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Tetragenococcus halophilus and comparative
proteomic and physiological analysis under salt
stress†

Guiqiang He,ab Jingcheng Deng,ab Chongde Wu*ab and Jun Huangab

Tetragenococcus halophilus, a moderately halophilic Gram-positive lactic acid bacteria, was widely existed

in many food fermentation systems, where salt stress is an environmental condition commonly

encountered. In this study, a partial proteome reference map of T. halophilus was established by using

the proteomics approach. A total of 120 proteins were identified and the cluster of orthologous groups

(COG), codon adaptation index (CAI), and GRAVY value analyses of the identified proteins were

performed. To better understand the salt tolerance mechanisms and stress responses, we carried out

a comparative proteomic and physiological study of T. halophilus during salt stress. Comparative

proteomic analysis revealed 26 differentially expressed proteins that are mainly involved in cellular

metabolism, energy production, stress response, and others. Analysis of the cytoplasmic membrane fatty

acids showed that higher proportions of unsaturated fatty acid and higher mean chain length were

observed in the cells challenged by salt stress. In addition, the salt shocked cells exhibited higher

amounts of intracellular proline, glycine betaine, and trehalose compared with those without salt stress.

Results presented in this study may further elucidate the mechanisms of T. halophilus underlying salt stress.
1. Introduction

Tetragenococcus halophilus is a moderately halophilic Gram-
positive lactic acid bacterium found in many fermented foods,
mostly highly salted fermented products, such as soy sauce
mash1,2 and sh sauce.3,4 It plays important roles in fermenta-
tion processes during the production of pickled products. For
example, previous research studies demonstrated that addition
of T. halophilus as a starter culture for soy sauce moromi or sh
sauce fermentation could promote the formation of volatile
compounds and improve the avor characteristics.3,5 However,
T. halophilus was inevitably subjected to salt stress during the
manufacture of these salted foods. Generally, exposure of cells
to high salinity environments may lead to structural and phys-
iological injury of cells and a decrease in metabolic activities
and production efficiency.

Therefore, developing adaptive strategies to cope with salt
stress is essential for cells to exert their functional characteris-
tics in food fermentation.6 In response to salt stress, like other
ngineering, Sichuan University, Chengdu

; Fax: +86-28-85405237; Tel: +86-28-

gineering, Ministry of Education, Sichuan

tion (ESI) available. See DOI:

hemistry 2017
bacteria, lactic acid bacteria (LAB) have acquired an amazing
variety of adaptation and defense mechanisms to cope with
harmful effects and to survive in hostile environments. Intra-
cellular accumulating of osmoprotectants is one of most effec-
tive strategies of LAB responding to salt stress, which can
equilibrate cellular osmotic pressure.7 Modication of the
cytoplasmic membrane fatty acid compositions to withdraw the
injury from osmotic stress is another powerful strategy.8

In recent years, omics technologies have paved the way for
the studies of adaptive response of bacterium to salt stress.9,10

Zhang et al.11 established a reference proteome map of intra-
cellular proteins of Lactococcus lactis SK11 using a proteomics
approach, and a comparative proteomic analysis was carried out
to identify and characterize proteins expressed in the cells
containing or not containing glutathione under salt stress.
Moreover, omics technologies for the manipulation of gene
expression levels are available, allowing complementary
approaches to alter expression levels of genes encoding stress
response proteins. For example, the heterologous expression of
RecO protein in Lactococcus lactis, resulted in a signicant
higher tolerance to multiple-stress and enhanced lactic acid
production during salt stress.12 Yet another example revealed
that expression of PprI from Deinococcus radiodurans improved
oxidative stress and osmotic stress tolerance in L. lactis.13

Recently, Liu et al.14 investigated salt tolerance mechanisms
of T. halophilus by transcriptomic analysis, and results showed
RSC Adv., 2017, 7, 12753–12763 | 12753
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that genes involved in transcription, translation, membrane
system, and division were highly up-regulated under salt stress.
Acid tolerance response of T. halophilus was also investigated
based on physiological and proteomic analysis, and proteomic
analysis demonstrated that eight proteins involved in carbohy-
drate metabolism and three classic stress response proteins
were up-regulated aer acid adaptation.15 Despite the impor-
tance roles of T. halophilus, little is known about its protein
expression in response to salt stress. Thus, the aim of this study
was to investigate the salt stress response of T. halophilus via the
physiological analysis. Results presented in this study may
contribute to understand the salt tolerance mechanisms and lay
the foundation for improving salinity resistance of T. halophilus.

2. Materials and methods
2.1. Strains and salt stress experiment

Tetragenococcus halophilus CGMCC 3792, which was isolated
from soy sauce moromi and identied by 16S rDNA sequence,1

was used in this study. The cells were cultivated statically in
GM17 (M17 broth (OXOID, UK) supplemented with 0.5% (w/v)
glucose) at 30 �C for 20 h to obtain a pre-culture. To investi-
gate the salt tolerance of T. halophilus, the pre-culture was
inoculated (5%, v/v) into a fresh GM17. Cells grown to mid-
exponential growth phase were collected, centrifugated
(10 000 � g, 5 min), washed, and resuspended with modied
GM17 containing different concentrations of NaCl for 2 h at
30 �C. Aer salt stress, cells were serially diluted, plated onto
GM17 agar plates, and incubated at 30 �C for 48 h. Cell survival
rate was expressed as the percentage of viable cells (CFU per
milliliter).

2.2. Organic acid analysis

Cells cultivated in GM17 supplemented with different concen-
trations of NaCl were harvested, centrifugated (10 000 � g, 5
min), and the supernatants were acidied by addition of 5 mM
H2SO4. Supernatants were then ltered with a 0.22 mm
membrane lter, the ltrate was analyzed by high-pressure
liquid chromatography (HPLC, Agilent 1200, which was tted
with an organic acid column (300 mm � 4.6 mm, OA-1000,
Alltech, USA), USA) according to the method of Tiina Michel-
son et al.16

2.3. Intracellular amino acid analysis

For the extraction of intracellular amino acids, 10 mL of
cultures at an OD600 of 2.5 was harvested, centrifugated (10 000
� g, 5 min), washed, resuspended in 1mL of 200mMphosphate
buffer saline (PBS, pH 7.0), and boiled for 15 min. Cell debris
was discarded by centrifugation (12 000 � g, 10 min, 4 �C). The
supernatants were treated at ambient temperature by addition
of 100 mL 10% (w/v) sulphosalicylic acid for 10 min. The mixture
was then centrifugated as noted again and the supernatants
were ltered with a 0.22 mm lter. Sample solutions with 20 mL
were detected for amino acid composition using an amino acid
analyzer (A300, membraPure GmbH, Germany) according to the
method of Cui et al.5
12754 | RSC Adv., 2017, 7, 12753–12763
2.4. Intracellular osmoprotectants analysis

Cells cultivated in GM17 with different NaCl concentrations
were harvested, centrifugated (10 000 � g, 5 min), and washed
with isotonic solution. For determination of glycine betaine,
cells were resuspended in 1mL of 50mMPBS (pH 7.0), and then
disrupted ultrasonically in iced bath for 100 cycles of 5 s (JY92-
IIN sonicator, China). Aer sonication, the extraction solutions
were immediately centrifugated (10 000 � g, 5 min, 4 �C), and
the supernatants were analyzed following the previous
method.17 Trehalose was extracted and assayed according to the
previous literature.18
2.5. Membrane fatty acid analysis

Extraction of membrane lipids and preparation of fatty acid
methyl esters (FAMEs) were carried out according to the method
of Wu et al.19 Analysis of the samples was performed by gas
chromatography-mass spectrometer (GC-MS, Trace GC Ultra-DSQ
II, Thermo Electron Corporation, USA) according to the method
described in the literature.20 The relative amount of FAMEs was
calculated from peak areas. The degree of unsaturation (unsatu-
rated fatty acids/saturated fatty acid, U/S ratio) and the mean
chain length were assayed according to the method described
previously.19 All experiments were carried out in triplicate.
2.6. Protein preparation, 2D gel electrophoresis, and image
analysis

Cells collected at exponential phase (20 mL, OD600 ¼ 2.5) were
centrifugated (10 000 � g, 5 min), washed, and then resus-
pended in GM17 supplemented with 12% NaCl. Aer shocked
for 2 h, the cells were washed to remove the residual medium.
The whole cell extracts were prepared using the BioRad Kit.
Briey, the washed cells were lysed in lysis buffer (8 M urea, 4%
CHAPS, 30 mM Tris pH 8.5), and the solution was sonicated on
ice for 20 min and followed by centrifugation at 16 000 � g for
30 min. Proteins in the supernatant were treated with the Clean-
up kit (BioRad) and dissolved in lysis buffer and treated by
DNase (0.02 U mL�1, Fermentas) and RNase (25 mg mL�1, Fer-
mentas). The protein concentration was determined by using
the BioRad Protein Assay Kit with BSA as a standard. The
sample was applied to immobilized pH gradient (IPG) strips
(18 cm, pH 4–7, BioRad) with a nal concentration of 100 mg
protein in 350 mL rehydration buffer (8 M urea, 2% (w/v) CHAPS,
20 mM DTT, 0.5% (v/v IPG buffer), 0.002% bromphenol blue).
Isoelectric focusing (IEF) of the protein sample was performed
according to the method described previously.21 Aer IEF, the
IPG strips were equilibrated sequentially in a buffer (Tris–HCl
contained 6 M urea, 30% glycerol, and 2% SDS) that contained
1% DTT or 2.5% iodoacetamide for 15 min each. The equili-
brated IPG strips were run on 12% SDS polyacrylamide gels.
Electrophoresis was performed using an Ettan DALT-12 unit
(GE Healthcare) according to the method described by Wu
et al.21 Aer SDS-PAGE, the 2D gels were stained with 0.1%
coomassie blue R-250 (Sangon Biotech, China).

The stained gels were scanned using Imagescanner (GE
Healthcare) at 300 dpi resolution. The images were analyzed
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Survival rates of T. halophilus under salt stress. Cultures were
subjected to salt stress for 2 h and the survival rate was determined.
Error bars indicate standard deviations (n ¼ 3).
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using Image Master 6.0 2D platinum soware (GE Healthcare).
The spot detection, gel matching, and spot quantication were
performed by using the automatic mode as previously
described, followed by manual checking.22 Only protein spots
showing at least 2-fold change were considered for statistic
analysis (Student's t test). Signicant differentially expressed
protein spots (p < 0.05) were considered for further analysis.

2.7. In-gel digestion, MS analysis, and protein identication

Proteins spots were excised using gel plugs, transferred to
Eppendorf tubes, then in-gel digestion by trypsin.22 Superna-
tants of 0.5 mL were spotted directly onto the MALDI plate
(containing 0.4 mL CHCA), and samples were analyzed on the
Applied Biosystem 4700 Proteomics Analyzer MALDI-TOF/TOF
(Applied Biosystmes, Framingham, MA) in positive ion
reector mode. MS and MS/MS data were analyzed and peak
lists were generated using GPS Explorer v3.5 (Applied Bio-
systmes). MS peaks were selected between 700 and 4000 Da and
lter was used with a signal-to-noise ratio greater than 20.
Database searches for MS or MS/MS spectra were performed by
using the Mascot 2.0 to search against the T. halophilus protein
sequence database, NCBInr, and Swissprot database. The
searching parameters were set to use trypsin digestion with one
missed cleavage, and use carbamidomethyl as a xed modi-
cation of cysteine and oxidized methionine as a variable
modication. The mass tolerance of precursor ion and frag-
ment ion were set to 0.2 Da for +1 charged ions. MS or MS/MS
identications were accepted when the protein score or total
ion score were higher than 95.

2.8. In silico analysis of the identied proteins

The codon adaptation index (CAI) of all genes and grand
average of hydropathy (GRAVY) of each protein of T. halophilus
were generated by CodonW soware as previously described.23

Experimentally identied proteins and all ORFs were grouped
into cellular roles according to COGs as well (http://
www.ncbi.nlm,nih.gov/COG/). The theoretical 2-DE map of T.
halophilus was constructed using the JVirGel 2.0 web service
(http://www.jvirgel.de/).24

2.9. Gene expression analysis by quantitative RT-PCR

For the analysis of gene expression, 100 mL of mid-exponential
growth phase cells was harvested, centrifugated (10 000 � g,
5 min, 4 �C), washed, and stored at �80 �C for further analysis.
Extraction of total RNA, synthesis of rst-strand cDNA, and qPCR
experiments were performed according to the method of Wu
et al.25 The expression levels of all the target genes were compared
to the reference gene (16S rRNA). The 2�DDCt method was used to
calculate the relative changes in gene expression level.26 The
primers used for RT-PCR assay are listed in Table S1.†

2.10. Statistical analysis

In this study, each analysis was carried out in triplicate. Analysis
of variance (one-way ANOVA) with Duncan's test was performed
to evaluate statistical differences. Differences between samples
This journal is © The Royal Society of Chemistry 2017
with p-values p# 0.05 (n ¼ 3) were considered to be statistically
signicant.
3. Results
3.1. Effect of salt stress on the survival of T. halophilus

The tolerance of T. halophilus subjected to different concen-
trations of NaCl (0, 6, 12, 18, 24, 30, and 36%) was investigated,
and the survival rates were determined (Fig. 1). As shown in
Fig. 1, T. halophilus exhibited relatively broad ranges of NaCl
tolerance and the survival rates decreased with the increase of
NaCl concentration. When treated with 36% NaCl for 2 h, the
survival rate decreased 83.3%, compared with that without salt
stress. Generally, T. halophilus has been frequently found in
many high salt fermented foods, and this bacterium could grow
in 18% NaCl or greater.3,27,28
3.2. 2-DE proteome reference map of T. halophilus

T. halophilus cells were subjected to 2-DE analysis to construct
the proteome reference map. According to the genome anno-
tation of T. halophilus, a total of 2587 predicted proteins were
encoded. All of the predicted proteins were used to generate the
theoretical 2-DE map by using the soware JVirGel 2.0 (http://
www.jvirgel.de/), and about 70% of the proteins possess pI
values between 4 and 7 (Fig. S1†). Therefore, IPG strip of pH 4–7
was used for the rst dimension separation of the cytoplasmic
proteins. The representative 2-DE gel stained with coomassie
blue was selected to serve as the reference map and was shown
in Fig. 2. A total of 120 spots representing 116 proteins were
successfully identied, and the numbers corresponding to the
identied proteins were listed in Table S2.†

Based on the characterizations of identied proteins, the
physico-chemical analysis was performed (Fig. 3). Experi-
mentally identied proteins were grouped into cellular roles
according to COGs (Clusters of Orthologous Groups) cate-
gories on the basis of biological or biochemical function, and
RSC Adv., 2017, 7, 12753–12763 | 12755
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Fig. 2 Two-dimensional electrophoresis gels of the proteins of T.
halophilus during salt stress. The identified proteins are marked by
arrows and numbers and listed in Table S2.†

Fig. 3 Frequency distribution of the COG category, CAI, and GRAVY of
the proteins. Based on the characterizations of identified proteins on
a 2-DE gel in T. halophilus during salt stress, the physico-chemical ((A)
COG category, (B) CAI, (C) GRAVY) analysis was performed. The open
bars represent theoretical proteins, and the gray bars represent iden-
tified proteins.
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the distribution of COG category was presented (Fig. 3A). From
Fig. 3A, the proteins involved in translation (J) and replication
(L) comprised a great part of the identied proteins. Other
abundant categories included proteins implicated in carbo-
hydrate transport and metabolism (G) and transcription (K).
The comparison of CAI (Codon Adaptation Index) distribution
and GRAVY (grand average of hydrophobicity) index of the
genes coding for the proteins identied on pH 4–7 gels with
those of the whole set of genes encoding proteins of T. hal-
ophilus were presented in Fig. 3B and C. The CAI value is used
to determine the codon usage bias for a gene, and demonstrate
the tendency of the corresponding protein synthesis. The
proteins encoded by genes with a CAI value above 0.4
accounted for 94% of the total predicted proteins and 99% of
the 120 identied proteins, respectively. This result suggests
that proteins encoded by genes with a high CAI were easily
identied. This observation is in agreement with previous
results reported in Lactococcus lactis,23 Lactobacillus casei,29

and Bidobacterium longum.30

The GRAVY index indicates the solubility of the proteins. By
using the CodonW soware, the GRAVY index was calculated
for all of the theoretical and identied proteins. The compar-
ison of GRAVY values revealed that all the identied proteins
exhibited the GRAVY values lower than 0.2. The most hydro-
phobic protein identied in this work was the small heat shock
protein (�0.988). Only 3 identied proteins had a GRAVY index
above zero, indicating that strongly hydrophobic proteins might
be lost under the standard gel conditions. These results are
similar to those demonstrated for other LAB.23,29,30
12756 | RSC Adv., 2017, 7, 12753–12763 This journal is © The Royal Society of Chemistry 2017
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3.3. Comparative proteomic analysis of T. halophilus during
salt stress

To investigate the salt stress response of T. halophilus,
a comparative proteomic analysis was employed based on two-
dimensional gel electrophoresis followed by protein identica-
tion (Fig. S2†). Proteins that exhibited more than two-fold
higher expression were taken into account for further anal-
ysis. The differentially expressed proteins were arranged by
COG categories, and listed in Table 1. Analysis of the gels
indicated that two proteins (TreB: spots 59 and GldA: 62) were
produced exclusively during salt stress. Moreover, further
Table 1 Identification of T. halophilus proteins affected by salt stress

Spot no.a NCBI accession no. Putative function

Energy production and conversion (C)
18 gi|352518632 L-Lactate dehydrogenase
62 gi|352516658 Glycerol dehydrogenase
88 gi|352517703 Pyruvate dehydrogenase E1 component a
105 gi|352517934 ATP synthase beta subunit
118 gi|352516835 Putative ferredoxin

Cell cycle control, cell division, chromosome partitioning (D)
110 gi|352516934 Cell division protein FtsZ

Amino acid transport and metabolism (E)
104 gi|352516420 Dipeptidase PepV

Carbohydrate transport and metabolism (G)
22 gi|352518123 Phosphoenolpyruvate–protein phosphotra
29 gi|352517161 Fructose-bisphosphate aldolase
97 gi|352517071 6-Phosphofructokinase
99 gi|352517949 Glyceraldehyde-3-phosphate dehydrogena
111 gi|352517946 Enolase
112 gi|352517948 Phosphoglycerate kinase

Lipid transport and metabolism (I)
54 gi|352518404 Acyl-ACP-phosphate acyltransferase

Translation, ribosomal structure and biogenesis (J)
53 gi|352517495 Tryptophanyl-tRNA synthetase
72 gi|352518461 Elongation factor G
78 gi|352518460 Elongation factor Tu

Cell wall/membrane/envelope biogenesis (M)
14 gi|352516351 D-Alanine-D-alanine ligase
47 gi|352518617 N-Acetylmuramic acid 6-phosphate ethera
81 gi|352518036 Glycine betaine ABC transporter ATP-bind

Posttranslational modication, protein turnover, chaperones (O)
1 gi|352517474 Chaperone protein DnaK
59 gi|352516438 Thioredoxin reductase
73 gi|352517299 60 kDa chaperonin

Inorganic ion transport and metabolism (P)
122 gi|352517775 Superoxide dismutase

Signal transduction mechanisms (T)
44 gi|352518338 UspA family protein
86 gi|352517890 Catabolite control protein A

a Spot numbers refer to the proteins labeled in Fig. 2. b Fold change in inten
experiments. c Proteins only detected during salt stress.

This journal is © The Royal Society of Chemistry 2017
analysis of the differentially expressed proteins showed that the
majority of the proteins belonged to carbohydrate transport and
metabolism (6 proteins), energy production and conversion (5),
translation, ribosomal structure, and biogenesis (3), post-
translational modication, protein turnover, chaperones (3),
and others.

A total of 12 proteins belonging to cellular metabolism and
energy production were identied. Dramatic alterations in the
protein expression during salt stress took place in T. halophilus.
Aer salt shock, the expressions of proteins involved in amino
acid transport and metabolism (spot 104), carbohydrate
Gene locus Gene Mass (Da) pI Ratio (p-value)b

TEH_24580 ldh 35 041.84 4.72 2.63 (1.5 � 10�2)
TEH_04840 gldA 41 312.789 4.76 —c

lpha subunit TEH_15290 pdhA 41 213.789 5.03 2.01 (2.1 � 10�2)
TEH_17600 atpD 50 876.73 4.52 2.15 (5.5 � 10�3)
TEH_06610 47 451.012 5.3 2.05 (3.6 � 10�2)

TEH_07600 sZ 44 197.461 4.61 2.50 (4.6 � 10�3)

THE_02460 pepV 51 963.289 4.56 3.2 (2.7 � 10�2)

nsferase THE_19490 ptsI 63 700.781 4.68 2.66 (1.9 � 10�2)
THE_09870 a 31 482.68 4.84 2.04 (7.2 � 10�3)
THE_08970 p 34 427.629 5.51 2.05 (4.5 � 10�3)

se THE_17750 gap 35 758.141 4.79 2.11 (2.3 � 10�2)
TEH_17720 eno 46 628.559 4.58 3.05 (5.2 � 10�3)
TEH_17740 pgk 42 176.762 4.91 2.31 (2.6 � 10�3)

TEH_22300 plsX 35 799.77 5.5 0.46 (4.1 � 10�3)

THE_13210 trpS 37 431.121 5.54 0.39 (1.9 � 10�2)
TEH_22870 fusA 77 058.273 4.83 0.34 (2.2 � 10�3)
THE_22860 tuf 43 469.801 4.82 2.44 (6.1 � 10�3)

THE_01770 ddl 40 276.32 4.87 0.47 (1.2 � 10�3)
se THE_24430 murQ 32 040.619 5.37 0.42 (4.3 � 10�3)
ing protein THE_18620 opuAA 47 005.07 4.83 2.65 (1.9 � 10�3)

TEH_13000 dnaK 66 743.43 4.38 3.68 (3.6 � 10�2)
TEH_02640 trxB 34 426.031 4.67 —c

TEH_11250 groEL 57 740.68 4.47 3.05 (1.5 � 10�2)

TEH_16010 sodA 22 700.051 5.06 2.04 (3.6 � 10�3)

THE_21640 17 457.939 4.65 0.45 (4.5 � 10�3)
THE_17160 ccpA 36 383.988 5.17 0.37 (2.6 � 10�2)

sity relative to salt stress. Values are means of at least three independent
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metabolism and energy production (spots 18, 29, 88, 97, 105,
111, 112, 118) were enhanced (Table 1). One protein (spot 54)
involved in lipid transport, and two proteins (spots 53 and 72)
involved in translation were down-regulated aer salt stress. In
addition, two proteins (spots 14 and 47) which is closely
involved in peptidoglycan synthesis were detected, and
a signicantly down-regulated in protein expression was
observed during salt stress. As expected, two classical stress
shock proteins including chaperone protein Dnak (spot 1) and
60 kDa chaperonin (spot 73) exhibited remarkably up-regulated.
Whereas, UspA family protein (spot 44) and catabolite control
protein A (spot 86) were markedly down-regulated (Table 1).
Fig. 5 Degree of unsaturation and mean chain length in T. halophilus
under salt stress. The degree of unsaturation was calculated by
unsaturated fatty acids/saturated fatty acids (U/S ratio). Asterisks
indicate the level of statistical significance (p < 0.05, n ¼ 3) in
comparison to the control (0% NaCl).
3.4. Regulation of membrane fatty acid in T. halophilus
during salt stress

Effect of salt stress on the composition of membrane fatty acid
was investigated (Fig. 4). As is shown, a total of 13 fatty acids were
detected, and the major fatty acids were pentadecyclic acid
(C15:0), palmitic acid (C16:0), stearic acid (C18:0), oleic acids
(C18:1 n-9), and eicosanoic acid (C20:0), making up approximately
82.3% of the total fatty acids content of T. halophilus without salt
stress. Aer salt shocked, the proportion of saturated fatty acids
(SFA, C17:0, C18:0, and C19:0) decreased, and the proportion of
unsaturated fatty acids (UFA, C16:1, C18:1, C18:2, and C18:3)
increased. A detailed analysis of the ratio of UFA to SFA (U/S ratio)
and mean chain length of the membrane fatty acids demon-
strated that salt stress resulted in higher U/S ratio andmean chain
length, compared to those without salt stress (Fig. 5).
3.5. Changes of amino acid pools in T. halophilus during salt
stress

Effect of salt stress on the pools of amino acid was investigated.
Signicant difference was observed in the contents of 8 amino
acids between cells with and without salt stress (Fig. 6). Salt
stress induced a signicant increase in the levels of proline and
glycine, when cultured in GM17 containing 12% NaCl, and the
levels of proline and glycine were 2.3-fold and 2.4-fold higher
than those in cells grown without NaCl, respectively. Whereas,
the levels of threonine, valine, leucine, isoleucine, serine, and
alanine decreased remarkably in the salt-stressed cells (Fig. 6).
Fig. 4 Alteration in membrane fatty acids in T. halophilus under salt s
proportion of membrane fatty acids ((A) saturated fatty acids, (B) unsatura
significance (p < 0.05, n ¼ 3) in comparison to the control (0% NaCl).

12758 | RSC Adv., 2017, 7, 12753–12763
3.6. Accumulation of osmoprotectants in T. halophilus
during salt stress

To investigate the accumulation of osmoprotectants in T. hal-
ophilus during salt stress, alterations in intracellular concen-
trations of glycine betaine and trehalose were measured (Fig. 7).
The levels of glycine betaine increased with the enhancement of
NaCl concentration, and the maximum accumulation of glycine
betaine (40.3 mg g�1 DCW) was obtained at 12% NaCl (Fig. 7A).
Similar tendency was also observed in the content of trehalose
(Fig. 7B). Salt stress led to the accumulation of trehalose, and
a 1.9-fold higher amount of trehalose was detected at 9% NaCl
compared with that without NaCl addition. These results sug-
gested that accumulation of glycine betaine or trehalose could
play a potential protective role during salt stress.

3.7. Expression levels of genes in T. halophilus during salt
stress

Transcriptional levels of pyk, Ldh, AtpD, Dnak, GroEL, and opuAA
in T. halophilus under salt stress were shown in Fig. 8. The
tress. Cells were exposed to the salt stress (18% NaCl, 4 h), and the
ted fatty acids) was determined. Asterisks indicate the level of statistical

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra22521g


Fig. 6 Changes in intracellular pools of amino acids of T. halophilus under salt stress. (A) Proline, (B) glycine, (C) threonine, (D) valine, (E) leucine,
(F) serine, (G) isoleucine, (H) alanine. Different letters indicate significant differences at p < 0.05 (n ¼ 3).
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expression levels of 6 genes were all up-regulated when cells
were treated with 12% NaCl. Statistical analysis showed that the
expression levels of salt-stressed cells signicantly increased
5.4-, 4.7-, 1.3-, 14.9-, 8.3-, and 2.6-fold for pyk, Ldh, AtpD, Dnak,
GroEL, and opuAA, respectively, compared to those control cells.
These results were agreement with the data of proteomic
analysis.
This journal is © The Royal Society of Chemistry 2017
4. Discussion

Salt stress is a commonly encountered environment for T. hal-
ophilus during the manufacture of fermented foods. The
molecular basis for the salt tolerance is only partly understood,
although numerous studies have been carried out to investigate
the response and mechanism during salt stress. In this respect,
RSC Adv., 2017, 7, 12753–12763 | 12759
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Fig. 7 Accumulation of glycine betaine and trehalose by T. halophilus in response to salt stress. (A) Glycine betaine, (B) trehalose. Different letters
indicate significant differences at p < 0.05 (n ¼ 3).

Fig. 8 Transcriptional levels of pyk, Ldh, AtpD, Dnak, GroEL, and
opuAA in T. halophilus. Asterisk indicates significant differences with
the corresponding control (0% NaCl) at p < 0.05 by the Student's t test.
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the proteome reference map is able to give a global picture of
the relative abundance of proteins for microbes during physi-
ological or environmental changes. In the present study, for the
rst time, a 2-DE proteome reference map of T. halophilus was
constructred, and based on this, a combined physiological and
comparative proteomic analysis was performed to further in-
depth elucidate the mechanisms to salt tolerance. A partial
proteomic map of T. halophilus was constructed with a pI at pH
4–7, where most proteins of lactic acid bacteria were located. A
total of 120 proteins were identied (Table S2†), and the
physico-chemical analysis was also performed (Fig. 3). Based on
this proteomic data, comparative proteomic analysis was
carried out to investigate the proteins implicated in salt
tolerance.
4.1. Changes in cell wall and cell membrane during salt
stress

Cell wall/membrane play important roles in cellular growth,
metabolism, and resistance to environmental stresses, and cells
ght against stresses by regulating the structure and
12760 | RSC Adv., 2017, 7, 12753–12763
compositions of wall/membrane.19 The adaptation of T. hal-
ophilus to high salt stress led to important variations in the
distribution of membrane fatty acids. Cells treated with 18%
NaCl exhibited a signicant increase in the levels of unsaturated
fatty acids and a decrease in the proportion of saturated fatty
acids (Fig. 4 and 5). These results are similar to those reported
in other bacteria,31,32 suggesting that modulation of the fatty
acids composition is necessary for survival during salt stress. In
addition, increase of the ratio of UFA/SFA can protect the cell
from other environmental stresses in LAB has also been
observed.19,33 Furthermore, higher mean chain length of the
membrane fatty acid was observed in T. halophilus shocked by
salt stress (Fig. 5), and similar results were also reported in L.
casei, Streptococcus gordonii, and Streptococcus salivarius treated
by acid stress.19,34

Analysis of the proteomic data showed that the expressions
of D-alanine-D-alanine ligase (spot 14) and N-acetylmuramic acid
6-phosphate etherase (spot 47), which were involved in the
biosynthesis of peptidoglycan were signicantly down-
regulated when challenged by high salt stress (Fig. 2), and
this result was in agreement with that reported by Liu et al.14

Previous researches suggested that peptidoglycan played
a positive role in stress resistance under low salt stress, while
the synthesis of peptidoglycan was reduced to promote ion
transport across extra- and intracellular membranes under high
salt condition.14,35
4.2. Accumulation of osmoprotectants upon salt stress

Amino acid metabolism serves a number of physiological roles
including intracellular pH control, resistance to stresses, and
generation of metabolic energy or redox power.36 Previous
researches have indicated that many amino acids or their
derivatives may protect cells against salt stress. Zhang et al.11

investigated the effect of glutathione addition on survival of L.
lactis during salt stress (5 M NaCl), and the results showed that
the presence of 3.2 mM GSH in the medium resulted in a more
than 2-log increase in cell survival aer 60 min incubation, and
greater than 3-log improvement aer 2 h. In this study, changes
in contents of intracellular amino acids were investigated, and 8
amino acids exhibited signicantly difference between cells
This journal is © The Royal Society of Chemistry 2017
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treated with and without salt stress (Fig. 6), suggesting that
these amino acids may contribute to the osmoregulation in T.
halophilus. Glycine is the precursor of glycine betaine,7 and
higher content of glycine may result in higher production of
glycine betaine, and this result is in agreement with that ob-
tained by intracellular glycine betaine determination in Fig. 7.

In addition, it was worth noting that the opuAA gene and
glycine betaine ABC transporter protein (OpuAA, spot 81) were
also signicantly up-regulated during salt treatment (Fig. 8 and
Table 1). Proline is accumulated by a large number of LAB under
osmotic stress as an osmoprotectant including Pediococcus
pentosaceus,37 and L. lactis.38 In particular, it can act as
a signaling molecule to inuence defense pathways and relieve
the osmotic stress caused by salinity. In addition, previous data
suggested that a negative correlation between salt stress and
serine, valine, threonine, and isoleucine was achieved in Syn-
echocystis sp. PCC 6803 via metabolomic analysis,39 and the
result was in agreement with our data.

Compatible solutes are low-molecular weight osmoregula-
tory compounds, including sugars, amino acids, quaternary
amines, ectoines or their derivatives.40 Induction of osmolytes
in cells can increase protein folding and thereby improve salt
tolerance. Accumulation of glycine betaine allows the cells to
withstand salt stress and protect cells against dehydration. In
this study, the contents of glycine betaine in T. halophilus cells
increased with increasing NaCl levels (Fig. 7). These results are
in agreement with previous ndings conrming salinity
induced glycine betaine accumulation.7,38,41,42 In addition,
trehalose is a frequent compatible solute in bacteria, fungi, and
plants, and the protective role of trehalose in a variety of
stresses has been abundantly demonstrated.43,44 In the present
study, similar result was also obtained during salt stress, sug-
gesting that trehalose was an important osmoprotectant for T.
halophilus in salt adaptation.
Fig. 9 Changes in contents of organic acids of T. halophilus under salt
stress. (A) Citrate acid, (B) succinate acid, (C) lactate acid. Different
letters indicate significant differences at p < 0.05 (n ¼ 3).
4.3. Regulation of cellular metabolism under salt stress

Cellular metabolism plays an important role during the NaCl-
induced regulation in cells. For example, carbohydrate
metabolism generates ATP to maintain the intracellular micro-
environment homeostasis, which includes ion transport,
redox balance, and osmoregulation.14 In this study, salt stress
led to the overproduction of many proteins involved in cellular
metabolism and energy production, especially proteins in
glycolysis. The increase in protein expression may be the
integrant to overcome the inhibition in cells challenging at
high salt condition. Then, the increased ux in cellular
metabolism may lead to an increase in ATP production to
support ATP-demanding processes such as H+ extrusion and
osmoregulation. To further verify these results, we measured
the contents of lactic acid, citric acid, and succinic acid
(Fig. 9). As is shown, the contents of lactic acid and citric acid
increased with the increase of salinity, whereas, the amount of
succinic acid decreased with increased NaCl content. As
mentioned above, salt stress resulted in the accumulation of
proline, and the synthesis of proline requires a continuous
supply of the precursor a-oxoglutarate and glutamate. Thus,
This journal is © The Royal Society of Chemistry 2017
the increased content of citric acid and decreased content of
succinic acid may contribute to the production of proline.
Hahne et al.44 performed by proteomic and transcriptomic
analysis, which suggested that the enzymes of tricarboxylic
acid (TCA) cycle leading to the synthesis of a-oxoglutarate were
induced and the reactions from a-oxoglutarate to oxaloacetate
were reduced. Moreover, the increased expression of gene AtpD
and AtpD protein (spot 105) under salt stress also conrmed
this result.
RSC Adv., 2017, 7, 12753–12763 | 12761
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4.4. General stress proteins and response factor induced by
salt stress

Four general stress response proteins (DnaK, GroEL, SodA,
and TrxB) were signicantly expressed (p < 0.05) during salt
stress. Up-regulation of genes Dnak and GroEL performed by
q-PCR also conrmed this result. The proteins Dnak and
GroEL are known to protect or repair proteins under stress
conditions. DnaK is believed to serve as a “cellular ther-
mometer” that transduces signals to other cellular factors in
response to environmental stresses, and it required for stress
tolerance.45 The production of DnaK also increased aer salt
stress in T. halophilus14 and L. lactis.46 Moreover, Sugimoto
et al.47 heterologously expressed dnaK from E. coli in L. lactis
NZ9000, and improvement of multiple-stress tolerance and
lactic acid production was observed. Likely, the over-
production of GroEL under salt stress was also reported in
previous researches,14,46 and the GroESL-overproducing L.
lactis and L. paracasei exhibited higher tolerance to heat, salt,
and butanol stresses.48

Both superoxide dismutase (SodA) and thioredoxin reduc-
tase (TrxB) are responsible for dealing with imbalances in
redox state and reactive oxygen species (ROS). SodA, involved
in the defense against ROS was induced during salt stress.
Generally, salt stress leads to changes in the osmotic pressure
and ionic inequity, which causes production of ROS thereby
also triggers an oxidative stress. Interestingly, salt stress
induced production of SodA was also detected in Enterobacter
sakazakii and Synechocystis sp. strain PCC 6803.49,50 Thus, the
overproduction of SodA may protect cells against ROS that
might be produced as by-products or accumulate due to
respiratory chain impairment or metabolic alterations during
stress situations.51 As expected, a signicantly higher expres-
sion of thioredoxin reductase (TrxB) (p < 0.01) was observed
during salt stress in this study, and similar results were also
reported previously.14,49
5. Conclusion

In conclusion, a reference proteome map of T. halophilus was
established by using a proteomic approach. For the rst time we
described the proteome of T. halophilus and analyzed the COG,
CAI, and GRAVY values of each identied protein compared
with the whole theoretical genes coding proteins of T. hal-
ophilus. By comparing the proteomic prole and physiological
characterization of T. halophilus during high salt condition, we
further demonstrated the stress response of cells to defend
against salt stress. In response to salt stress, T. halophilus
evokes a global regulation and a number of changes take place.
These results may help us understand salt tolerance mecha-
nism and help formulate new strategies to enhance the indus-
trial application of this species.
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