Desthiobiotin C190H18N,03 1.11 214.13 2.29 3.12 6.81 x 107°
Vitamin Folinic acid CyoHy3N70Oy 5.18 229.09 2.39 —7.60 5.80 x 107>
Nicotinamide Cg¢HgN,O 4.52 167.04 2.28 2.31 248 x 107°
“ 7. 78
Purine and Thyrm(.:hne C10H13N505 341 243.08 2.18 2.93 1.05 x 10_5
rimidine Guanine CsH5N50 4.67 144.07 2.35 —2.53 1.54 x 10
Py 2-Methylpyrimidine CsHgN 14.56 139.10 2.40 —562 743 x10°6
3-Oxohexanoyl-CoA Co7Hy4N7O418P3S 15.75 938.13 2.34 5.33 3.44 x 107°
Others Uric acid CsH4N4O3 0.8 176.05 2.27 3.56 8.95 x 10~°
Hydroxy methylglutaryl = 1y N,0,0P35 8.75 950.12 2.03 559 977 x 1077

coenzyme A

Remarks: FC = fold change, representing the fold difference in metabolite level between the two cell states. A
positive value of fold change means a differential increase in the recovered cells compared with the viable but
nonculturable state cells.

3.6.1. Amino Acids

We found that most identified differential metabolites were amino acids. The recovered
cells had higher levels of cysteine, L-glutamic acid, L-arginine, and L-glutamine than the
VBNC cells, whereas L-tyrosine showed an opposite trend.

Amino acids are organic compounds that are essential for protein building to support
the growth, reproduction, and metabolism of any organism, including lactic acid bacte-
ria [39]. Cysteine is a common sulfur source donor crucial for the metabolism of other
sulfur-containing macromolecules, including methionine, thiamine, glutathione, and other
common substances in the organism. As an essential building block in protein synthesis,
intracellular L-cysteine is essential to maintaining cellular homeostasis [40]. L-glutamic acid
is the most abundant free amino acid in the host. Glutamic acid metabolites are essential
for bacterial growth because they make up the cell wall peptidoglycan and also play a role
in preserving the integrity and homeostasis of cells [41]. In addition, L-glutamine has been
reported to effectively reduce oxidative damage in bacteria when under stress and improve
the activity of brewer’s yeast [42]. In contrast, less L-tyrosine was detected in the recovered
cells than in the VBNC cells. L-tyrosine is one of the three major aromatic amino acids and
an important conditionally essential amino acid. Intracellular tyrosine might have been
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depleted during the resuscitation process as the VBNC cells became more active in cell
repair and growth resumption.

There may be a preferential requirement for amino acids in the process of VBNC state
reversal for L. paracasei Zhang, as suggested by a previous study that found that adding
various combinations of amino acids to the recovery growth medium could influence the
outcome of recovery from the VBNC state in E. coli [43].

3.6.2. Carbohydrates

Four differential carbohydrate metabolites were identified between the VBNC and
recovered cells. The recovered cells had significantly more xylooligosaccharide than the
VBNC cells, whereas the levels of cellulose, N-acetyl-D-glucosaminel-phosphate, and
D-trehalose anhydrous showed opposite trends. Xylooligosaccharide is composed of two
to nine xylose molecules linked by (3-1,4 glycosidic bonds. In addition to providing energy
and promoting the growth of beneficial lactic acid bacteria like bifidobacteria, xylooligosac-
charide has several biological functions [44,45]. The accumulation of xylooligosaccharide
may be conducive to the recovery of VBNC L. paracasei Zhang.

Trehalose is a typical stress metabolite produced in response to external stress or
environmental changes, and it is noteworthy that it was one of the three metabolites
that were significantly reduced in the recovered cells. As trehalose is associated with
harsh external conditions, such as drought, fluctuations in temperature, etc., it could
potentially protect cells from external insults [46]. The protective mechanism of trehalose
on cells involves enhancing interactions between hydrogen bonds and the lipid bilayer by
reconstructing tetrahedral hydrogen-bonded water, increasing the strength of hydrogen
bonds between water molecules, and improving cell membrane stability [47]. A decrease
in intracellular trehalose concentration may indicate an improved growth environment.

3.6.3. Lipids

The levels of three lipids, including palmitoleic acid, N-anthranilate, and methyl-2-
methylvalerate, were lower in the recovered cells compared to VBNC cells. A previous
study reported that L. paracasei Zhang showed alterations in the cell membrane fatty acid
composition by shifting to a higher ratio of unsaturated to saturated fatty acids under the
low acid stress of artificial gastric juice [48]. In another study, L. paracasei Zhang adaptively
evolved after continuous cultivating in a low-acidic MRS medium (adjusted to pH 4.3)
for 70 days. Both the ratio of unsaturated to saturated fatty acids (i.e., the degree of
unsaturation) and the length of fatty acid chains in the cell membrane lipids changed.
These modifications presumably sought to improve the acid tolerance of the bacteria and
lessen cell damage brought on by acid stress [49]. Thus, it is not surprising that some
differential fatty acids (such as palmitoleic acid [C16:1], an unsaturated fat) decreased in
response to the process of cell recovery from the cold and acidic environment.

3.6.4. Other Macromolecules

Some intriguing differential metabolites from other macromolecular classes were
found in addition to amino acids, carbohydrates, and lipids. For example, more desulfur-
ized biotin was detected in the cell recovery process. Biotin is a B vitamin that is essential
for the growth, development, and metabolism of organisms [50]. Biotin synthase uses
the Fe-S cluster to supply sulfur atoms and to produce desulfurized biotin, an essential
precursor for biotin synthesis. The increase in the abundance of desulfurized biotin may
indicate a more active bacterial growth and metabolism [50].

On the other hand, significantly more guanine, uric acid, and methyl pyrimidine were
detected in VBNC L. paracasei Zhang than in the recovered cells. Apart from being the major
biomolecule for energy storage, purines are the components of the nucleotides that transmit
genetic information [51]. Nucleotides are an important class of nitrogenous compounds for
maintaining fundamental body functions [52]. Guanine dehydrogenase converts guanine
to xanthine, which is further metabolized into uric acid through the action of xanthine
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oxidase [53]. Possibly, when the bacteria were left in the adverse environment for a
prolonged period, they were induced to enter the VBNC state. The cells only maintained a
minimal metabolic activity to maximize survival, meanwhile preserving a relatively high
level of purines and pyrimidines to await the chances for cellular repair processes to occur.
These macromolecules may also have been used to support growth when the cells regained
a higher level of biological activity during the recovery process.

3.7. Enrichment Analysis of Differential Metabolite Pathways

Further metabolic pathway enrichment analysis was conducted based on the identi-
fied differential metabolites using Metabianalyst 5.0 (Figure 5). A total of 25 significantly
enriched metabolic pathways were found, including glycine and serine metabolism, me-
thionine metabolism, phenylalanine and tyrosine metabolism, homocysteine degradation,
alanine, ammonia recycling, and others.

Glycine and Serine Metabolism - [ ]
Methionine Metabolism - [ ]
Phenylalaine and Tyrosine Metabolism | 3
Homocysteine Degradation - @
Ammonia Recycling - ®
Propanoate Metabolism- [
Alanine Metabolism -

Catecholamine Biosynthesis - =3 p-value
Glutamate Metabolism - ® 0.25
Glutathione Metabolism - L] 8%‘:
Betaine Metabolism - ] 010
Arginine and Proline Metabolism - . ' 0.05
Cysteine Metabolism- @ oy
. U e Cyele- e Enrichment Ratio
Citric Acid Cycle+ . P

Tyrosine Metabolism - ° ® 10

Aspartate Metabolism - [ BB
Pyruvaldehyde Degradation - ®

Taurine and Hypotaurine Metabolism-

Phosphatidylethanolamine Biosynthesis -

Ketone Body Metabolism-

Glucose-Alanine Cycle-

Thyroid hormone synthesis-

Vitamin K Metabolism-

Warburg Effect -

z 4 6
-log10 (p-value)

Figure 5. Metabolic pathway enrichment analysis based on the differential metabolites identified
between viable but nonculturable (VBNC) and recovered Lacticaseibacillus paracasei Zhang cells. The
size and color of the circles represent the number of differential metabolites in the specifically enriched
pathway and its extent of statistical significance, respectively. A darker circle represents a greater

magnitude of significant difference.

Many pathways identified in the pathway enrichment analysis are involved in or
are related to amino acid metabolism, suggesting a possible metabolic reshaping from
protecting cells against environmental cold and acidic stress for cell maintenance and
growth resumption. For instance, glycine is a nonessential amino acid that contributes to
the metabolism of essential amino acids in all living things and microorganisms, and it also
serves as an important source of energy and nutrition, promoting metabolism along with
other classes of macromolecules like carbohydrates and fats [54]. It is also not surprising
that the pathway of ammonia recycling was found to be among the top enriched pathways,
as it is likely that ammonia was recycled into central amino acid metabolism to maximize
nitrogen utilization during the VNBC state recovery process.

The identification of a vast number of differential metabolites and metabolic pathways
of amino acid metabolism may also suggest that the activation of these pathways is crucial
for VBNC L. paracasei Zhang to achieve homeostasis and a physiological balance in the
process of transition from an unfavorable to a more favorable environment.

4. Conclusions

This study successfully sorted and collected VBNC state L. paracasei Zhang cells by flow
cytometry. A liquid MRS medium was found to be a more effective growth medium than
skim milk-based media for recovering the VBNC cells from cold and acidic stress conditions
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based on plate counting results. Cell recovery was accompanied by substantial metabolomic
changes, including 25 differential metabolites, mainly belonging to amino acids, vitamins,
sugars, lipids, and purines and pyrimidines. Fourteen upregulated metabolites (such as
L-cysteine, L-alanine, L-lysine, and L-arginine) and eleven downregulated metabolites
(such as cellulose, fucoidan, and guanine) were detected in the recovered cells. This study
provides interesting information on the recovery of a probiotic bacterium from the VBNC
state and the ensuing metabolomic changes during the process.

Cell viability is of particular importance for probiotics, as they need to stay active
to exert beneficial effects on the host. Thus, incorporating the right components in the
fermentation medium to protect cells from entering the VBNC state during the industrial
process would contribute to enhancing the beneficial effects of probiotic-based functional
foods or dairy products. Further work will be necessary to pinpoint the exact components
responsible for VBNC cell revival and design formulation that would be suitable for use
in industrial applications. The current work on investigating the recovery physiological
mechanism of lactic acid bacteria in the VBNC state serves as a starting point for such
a purpose.
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