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This study investigated the effect of proline addition on the salt tolerance of Tetragenococcus
halophilus. Salt stress led to the accumulation of intracellular proline in T. halophilus. When
0.5 g/l proline was added to hyperhaline medium, the biomass increased 34.6% (12% NaCl)
and 27.7% (18% NaCl) compared with the control (without proline addition), respectively. A
metabolomic approach was employed to reveal the cellular metabolic responses and
protective mechanisms of proline upon salt stress. The results showed that both the cellular
membrane fatty acid composition and metabolite profiling responded by increasing
unsaturated and cyclopropane fatty acid proportions, as well as accumulating some specific
intracellular metabolites (environmental stress protector). Higher contents of intermediates
involved in glycolysis, the tricarboxylic acid cycle, and the pentose phosphate pathway were
observed in the cells supplemented with proline. In addition, addition of proline resulted in
increased concentrations of many organic osmolytes, including glutamate, alanine, citrulline,
N-acetyl-tryptophan, and mannitol, which may be beneficial for osmotic homeostasis. Taken
together, results in this study suggested that proline plays a protective role in improving the
salt tolerance of T. halophilus by regulating the related metabolic pathways.
Keywords: Tetragenococcus halophilus, salt stress, metabolic response, proline, metabolomics

Introduction
Tetragenococcus halophilus, a moderately halophilic grampositive lactic acid bacteria, is able to survive in hyperosmotic
environments. This halophilic bacterium was reported to
be mainly isolated from soy sauce [1-3], a well-known
condiment in Southeast Asia, Japan, and China. As expected,
addition of T. halophilus as a starter culture could promote
formation of the desired odor and improve the flavor of
soy sauce [4, 5]. Additionally, T. halophilus contributes to
the formation of aroma in fish sauce by production of
numerous amino acids and volatile compounds [6].
In many industrial processes, however, T. halophilus
frequently suffered from hostile environmental conditions.
Among these challenges, salt stress is one of the unavoidable
constraints, which affects the metabolic activity and the
survival of T. halophilus since it causes dehydration of the
cells. In response to salt stress, cells have evolved a variety

of adaptation mechanisms, including modification of cellular
membrane fatty acids, changing of the corresponding gene
expression, and upregulation of stress response proteins to
withdraw the potentially lethal damage [7-9]. Additionally,
halophilic microorganisms generally take up or synthesize
various compatible solutes to cope with hyperosmotic stress
[10, 11].
Compatible solutes are low-molecular-weight compounds
that can be largely accumulated under hyperosmotic stress
but do not interfere with cellular central metabolism.
Proline, an important compatible solute, is accumulated in
many bacterial and plant cells in response to osmotic stress
[12, 13], and exogenous addition of proline could improve
the cell growth and fermentation production under osmotic
stress [14, 15]. Moreover, proline also plays a pivotal role in
resistance to other environmental stresses. For example, a
proline-accumulating strain was found to be more tolerant
to freezing stress than the wild-type strain [16].
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It has been indicated that both exogenous addition and
overproduction of osmoprotectants could protect cells
against salt stress [10, 14]. However, the detailed protective
mechanisms of proline upon salt stress are only partly
understood. In order to reveal the protective effects and
potential mechanisms of proline upon salt stress, metabolic
responses of proline-added T. halophilus were analyzed
using liquid chromatography-mass spectrometry (LC-MS)
based on the metabolomic approach.

Extraction and Determination of Intracellular Amino Acids
For the extraction of intracellular amino acids, 10 ml of midexponential growth phase cells at an OD600 of 2.5 was harvested.
The subsequent extraction steps were done according to the
method described by Zhang et al. [19]. Amino acid extracts were
then filtered through a 0.22 μm filter and appropriately diluted
with 200 mM phosphate-buffered saline (PBS, pH 7.0). For the
determination of intracellular amino acids, 20 μl sample solutions
were prepared and the pools of amino acids detected using an
amino acid analyzer (A300; membraPure GmbH, Germany).

Materials and Methods

Extraction and Determination of Intracellular Metabolites
Mid-exponential growth phase cells (100 ml) were harvested by
centrifugation at 3,500 ×g for 10 min at 4°C. The pellets were
washed three times with 200 mM PBS (pH 7.0). Immediately, the
cells were frozen in liquid nitrogen and then stored at -80°C until
further analysis. The extraction of intracellular metabolites was as
follows: 100 mg of freeze-dried cells was weighed accurately, and
800 μl of methanol was added, and then the mixture was
continuously oscillated for 10 min. Then, the mixture was extracted
ultrasonically in an ice bath for 30 min. After sonication, the
extraction solutions were immediately centrifuged at 16,000 ×g for
10 min at 4°C, and the supernatants were collected and further
analyzed by LC-MS.
Metabolomic analysis was performed on a Thermo Scientific
Ultimate 3000LC coupled to an Orbitrap Elite MS system equipped
with an electrospray ionization source operating in negative-ion
mode. A 100 mm × 4.6 mm Hypersil GOLD 3.0 μm C18 column was
equipped for all analyses. The elution buffers were 0.1% (v/v)
formate in ultrapure water for buffer A and 0.1% formate in
acetonitrile for buffer B. Gradient elution was performed by the
following program: 95% A : 5% B for 2 min, and then 5% A : 95% B
for 13 min, followed by 95% A : 5% B for 2 min again at a flow rate
of 0.3 ml/min. The autosampler was maintained at 4°C and the
injection volume was 4 μl. Metabolic profiles were obtained
within the mass-to-charge ratio (m/z) range from 50 to 1,500. To
validate the analytical methodology, six quality control samples
were carried out by mixing all of the samples and were analyzed.

Bacterial Strain and Culture Conditions
The bacterial strain used in this study was isolated from soy
sauce moromi and characterized by 16S rDNA sequencing followed
by phylogenetic analysis, and identified to be Tetragenococcus
halophilus (CGMCC No. 3792) [3]. It was cultivated statically at
30°C in GM17 broth (M17 broth (OXOID, UK) supplemented with
0.5% (w/v) glucose) at pH 6.8 ± 0.2.
Growth of T. halophilus under Salt Stress
To investigate the effect of proline addition on the growth
performance of T. halophilus under salt stress, cultures were grown
statically in a 250 ml flask containing 50 ml of GM17 broth at 30°C.
When the cells grew to mid-exponential growth phase (20 h), 5%
(v/v) of the culture was inoculated into four flasks with 100 ml
fresh GM17 containing 0.5 g/l proline adjusted to 0%, 6%, 12%, and
18% (w/v) NaCl concentration, respectively. After 48 h of incubation
at 30°C, the growth of cells were determined by measuring the
optical density at 600 nm with a UV spectrophotometer (TU-1901,
China).
Extraction and Determination of Cellular Membrane Fatty Acid
For the extraction of cellular membrane fatty acids, the
preparation of fatty acid methyl esters (FAMEs) was performed
according to the previous literature [17]. Simply, 100 ml of midexponential growth phase cells was harvested by centrifugation at
8,000 ×g for 5 min at 4°C. The pellets were washed twice with
isotonic solution, and then 1.5 ml of 1 M sodium methoxide was
added and shocked for 10 min to achieve the methylation. The
FAMEs were extracted with 1 ml of hexane for 10 min. The toplayer organic phase was collected for further analysis. For the
determination of cellular membrane fatty acids, the organic phase
was analyzed by a gas chromatography-mass spectrometer (Trace
GC Ultra-DSQ II; Thermo Electron Corporation, USA) equipped
with a TR-5MS capillary column (30.0 m × 0.32 mm i.d., df: 0.25 μm)
following the method of Zheng et al. [18]. The scanning range from
45 to 400 amu was used for MS analysis. FAMEs were identified
by their MS compared against the NIST05 spectrum database. The
relative amount of FAMEs was calculated from peak areas. Six
independent experiments were performed for each sample.
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Gene Expression Analysis by Quantitative RT-PCR
For the analysis of gene expression, 100 ml of mid-exponential
growth phase cells was harvested by centrifugation at 10,000 ×g
for 5 min at 4°C. Then, the pellets were washed three times with
sterile saline and stored at -80°C for further analysis. Extraction of
total RNA, synthesis of first-strand cDNA, and qPCR experiment
were performed according to the method of Wu et al. [20]. The
expression levels of all the target genes were compared with the
expression level of the reference gene (16S rRNA). The 2−ΔΔCt
method was used to calculate the relative changes in gene
expression level [21]. All experiments were carried out in
triplicates, and the primers used for RT-PCR assay are listed in
Table 1.
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Table 1. Primers for the quantitative real-time polymerase chain reaction.
Forward primer sequence

Reverse primer sequence

gap

Gene

AGATAGATCCAGCAGCATAGCC

CAACGACAGGAGCAGCTAAAG

246

pfk

GAACCTTCCTTTATTCAGCACG

ATGATAAGAGCCATCGCCAC

128

pyk

GTTTCCGACGGTATTATGGTTG

AAGCATAGTTGCGTCTGTTCC

228

ldh

TTCACAGTTTACTGCTTGGTCG

AAATCAACGGGACGCTCTT

81

proC

TGATTGATGCTGTTGTTGGTG

TCCTAAAACTGCTTGACTGGC

140

aroE

TTGTCCAGCCCAACATAGTCT

TGACAGCTCTTGGAGTAGTGATCT

216

16S rRNA

CCTACGGGAGGCAGCAG

ATTACCGCGGCTGCTGG

169

Metabolome Data Processing and Analysis
The original data from LC-MS were pre-processed by using the
SIEVE software (ver. 1.1.5; Thermo, USA). Before statistical
analysis, the data from each sample were normalized to the sum
of the peak area by using the EXCEL 2010 software. Six
independent experiments were performed for metabolic analysis.
The Student’s t-test was used to investigate statistical differences,
and samples with p ≤ 0.05 were considered to be statistically
significant. The ions with statistical significance were integrated
and imported into the SIMCA-P software (ver. 13.0; Umetrics,
Sweden) for multivariate analysis. To explore the differences of
overall metabolism from different samples, principal component
analysis (PCA) was performed. To cross-validate the PCA model,
the data were analyzed by partial least squares discriminate
analysis (PLS-DA) to search the characteristics of metabolites
based on the variable importance in the projection. Additionally,
the reliability of the PLS-DA model was validated by permutation
testing. The parameters of R2X, R2Y, Q2, and R2 were analyzed to
assess the quality of the models.

Results

Amplicon size (bp)

T. halophilus cells grown at various concentrations of NaCl
were determined. Within 0%-12% NaCl, the intracellular
concentration of proline increased significantly with the
enhancement of NaCl concentration, and the maximum
accumulation of proline (14.7 mg/g dry weight cells) was
obtained at 12% NaCl (Fig. 1). However, in the cells exposed
to 18% NaCl, the intracellular content of proline decreased
29.4%, which could result from growth inhibition under
18% NaCl, compared with that obtained in the presence of
12% NaCl. Interestingly, a 2.11-fold higher level of proline
was still detected at 18% NaCl compared with that without
NaCl addition. These results suggested that salt stress led
to the accumulation of proline in T. halophilus.
Effect of Proline Addition on the Growth under Salt Stress
Results displayed in Fig. 1 showed that the level of proline
increased with the enhancement of NaCl concentration. To
explore whether the accumulation of proline under salt
stress was involved in salt tolerance, we then investigated
the effect of exogenous proline addition on the growth

Accumulation of Proline in T. halophilus under Salt Stress
The intracellular amounts of proline accumulated by

Fig. 2. Effect of exogenous proline addition on the growth of
Tetragenococcus halophilus under salt stress.
Fig. 1. Changes in intracellular pools of proline in Tetragenococcus
halophilus under salt stress.
Different letters indicate significant differences at p < 0.05 (n = 3).

White bars represent no proline supplemented, and gray bars represent
0.5 g/l proline added into the culture medium. Asterisks indicate the
level of statistical significance (p < 0.05, n = 3) in comparison with the
control (without proline addition).
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performance of T. halophilus. As shown in Fig. 2, no
remarkable enhancement of cell growth was detected when
0.5 g/l proline was supplemented into GM17 broth containing
0% and 6% NaCl. However, at high concentrations of NaCl

(12% and 18%), addition of proline contributed to the growth
of T. halophilus. After 48 h of incubation in the presence of
0.5 g/l proline, the biomass increased significantly by
34.6% (12% NaCl) and 27.7% (18% NaCl), respectively,
compared with that obtained in the absence of proline
(Fig. 2).
Multivariate Analysis of LC-MS Data
The effect of proline addition on the metabolic profile in
T. halophilus under salt stress was investigated by metabolomic
analysis. On the basis of the results of Student’s t-test, a
total of 74 intracellular metabolites had changed significantly
(p < 0.05) between the proline-added cells and control cells
(n = 6, respectively; Table 2). According to the PCA model
shown in Fig. 3A, there was a good separation between the
proline-added cells and control cells (R2X = 0.615, Q2 =
0.306). In order to investigate the effect of proline addition
on the metabolic profile and to validate the metabolic
characteristics of cells, the supervised PLS-DA method was
used to isolate the variables responsible for differences
between samples (R2X = 0.638, R2Y = 0.995, and Q2 = 0.918;
Fig. 3B). Furthermore, the reliability of the PLS-DA model
was evaluated by a permutation test. No over-fitting
phenomena were observed according to the results of the
permutation test (Fig. 3C).
Effect of Proline Addition on Fatty Acid Metabolism
under Salt Stress
To investigate the influence of exogenous proline addition
on the cellular responses to salt stress, the cellular membrane
fatty acid composition was analyzed. As shown in Fig. 4,
proline addition led to notable alternations in 11 fatty

Fig. 3. Multivariate analysis of LC-MS data in the prolineadded cells and control cells.
(A) Principal component analysis score plots. (B) Score scatter plots
generated from partial least squares discriminate analysis (PLS-DA).
(C) Statistical validation of the PLS-DA model by permutation testing.
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Fig. 4. Effect of exogenous proline addition on the cellular
membrane fatty acid composition under salt stress.
Fold change represents the ratio of fatty acid content in the prolineadded cells and control cells (n = 6).
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Table 2. Effect of proline addition on intracellular metabolites in Tetragenococcus halophilus under salt stress.
Name

Molecular
weight

t-Test

Fold
changea

164.06

0.010

1.530

Succinic acid

Sugars
L-Rhamnose

Molecular
weight

t-Test

Fold
changea

118.02

0.000

1.368

Organic acids

Sedoheptulose 7-phosphate

290.04

0.000

1.835

L-Lactic

90.03

0.003

1.520

Chitobiose

424.17

0.002

2.051

Maleic acid

116.01

0.000

1.616

Sedoheptulose 1,7-bisphosphate

370.00

0.013

6.399

Malic acid

134.02

0.000

1.845

acid

Deoxycholic acid

392.29

0.022

-1.126

Sedoheptulose

210.07

0.006

1.552

6-Acetyl-D-glucose

222.07

0.000

2.563

Erythrose 4-phosphate

120.04

0.000

1.701

Adenine

135.05

0.005

-1.300

2’-Deoxyuridine

228.07

0.004

-3.191

L-Histidine

155.07

0.003

-1.459

Thymidine

242.08

0.014

1.261

L-Valine

117.08

0.005

-1.160

Cytidine

243.09

0.022

1.747

Ornithine

132.09

0.031

1.138

Inosine

268.08

0.013

1.621

Alanine

89.05

0.001

1.359

Deoxyribose 5-phosphate

214.02

0.006

1.736

L-Proline

115.06

0.000

3.851

L-Threonine

119.06

0.000

1.765

1-Monopalmitin

330.28

0.032

-1.304

L-Leucine

131.09

0.006

1.383

Oleamide

281.27

0.044

-1.186

Amino acids

Nucleotides

Amides

Phenylpyruvate

164.05

0.002

2.183

Stearamide

283.29

0.022

-1.283

L-Phenylalanine

165.08

0.000

1.466

Phytosphingosine

317.29

0.041

-1.276

L-Tyrosine

181.07

0.000

1.595

D-Glucosaminide

501.22

0.002

1.668

Diaminopimelate

190.10

0.048

1.507

D-Phosphatidylglycerol

670.40

0.030

1.875

N-Acetyltryptophan

246.10

0.031

1.313

Tyramine glucuronide

313.11

0.002

1.758

Citrulline

175.09

0.001

1.373

L-Tryptophan

204.09

0.002

1.309

Fatty acidsb
b

Iso-tridecanoic acid

Vitamins and signaling molecule
Biocytin

372.18

0.001

2.021

D-4’-Phosphopantothenate

299.08

0.011

1.997

Pantetheine

278.13

0.000

2.299

228.37

0.000

-3.149

b

242.40

0.000

-9.132

Geldanamycin

560.28

0.000

1.587

Pentadecanoic acid

242.40

0.010

-1.679

Spectinomycin

332.16

0.018

1.626

b

270.45

0.002

-2.239

Chrysophanol

254.06

0.024

1.264

Iso-myristate
Iso-hexadecanoate

b

270.45

0.012

-2.116

Tautomycin

766.34

0.003

1.610

b

284.48

0.010

-9.931

Pyridoxamine

168.09

0.011

1.256

Arachidic acid

312.30

0.046

-10.063

Pyridoxal

167.06

0.030

1.345

Heptadecanoic acid
Octadecanoic acid

Palmitoleic acid

254.41

0.027

1.330

Indole

117.06

0.000

1.685

Oleic acid

282.47

0.000

4.830

Salicylic acid

138.03

0.004

1.544

b

268.01

0.012

11.721

Coronatine

319.17

0.001

2.357

b

296.07

0.010

11.251

Spermidine

145.16

0.005

1.941

Tetradecanedioic acid

258.18

0.012

1.506

Cyclopropaneoctanoic acid
Cyclopropanedecanoic acid

Others

Octadecanedioic acid

314.24

0.046

-1.275

3-Hydroxyanthranilic acid

153.04

0.000

-1.317

Eicosanedioic acid

342.27

0.027

-3.182

Methylglyoxal

72.02

0.010

1.481

Myristic acid

228.37

0.010

1.657

D-Mannitol

182.08

0.029

1.450

Glyceraldehyde 3-phosphate

172.01

0.016

1.147

2-Acetolactic acid

132.02

0.000

1.387

Tetrahydrofolic acid

445.17

0.001

2.245

Pyruvic acid

88.06

0.000

1.619

Organic acids

a

Name

Fold change means the ratio of cells cultured in the presence of proline to cells cultured in the absence of proline; + and – represent the increasing and decreasing fold,

respectively.
b

The fatty acids were detected by GC-MS.

September 2017 ⎪ Vol. 27 ⎪ No. 9

1686

He et al.

acids. It was observed that in the proline-added cells, the
level of cellular membrane saturated fatty acids decreased,
while unsaturated fatty acids increased (Fig. 4). In particular,
compared with those in the control cells, the contents of
cyclopropane fatty acids cyclopropaneoctanoic acid (17cyc) and cyclopropanedecanoic acid (19-cyc) in the prolineadded cells increased 11.7- and 11.3-fold, respectively
(Fig. 4). These results suggested that exogenous proline
addition induced an increase in the ratio of unsaturated to
saturated fatty acids in T. halophilus to resist salt stress.
Effect of Proline Addition on Carbon Metabolism under
Salt Stress
The impact of proline on osmoprotection was explored in
more detail on the levels of carbon metabolism. The levels
of intermediates involved in glycolysis, the tricarboxylic
acid (TCA) cycle, and the pentose phosphate pathway
(PPP) under salt stress were monitored and are shown in
Fig. 5. Higher levels of glycolytic intermediates (glyceraldehyde
3-phosphate, pyruvate, and lactate) and higher contents of
TCA cycle intermediates (succinate and malate) were detected
in T. halophilus cells grown in the presence of proline.

In addition, the proline-added cells exhibited higher
concentrations of PPP intermediates (sedoheptulose 7phosphate, sedoheptulose 1,7-bisphosphate, and erythrose
4-phosphate). Meanwhile, higher amounts of various
carbohydrate derivatives (chitobiose, sedoheptulose, Lrhamnose, deoxyribose 5-phosphate, and 6-acetyl-D-glucose)
from the PPP were also observed in T. halophilus cells
supplemented with proline under salt stress (Table 2).
These results suggested that the proline-added cells may
maintain higher metabolic activities than those without
addition of proline. Therefore, exogenous proline might
protect cells against salt stress and promote the salinity
tolerance by improving the activities of carbon metabolism
in T. halophilus.
Effect of Proline Addition on Amino Acid Metabolism
under Salt Stress
In lactic acid bacteria, there is a close relationship
between amino acid metabolism and physiological changes
for resistance to environmental stresses. Therefore, we
investigated the effect of exogenously supplied proline on
the intracellular amino acid profile in T. halophilus under

Fig. 5. Comparison of levels of glycolysis, TCA cycle, and pentose phosphate pathway intermediates in Tetragenococcus halophilus
under salt stress.
White bars represent no proline supplemented, and gray bars represent 0.5 g/l proline added into the culture medium. Asterisks indicate the level
of statistical significance (p < 0.05, n = 6) in comparison with the control (without proline addition). GA3P, glyceraldehyde 3-phosphate; G6P,
glucose 6-phosphate; F6P, fructose 6-phosphate; PEP, phosphoenolpyruvate.
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salt stress. As shown in Fig. 6, significant changes in most
detected intracellular amino acids were observed by
addition of proline. Exogenously supplied proline led to an
increase in the pools of proline, glutamate, citrulline, and
ornithine. Higher concentrations of diaminopimelate,
threonine, leucine, and alanine were also observed in the
proline-added cells compared with those in the control
cells. Additionally, addition of proline induced an increase
in the levels of aromatic amino acids tyrosine, phenylalanine,
tryptophan, and derivative N-acetyl-tryptophan. However,
it was notable that the levels of valine and histidine were
decreased in the proline-added cells. These results suggested
that as a precursor of many amino acids, addition of proline
led to remarkable changes in the levels of many amino

1687

acids to regulate cellular physiology under salt stress.
Intracellular Metabolites Related to Environmental
Stress Protectors
A few specific intracellular metabolites have been
validated to play important roles in physiological and
metabolic responses under environmental stresses. In the
present study, some vitamins and signaling molecules
acting as important environmental stress protectors were
detected and analyzed (Table 2). As is shown, the prolineadded cells exhibited remarkably higher amounts of
pyridoxal, spermidine, mannitol, indole, salicylic acid, and
coronatine than those in control cells. These results further
suggested that the accumulation of these environmental

Fig. 6. Effect of exogenous proline addition on amino acid metabolism under salt stress.
(A) Schematic diagram of amino acid metabolism observed in Tetragenococcus halophilus. (B) Metabolic profile of amino acids under salt stress.
Fold change represents the ratio of amino acid content in the proline-added cells and control cells (n = 6).
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Fig. 7. Transcriptional levels of gap, pfk, pyk, ldh, proC, and
aroE in Tetragenococcus halophilus.
White bars represent no proline supplemented, and gray bars
represent 0.5 g/l proline added into the culture medium. Asterisks
indicate significant differences (p < 0.05, n = 3) in comparison with the
corresponding control (without proline addition).

stress protectors might improve the salt tolerance in
T. halophilus.
Effect of Proline Addition on Expression Levels of Genes
under Salt Stress
Transcriptional levels of gap, pfk, pyk, ldh, proC, and aroE
in T. halophilus cultured in GM17 broth in the presence and
absence of proline are shown in Fig. 7. The expression
levels of the six genes were all upregulated when proline
was added into the culture medium. Statistical analysis
showed that the expression levels of proline-added cells
significantly increased 1.38-, 1.60-, 1.69-, 1.45-, and 1.65fold for gap, pfk, pyk, ldh, and aroE, respectively, compared
with the control cells. These results were in agreement with
the data of intermediates involved in glycolysis.

Discussion
Salt stress is an inevitable stress factor encountered by
microorganisms during industrial fermentation, and several
efficient adaptation strategies to alleviate the harmfulness
from salt stress have been developed. Among these strategies,
accumulation of compatible solutes and exogenous
osmoprotectants addition to protect cells against severe
osmotic stress are actually important and effective. Proline
accumulation is one of the common responses to salt stress
in most microorganisms. A previous report demonstrated
that Bacillus subtilis would accumulate large amounts of
proline via de novo synthesis to respond to osmotic stress
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[22]. Xu et al. [14] investigated the influence of supplementing
proline to culture medium on the growth of Torulopsis
glabrata under hyperosmotic stress, and the results showed
that addition of proline (1 g/l) could enhance cell growth
and pyruvate concentration by 59.0% and 22.1%, respectively.
Furthermore, through comparison of metabolite profiling
of Lactobacillus paracasei during the fermentation process,
Tian et al. [15] found that exogenous proline addition (2 g/l)
could improve the L-lactic acid productivity and glucose
consumption rate, and the results indicated that proline
mainly played a role as a osmoprotectant accumulated in
the cell for hyperosmotic balance. In the present study, the
protective roles and mechanisms of proline on the salt
tolerance of T. halophilus were investigated. Salt stress led
to the accumulation of proline, and exogenous addition of
proline improved the salt resistance of T. halophilus. In
order to elucidate the protective mechanisms of proline
upon salt stress, a comparative metabolomic analysis was
performed.
Modulation of the cellular membrane fatty acid
composition plays an important role in cells to cope with
environmental stresses. The exogenous proline addition
induced modifications in the fatty acid profile of the cells
(Fig. 4). Here, compared with no proline addition, addition
of proline resulted in a decrease in the amount of saturated
fatty acids and an increase in the amount of unsaturated
fatty acids during salt stress. In addition, it is worth noting
that the levels of cyclopropanoic fatty acids (17-cyc and 19cyc) in the proline-added cells were higher than those in
the control cells (Fig. 4). Previous research studies showed
that appropriate distribution of cellular membrane fatty
acid could be achieved in lactic acid bacteria by increasing
the degree of fatty acid unsaturation [23] and cyclization
[24] to respond to osmotic stress. Additionally, Mykytczuk
et al. [25] reported that cyclization of fatty acid normally
acted as a tool to reduce membrane fluidity and prevent
the penetration of stress factors. Moreover, Morita et al. [16]
reported that proline could enhance the stability of
proteins and membranes, and the accumulation of proline
in Saccharomyces cerevisiae conferred cells with higher
tolerance to freezing. In this study, the exogenous proline
addition increased the levels of unsaturated fatty acids and
cyclopropanoic fatty acids, indicating that proline protected
T. halophilus against salt stress by regulating the cellular
membrane fatty acid composition.
The effect of proline addition on carbon metabolism under
salt stress was explored in detail. Under the condition of
salt stress, the proline-added cells exhibited higher levels
of the intermediates in glycolysis, the TCA cycle, and the
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PPP (Fig. 5). Generally, salt stress led to changes in the
osmotic pressure and ionic inequity, which can cause
production of reactive oxygen species and thereby also
trigger oxidative stress. Inspiringly, the enhanced flux in
carbon metabolism may result in an increase in NADPH
and ATP production to protect cells against oxidative stress
and support Na+ extrusion under salt stress. To further
validate the result, a qPCR experiment was performed to
investigate the expression of key genes involved in
glycolysis (Fig. 7). Transcriptional data presented in Fig. 7
indicated that addition of proline increased the expression
levels of gap, pfk, and pyk genes. The upregulation of these
genes may lead to the increase of metabolic flux from
glucose to pyruvate and result in a higher pool of ATP.
These results suggested that addition of proline may
contribute to the supply of higher levels of energy and
reducing power (NADPH) for other biosynthetic reactions.
The intracellular amassing of compatible solutes is also
an important adaptive strategy in plant, fungal, and
prokaryote cells to relieve the deleterious effects of high
osmolality. These compatible solutes include sugars, polyols,
amino acids, and amino acid derivatives, which can maintain
osmotic balance without affecting normal metabolism [26].
To survive salt stress, the cells of most microorganisms need
to simultaneously accumulate multiple osmoprotectants [10,
26], which were in agreement with our results. In our
study, the contents of glutamate, alanine, and citrulline in
the proline-added cells were 1.37-, 1.36-, and 2.11-fold
higher than those in the control cells, respectively (Fig. 6).
Glutamate plays a central role in a series of metabolic
processes in bacterial cells. Glutamate was verified as an
important compatible solute accumulated in many microorganisms to combat osmotic stress, such as Desulfovibrio
vulgaris, Bacillus aquimaris, and Planococcus maritimus [26,
27]. Accumulation of alanine was also observed in D. vulgaris
exposed to 250 mM NaCl stress for about 100 h [28]. In the
urea cycle, higher pools of citrulline and ornithine were
observed in the proline-added cells (Fig. 6). A previous
study found that the arginine-to-citrulline conversion rate
increased with increasing NaCl concentrations in Lactobacillus
fermentum [29]. Citrulline also could be regarded as an
effective compatible solute in plants and microorganisms
to fight against osmotic stress [30, 31].
Interestingly, in this study, a significant increase in
abundance of tryptophan and N-acetyl-tryptophan induced
by proline addition was observed in T. halophilus (Fig. 6).
N-Acetylated diaminoacids, a rare kind of compatible solute,
have been detected in a few microorganisms to cope with
osmotic stress [27, 32]. T. halophilus was capable of de novo
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synthesis of N-acetyl-tryptophan. Increase in the level of
tryptophan along with N-acetyl-tryptophan suggested that
the acetylated diaminoacid could be synthesized by
acetylation of the corresponding amino acid. In addition,
the cells supplemented with proline exhibited a higher
concentration of mannitol than the control cells (Table 2).
Accumulation of the polyol mannitol as an osmoprotectant
in T. halophilus was rather surprising, since it was found in
a few bacteria to cope with osmotic stress [33, 34]. Data
in this manuscript suggested that accumulation of the
osmoprotectant was important for resistance to salt stress.
Additionally, accumulation of some specific intracellular
metabolites (pyridoxal, spermidine, indole, salicylic acid,
and coronatine) acting as environmental stress protectors,
especially for osmotic stress and oxidative stress, was also
detected (Table 2). Pyridoxal, one form of vitamin B6, has
been shown to act as a cellular reductant and play a role in
stress responses [35, 36]. Polyamines play a significant role in
cell growth and defense against biotic and abiotic stresses.
It has been demonstrated that exogenous polyamine
addition, especially spermidine, can improve the salinity
tolerance of cells [37, 38]. In addition, indole, salicylic acid,
and coronatine are all regarded as important intercellular
signaling molecules and suggested to have a role in
environmental stress tolerance. Indole, a metabolite of
tryptophan, has been corroborated to play an important role
in signaling transduction in acid tolerance by regulating
the glutamine decarboxylase system [39]. Salicylic acid is
considered to be an important signaling molecule, and it
can play a key role in stimulating a defense response
against salt stress [40]. Xie et al. [41] investigated the effect
of coronatine on salinity tolerance and whether the salt
tolerance is correlated with changes in the activity of
antioxidant enzymes, and the results indicated that
coronatine might reduce the production of reactive oxygen
species by activating antioxidant enzymes, thereby preventing
membrane peroxidation to protect against salinity-induced
oxidative stress.
In summary, addition of proline evoked a global regulation
in cell metabolism of T. halophilus under salt stress. To reveal
the protective mechanisms of proline upon salt stress,
metabolic responses including fatty acid metabolism,
carbon metabolism, and amino acid metabolism were
investigated by using a metabolomic approach (Fig. 8). It
was reasonable to sketch the picture, just as shown in
Fig. 8, of when T. halophilus cells were subjected to salt
stress. In this case, proline was validated to be an effective
hyperosmotic protectant for T. halophilus, acting as a
compatible solute in the cells to combat salt stress, and
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Fig. 8. The role of proline in the cellular microenvironment of Tetragenococcus halophilus under salt stress.
The multi-metabolic responses of T. halophilus were analyzed to unravel the defense mechanism of proline upon salt stress.

proline played a protective role in improving the salt
resistance of cells by regulating the related metabolic
pathways. Hopefully, these physiological and metabolomic
observations will contribute to further understanding of
the salt tolerance mechanism of T. halophilus and help
develop new insights to enhance the salt resistance of other
microorganisms.
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