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Abstract

Lactobacillus plantarum ¥S5-5 (L. plantarum FS5-5) is a salt-tolerant probiotic strain, which had been isolated from northeast
Chinese traditionally fermented Dajiang. We analyzed the underlying molecular mechanisms of L. plantarum FS5-5 after salt
stress by isobaric tags for relative and absolute quantitation (iTRAQ)-based proteomics and bioinformatics analysis. L. plantarum
FS5-5 was treated with low (1.5, 3.0, 4.0, and 5.0% (w/v) NaCl) and high (6.0, 7.0, and 8.0% (w/v) NaCl) salt stress. Differentially
expression proteins (DEPs) of all groups were measured by quantitative proteomic approach of iTRAQ with LC-MS/MS.
Furthermore, DEPs were identified by Mascot and GO, and bioinformatics analysis was conducted by KEGG. Thirty DEPs
(P < 0.05) between low salt stress and control condition (0% (w/v) NaCl) were mapped and classified into nine functional groups;
122 DEPs (P < 0.05) between high salt stress and control condition were mapped and classified into 15 functional groups. In all
groups, most proteins were involved in amino acid metabolism, carbohydrate metabolism, nucleotide metabolism, and ATP-
binding cassette (ABC) transporter. We found that six proteins (metS, GshAB, GshR3, PepN, GshR4, and serA) involved in amino
acid metabolism, three proteins (/526 2330, Gpd, and Gnd) involved in carbohydrate metabolism, and one protein
(N876_0118940) involved in peptidoglycan hydrolysis were upregulated after salt stress. Conclusively, optimal L. plantarum
FS5-5 growth was dependent on the collective action of different regulatory systems, with each system playing an important role
in adapting to salt stress. There may be some relationship between the upregulated proteins of L. plantarum FS5-5 and salt stress.

Keywords Proteomic analysis - Salt stress - Lactic acid bacteria - iTRAQ

Introduction

Lactobacillus is a large group of lactic acid bacteria (LAB),
which includes more than 150 different species. Lactobacillus
plantarum (L. plantarum) is one of the most widespread
Lactobacillus species and is commonly used in fermentation
industry as the starter (Behera et al. 2018). During the fermen-
tation process, L. plantarum forms organic acids, amino acids,
small peptides, and other flavor compounds and generate per-
oxide and bacteriocins and other natural antibacterial sub-
stances, thus, imparting a special flavor, quality, and nutrition-
al value to the fermented products. In addition, probiotic
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functions of L. plantarum, such as anti-oxidation, cholester-
ol-lowering, and immunity-enhancing, have been confirmed
by a large number of researchers (Gill et al. 2000; Jones et al.
2012; Li et al. 2013). In the food industry, L. plantarum is
commonly used as the starter for fermenting vegetables and
dairy, meat, and soy products. However, L. plantarum is ex-
posed to various stress conditions, such as temperature, acid,
salt, starvation, osmotic pressure, and oxidative stress during
the industrial fermentation and food processing (Li et al.
2012), and increasing attention has been paid to understand
the adaption mechanisms of L. plantarum to these stressful
conditions in recent years (Belfiore et al. 2013; Bengoa et al.
2018; Engelhardt et al. 2018).

Salt stress is an important challenge for L. plantarum in a
variety of fermented foods. High salt concentration can dam-
age the morphology and physiology of the cells. Therefore,
adaptation to salt stress is important for L. plantarum for thriv-
ing and proliferating in their natural ecosystems and in indus-
trial applications (Zhao et al. 2014). In recent years, increasing
studies have been performed to determine the changes in
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L. plantarum under salt stress (Zhao et al. 2014). L. plantarum
manages thriving in a high osmotic pressure environment by
activating various adaptation strategies. Some membrane pro-
teins directly or indirectly regulate cell membrane permeabil-
ity of salt ions, thereby regulating the osmotic pressure
(Kleerebezem et al. 2003; Wang et al. 2011). The Na*/H"
antiporter on the plasma membrane regulates microbial efflux
and influx of Na* and H* (Padan et al. 2005). The Na*/H*
antiporter is powered by a transmembrane proton electro-
chemical gradient that drives extracellular Na* to maintain
intracellular Na* balance. Secondly, L. plantarum can also
absorb or synthesize amino acids, small peptides, polyols,
and disaccharides to maintain the balance of intracellular
and extracellular osmotic pressure to resist various environ-
mental stresses (Roberts 2005). Under high osmotic pressure,
as enzymes that catabolize the compatible solute are inhibited,
the compatible solute can accumulate in the cell at a high
concentration, thus, leading to osmotic protection function.
In addition, L. plantarum can maintain the balance of osmotic
pressure by regulating the expression of some stress proteins
and altering the composition of the cell membrane/cell wall
(Romeo et al. 2001). Although a high number of studies have
been conducted on the salt stress response of L. plantarum, the
description of L. plantarum at the gene level under various salt
concentration stresses is not much comprehensive.

Isobaric tags for relative and absolute quantitation (TRAQ)
is a new quantitative proteomic approach and has been widely
used in the identification, characterization, and expression anal-
ysis of the proteins (Gao et al. 2017; Lin et al. 2017). Multiple
peptides representing the same protein may be identified with
iTRAQ, which affords higher confidence for both identification
and quantification of the protein (Li et al. 2017).

L. plantarum FS5-5 (CGMCC no. 10331) is a salt-tolerant
strain isolated from Northeast Chinese traditionally fermented
Dajiang. The objectives of this study were to analyze the
response of L. plantarum FS5-5 to salt stress (1.5, 3.0, 4.0,
5.0, 6, 7, and 8% (w/v) NaCl) at the protein and gene tran-
scription levels by iTRAQ multidimensional coupled with
liquid chromatography—tandem mass spectrometry (LC-MS/
MS) proteomic approach. We propose that the results will
provide an important molecular basis and reference informa-
tion for future study of L. plantarum salt tolerance.

Materials and methods

Strains, growth conditions, and salt stress

L. plantarum FS5-5, isolated from Northeast Chinese tra-
ditionally fermented Dajiang in the Liaoning province of
China, showed higher capacity to high salt tolerance

based on our previous report (Song et al. 2016). For salt
stress response analysis, the strain, which was freeze-
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dried and stored at —80 °C, was reconstituted at 37 °C
(optimum growth temperature for L.plantarum FS5-5) in
de Man, Rogosa, and Sharpe medium (MRS) for 24 h,
and this procedure was repeated three times. Bacterial
suspension (1%; 10° colony forming units (CFU)/mL)
was inoculated in MRS with 0, 1.5, 3.0, 4.0, 5.0, 6.0,
7.0, and 8.0% (w/v) NaCl and incubated at 37 °C to reach
the exponential phase (at 6, 6, 6, 7, 8, 10, 13, and 18 h,
respectively). Cell pellets were prepared by centrifugation
at 4000 xg at 4 °C for 10 min and washed three times
with phosphate buffer. The final bacterial solution concen-
tration reached 10° CFU/mL and was stored at — 80 °C
until further use.

Transmission electron microscope (TEM) analysis

L. plantarum FS5-5 cells with 0, 1.5, 3.0, 4.0, 5.0, 6.0, 7.0,
and 8.0% (w/v) NaCl were cultured at 37 °C to reach the
exponential phase (6, 6, 6, 7, 8, 10, 13, and 18 h, respectively)
and fixed in buffered 2.5% glutaraldehyde. Cells were collect-
ed after centrifugation at 4000 xg at 4 °C for 10 min and
washed three times with physiological saline to remove excess
fixative. The cells were fixed in unbuffered 1% osmium te-
troxide and washed with physiological saline. Then, the sam-
ples were dehydrated in ethanol at concentrations of 50, 70,
80, 90, and 95% and dehydrated in a graded series of acetone
solutions and gradually impregnated in EPON resin with heat
polymerization. Semi-thin survey sections were sliced with
glass knives, stained with 1% phosphotungstic acid, and used
to orient sections (Feliciano and Rivera 2016). Thin sections
were viewed under a TEM (H-7650, Hitachi Ltd. Japan).

Protein extraction and quantification

Proteins were extracted according to a previously reported
method (Xia et al. 2016) with slight modifications. Cells
(500 pg) at the logarithmic stage of each NaCl concentration
were mixed with 1 mL of lysis solution, comprised of 8-M
urea solution (1 mL), 30-mM HEPES (1 mL), I-mM
phenylmethane sulfonyl fluoride (PMSF; 1 mL), 2-mM
EDTA (1 mL), and 10-mM dithiothreitol (DTT; 1 mL), and
the total protein was further lysed by ultrasonication (pulse on,
2 s; pulse off, 3 s; power 180 W), followed by centrifugation at
20,000 xg for 30 min at 4 °C. The supernatant was collected,
and DTT was added to the supernatant at a final concentration
of 10 mM and incubated at 56 °C in water bath for 1 h. After
removing the mixture from the water bath, iodoacetamide
(IAM) was added rapidly to the mixture at a final concentra-
tion of 55 mM and incubated in darkness for 1 h. Next, ace-
tone was added at four times the volume of the mixture, incu-
bated at — 20 °C for 3 h, centrifuged at 20,000 xg for 30 min at
4 °C, precipitate was collected, dissolution buffer (final
triethyl ammonium bicarbonate (TEAB) concentration, 50%;
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and final sodium dodecyl sulfate (SDS) concentration, 0.1%)
was added to the precipitate, ultrasonic treatment was admin-
istered as mentioned above, and the mixture was centrifuged
at 20,000 xg for 30 min at 4 °C. The supernatant was collect-
ed, and protein concentration was quantified using the
Bradford method (Braford 1976).

Protein digestion and iTRAQ labeling

The proteins extracted (100 pg) from each samples were
digested with trypsin, and the peptide samples were lyophi-
lized and labeled using the iTRAQ Reagent-8Plex Multiplex
Kit (AB SCIEX, Foster City, CA, USA) according to the
manufacturer’s instructions. Each sample was tagged as fol-
lows: the sample without NaCl was labeled with tags 113,
sample with 1.50% (w/v) NaCl was labeled with tags 114,
sample with 3.0% (w/v) NaCl was labeled with tags 115, sam-
ple with 4.0% (w/v) NaCl was labeled with tags 116, sample
with (wW/v) 5.0% NaCl was labeled with tags 117, sample with
6.0% (w/v) NaCl was labeled with tags 118, sample with 7.0%
(w/v) NaCl was labeled with tags 119, and sample with (w/v)
8.0% NaCl was labeled with tags 120.

Strong cation exchange (SCX) chromatography
separation

The labeled peptide samples were preliminary separated by
SCX chromatography (Luna SCX 100A, Phenomenex,
USA) according to a previously reported method (Yang
et al. 2017) with slight modifications. iTRAQ-labeled pep-
tides were dissolved in ten times the volume of buffer A
(25% (v/v) acetonitrile (ACN), 10-mM KH,POy,; pH 3.0)
and centrifuged at 15,000 xg for 10 min. The supernatant
was collected and purified on SCX column. The peptide sam-
ples were eluted at a flow rate of 1 mL/min with a gradient of
0-5% buffer B (25% (v/v) ACN, 2-M KCIl, and 10-mM
KH,POy; pH 3.0) for 1 min, 5-30% buffer B for 10 min,
30-50% buffer B for 5 min, 50% buffer B for 10 min, 50—
100% bufter B for 5 min, and 100% buffer B for 10 min. The
eluent was collected after 214 nm, mixed according to the
peaks, and then desalted on strata-X C18 column
(Phenomenex, Torrance, CA, USA) according to a previously
reported method (Xia et al. 2016).

Nano LC-MS/MS analysis

The peptide samples were separated using Nano-LC
(DIONEX, USA) with a C18 chromatography column
(100 mm x 75 mm, 300 A, 5 pg, C18; Phenomenex, USA)
equilibrated with buffer A (0.1% formic acid in Milli-Q water)
according to a reported method (Yang et al. 2017) with slight
modifications. The peptide samples were loaded onto the C18
chromatography column and eluted at a flow rate of 400 nL/

min, with a gradient of 5% buffer B (0.1% formic acid in
ACN) for 10 min, 5-30% buffer B for 30 min, 30-60% buffer
B for 5 min, 60-80% buffer B for 3 min, 80% buffer B for
7 min, and finally 5% buffer B for 10 min. The Q Exactive
mass spectrometer (Thermo Fisher Scientific, USA) was used
for data acquisition and performed as previously reported (Yu
etal. 2017).

Protein identification and quantification

Mascot version 2.3.0 (Matrix Science, Boston, MA, USA) and
Proteome Discoverer version 1.4 (Thermo Scientific, USA)
software packages were used for iTRAQ protein identification
and quantification analysis. The obtained raw data files were
searched against the 1578 UNI Lactobac database
(downloaded on August 7, 2015; number of sequences,
461,115). The search parameters of Mascot for protein identi-
fication were as follows: Fixed modification, carbamidomethyl
(C); variable modification, oxidation (M), Gln — Pyro—Glu
(N-term Q), iTRAQ 8 plex (K), iTRAQ 8 plex (Y), iTRAQ 8
plex (N-term); peptide tol, + 15 ppm; MS/MS tol, 20 mmy;
max missed cleavages, 1; enzyme, trypsin. Quantification anal-
ysis for each SCX elution was further performed using
Proteome Discoverer; the parameters of which were as follows:
protein ratio type, median; minimum peptides, 1; normalization
method, median; P value, <0.05. An identified protein was
considered significantly upregulated or downregulated in abun-
dance if the fold change (FC) met the threshold criterion of an
iTRAQ ratio of 1.2 (P <0.05). P value was calculated accord-
ing to the equations of Cox and Mann.

Bioinformatics analysis

The differentially expressed proteins were mapped to Gene
Ontology (GO) terms (http://www.geneontology.org) for
functional classification and Kyoto Encyclopedia of Genes
and Genomes (KEGQG) pathways (http://www.kegg.jp/) for
predicting the main metabolic pathways.

gRT-PCR analysis

To yield more accurate and reliable quantitative results of
genes, the most stable reference gene was selected from the
five housekeeping genes (/68 rRNA, gapdh, gapB, dnaG, and
gyrA). The primers for housekeeping genes and target genes
are listed in Table 1, and qRT-PCR was performed as previ-
ously reported (Wu etal. 2016). The 2~ >““T method was used
to calculate the relative changes in gene expression (Livak and
Schmittgen 2001) by comparing the CT values for 1.5, 3.0,
4.0, 5.0, 6.0, 7.0, and 8.0% (w/v) NaCl cultures with the 0%
(w/v) NaCl culture. All samples were measured in triplicates.
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Table 1 Primer sequences for quantitative PCR
Genes Putative function Sequences Product
16Sr RNA 16S ribosomal RNA AAGGGTTTCGGCTCGTAAAA(F) 247
TGCACTCAAGTTTCCCAGTT(R)
gapdh Glyceraldehyde-3-phosphate CGTCGTATTATGGATTTAGG(F) 286
dehydrogenase GAGCTTGTGACTTAGCCTTG(R)
gapB Glyceraldehyde-3-phosphate TCTTGACTGCAGATGACCGT(F) 174
dehydrogenase AGTTACCACCACGTACAGGG(R)
dnaG DNA primase CGCACCTAAGGATCAGCAAC(F) 225
AGTTGGTAGTCGGTCTGGTG(R)
oA DNA gyrase subunit A TTTAAGTCGCAACACCGTGG(F) 183
GATTCCTTTGGCCGTACGAC(R)
araT Aminotransferase, class I/I1 GTTTCAACCATCCGCCAGTT (F) 218
TAGTGGACGCCGTACTTTGT (R)
mapB Maltose phosphorylase ACGGTCAGCACACAGTCATA (F) 175
GGTTCAGGCGCTTATCTTCG(R)
guaC GMP reductase TTCGGTCGGTGTTAAGTCCA (F) 211
AGCATTTTCAAGGTCGCGAA (R)
purH Phosphoribosylaminoimidazole CTGAGAAGATGCACGCACTC (F) 239
carboxamide formyltransferase/IMP TGTCGGTTGGGTTACGGTAA (R)
cyclohydrolase
PfF Formate C-acetyltransferase GTTGCTCACCAGAACATGCA (F) 174
AGGTCCGTAGTAGTGCAACC (R)
carA Carbamoyl-phosphate synthase small subunit CCAGCTTTCCTTTGGTCACC (F) 168
CCTTCAATGCTGCCGTCATT (R)
purB Adenylosuccinate lyase ATTTCCCACTCTTCTGCGGA (F) 199
CACGAGACATCCCCGTATCA (R)
purA Adenylosuccinate synthase CTCAGGGAGTCATGCTGGAT (F) 179
GAGTTCAGTTGGGAATGGGC (R)
pyrF Orotidine-5'-phosphate decarboxylase ATACAACGGTTCATGCTGCG (F) 167
TCCCATGATTTGCTGGTCCT (R)
N876 Gamma-D-glutamate-meso- CAAACATCGATGCCAGCTCA (F) 158
0118940 diaminopimelate muropetidase ACCATATTGTCGCAGCGTTC (R)
metS Methionyl-tRNA synthetase TTGGGAAACTTGCTGAACCG (F) 234

CCAAGGTGCCGTTTCATCAA (R)

Statistical analysis

Data analysis was performed using the SPSS version 19.0
statistical software (SPSS Inc., Chicago, IL, USA). To exam-
ine intrasample variation, mean and standard deviation (SD)
were determined. Gene expression data were also analyzed
using analysis of variance (ANOVA). A protein was consid-
ered differentially expressed when it exhibited a FC of > 1.2 or
<0.83 and P value of <0.05.

Results
Morphological changes in salt tolerance

The morphological changes of L. plantarum FS5-5 in 0,
1.5, 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0% (w/v) NaCl were
clearly observed by TEM (Fig. 1). The cell wall of cells
subjected to low salt stress under 1.5, 3.0, 4.0, and 5.0%
(w/v) was separated, and some cells exhibited a clear
cavity compared with cells under 0% (w/v) NaCl. The
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appearance of cells subjected to salt stress under 6.0,
7.0, and 8.0% (w/v) NaCl was significantly damaged
compared with that of cells under 0% (w/v) NaCl. The
results revealed that high salt concentration could alter
the osmotic pressure of cells and lead to cell shrinkage
and breakage.

Protein quantification and identification

Protein samples were quantified using the Bradford
method, and the concentration of protein was 1.55 pg/
pL with 0% NaCl, 1.07 pg/uL with 1.5% NacCl,
1.21 pg/puL with 3.0% NaCl, 1.47 pg/uL with 4.0%
NaCl, 1.26 pg/uL with 5.0% NaCl, 1.07 pg/uL with
6.0% NaCl, 1.25 pg/ul with 7.0% NaCl, and 1.32 pg/
pL with 8.0% NaCl. The total ion current diagram
(Fig. 2) was searched against the 1578 UNI Lactobac
database by Mascot version 2.3.0 and Proteome
Discoverer version 1.4 software. A total of 2056 proteins
were specifically identified from 85,516 MS/MS spectra,
and 11,215 peptides were identified using the false
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discovery rate (FDR) of < 1% as the cutoff. Significant
differences in protein expression were determined using
two criteria of “P<0.05 and FC>1.2 or FC<0.83” for
comparative analysis among the strains under 1.5, 3.0,
4.0, 5.0, 6.0, 7.0, and 8.0% (w/v) NaCl and under 0%
(w/v) NaCl (Fig. 3).

From the results, we found that the amount of DEPs in-
creased with the increase in NaCl concentration, implying that
a high number of metabolic pathways are altered in
L. plantarum FS5-5 to resist high salt stress.

Fig. 2 The total ion current RT- 0.00-65.01
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diagram. The x-axis represents ]
the elution time. The y-axis rep- %0
resents the signal strength
80
70

[o2]
=]

Relative Abundance
(%)
o

30

20

-
=]

(=}

498 7.69 1506

Fig. 1 TEM images of L. plantarum FS5-5 exposed in MRS medium at different NaCl concentrations. a 0.0%, b 1.5%, ¢ 3.0%, d 4.0%, e 5.0%, £ 6.0%,
g 7.0%, h 8.0%

Bioinformatics analysis of differential protein species
identified by iTRAQ

The function and metabolic pathways of differential protein
species were analyzed by mapping to GO terms and KEGG
pathways. A total of 30 DEPs (P <0.05) between low salt
stress and control conditions were mapped and classified into
nine functional groups (Fig. 4a), 122 DEPs (P <0.05) be-
tween high salt stress and control condition were mapped
and classified into 15 functional groups (Fig. 4b), and 22
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05

The number of differentially
expressed proteins

2457241

222718

129133

115/1:

[3 Up-regulated proteins B Down-regulated proteins

Fig. 3 Distribution of differently changed proteins. Proteins with
corrected P values less than 0.05 and FCs larger than 1.20 or smaller
than 0.83 were considered to be significantly differential; 114/113 repre-
sents the comparison between the samples with 1.5% (w/v) NaCl and the
control samples; 115/113 represents the comparison between the samples
with 3% (w/v) NaCl and the control samples; 116/113 represents the
comparison between the samples with 4% (w/v) NaCl and the control

common DEPs (P < 0.05) in all high salt groups were mapped
and classified into eight functional groups (Fig. 4c). The de-
tailed information is provided in Tables 2—4. Most DEPs un-
der low salt stress were involved in carbohydrate metabolism
(26.67%), nucleotide metabolism (23.33%), ATP-binding cas-
sette (ABC) transporter (20%), amino acid metabolism (10%),
lipid metabolism (6.67%), vitamin metabolism (3.33%), phos-
photransferase system (PTS; 3.33%), ribosomal protein

= carbohydrate metabolism 17.21%
W amino acid metabolism17.21%
= lipid metabolism 4.92%

nucleotide metabolism 16.39%

b

% m stress protein 3.28%
m ABC transporter 13.11%

m PTS3.28%

= energy metabolism 0.82%

u Biosynthesis of peptidogly

1.64%

0.82%
= Definition protein 0.82%

= Ribosomal protein 9.02%

= Replication and repair 6.56%

Fig. 4 Functional groups classification and proportion of differential
protein species. Different colors represent different functional groups of
differential protein species. a Differential protein species between low salt
stress (1.5%, 3.0%, 4.0%, 5.0% w/v) NaCl) and control conditions. b
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= Coenzyme factor and vitamin metabolism 4.10%

m Cells secrete transit and transport related proteins

samples; 117/113 represents the comparison between the samples with
5% (w/v) NaCl and the control samples; 118/113 represents the compar-
ison between the samples with 6% (w/v) NaCl and the control samples;
119/113 represents the comparison between the samples with 7% (w/v)
NaCl and the control samples; 120/113 represents the comparison be-
tween the samples with 8% (w/v) NaCl and the control samples

(3.33%), and peptidoglycan hydrolysis (3.33%); most DEPs
under high salt stress were involved in amino acid metabolism
(17.21%), carbohydrate metabolism (17.21%), nucleotide me-
tabolism (16.39%), ABC transporter (13.11%), ribosomal pro-
tein (9.02%), lipid metabolism (4.92%), replication and repair
(6.56%), and PTS (3.28%). Moreover, most common DEPs
were involved in nucleotide metabolism (31.82%), ABC
transporter (27.27%), amino acid metabolism (9.09%),

a

= carbohydrate metabolism 26.67%

= lipid metabolizm 6.67%

» amino acid metabolizm 10%
nucleotide metabolism 23.33%

= Vitamin metabolism 3.33%

= ABC transporter 20%

u PTS333%

= ribosomal protein 3.33%

= peptidoghycan hydrolysis 3.33%

u carbohydrate metabolism 13.64%

= amino acid metabolism 9.09%

= nucleotide metabolizm 31.82%
Vitamin metabolism 4.55%

u ABC transporter 27.27%

= PTS 4.55%

= ribosomal protein 4.55%

= peptidoglycan hydrolyzsiz 4.55%

%
R

Differential protein species between high salt stress (6.0%, 7.0%, 8.0%
(w/v) NaCl) and control conditions. ¢ Common differential protein
species between all salt stress and control conditions
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Table 2

The detailed information of differential protein species under
high salt stress. Proteins with corrected P values less than 0.05 and FCs
larger than 1.20 or smaller than 0.83 were considered to be significantly
differential; 118/113 represents the comparison between the samples with

6% (w/v) NaCl and the control samples; 119/113 represents the compar-
ison between the samples with 7% (w/v) NaCl and the control samples;
120/113 represents the comparison between the samples with 8% (w/v)

NaCl and the control samples

No. Protein name Gene name MW  pI* Function Fold changeb

(kDa)* —

118/ 119/ 120/

113 113 113

A0A023MDV6 Maltose phosphorylase mapB 85.6  5.03 Carbohydrate 0.41 0.53 0.46
metabolism

AOA023MCN6  Formate C-acetyltransferase PfIF 844 557 Carbohydrate 0.54 0.68 0.59
metabolism

AO0A023M9Z1  Fumarate hydratase class II fumC 49.5 5.16 Carbohydrate 0.55 0.65 0.63
metabolism

AO0A023M826  Mannitol-1-phosphate 5-dehydrogenase mtlD 432 527 Carbohydrate 0.57 0.64 0.79
metabolism

A0A023M8J2  Mannose-specific phosphotransferase system, 1526_0522 274 515 Carbohydrate 0.57 0.62 0.63
enzyme I[IC metabolism

AOA023M9EO  Phosphotransferase system, 1526 0521 353 638 Carbohydrate 0.64 0.67 0.80
mannose/fructose-specific component IIA metabolism

D7VDGO PTS system, mannose/fructose/sorbose family, IID  pts9D 343 939 Carbohydrate 0.64 0.64 0.72
component metabolism

AOA023MDE9  Aldehyde-alcohol dehydrogenase 1526_2968 94.5 6.79 Carbohydrate 0.65 0.72 0.65
metabolism

AO0A023MD66  N-acetylglucosamine and glucose PTS, EIICBA pts18CBA 70.3 69  Carbohydrate 0.67 0.72 0.64
metabolism

M4KGEl Cps3J protein cps3J 30.6 799 Carbohydrate 0.68 0.59 048
metabolism

RIX3V8 Mannose-6-phosphate isomerase pmi 359 54  Carbohydrate 0.70 0.65 0.73
metabolism

M4KKC5 Glucose-6-phosphate 1-dehydrogenase gpd 56.7 549 Carbohydrate 124 127 147
metabolism

A1BND3 Putative pyruvate oxidase poxC 63.8 529 Carbohydrate 126 141 142
metabolism

qA0A023MC38 Acetyl-CoA carboxylase, biotin carboxylase subunit) accCl 482  7.18 Carbohydrate 1.31 1.31 121
metabolism

AO0A023M9E2  Mannose PTS, EIIA pts10A 153 4.63 Carbohydrate 1.34 140 1.26
metabolism

AOA023MCE4  Phosphoglycerate mutase pgm 249 7.15 Carbohydrate 140 144 1.51
metabolism

D7V8V6 6-Phosphogluconate dehydrogenase, decarboxylating gnd 529 53  Carbohydrate 148 141 1.83
metabolism

D7VED2 Glycosyl hydrolase family 65 central catalytic domain map?2 102 6.6  Carbohydrate 1.62 2.19 1.61
protein metabolism

D7VD75 NAD dependent epimerase/dehydratase family pro- ~HMPREF0531 234 52  Carbohydrate 1.64 1.66 1.96
tein 12098 metabolism

AO0A023MA1l  Beta-phosphoglucomutase pgmB 23.6 536 Carbohydrate 2.07 1.78 2.01
metabolism

AOA023MFRS  Alcohol dehydrogenase, zinc-containing 1526 2330 36.7 559 Carbohydrate 222 290 3.44
metabolism

V77475 Dihydrodipicolinate synthase dapA 183 875 Amino acid 0.14 0.32 0.28
metabolism

D7VCV0 Aminotransferase, class I/II araT 43 6.04 Amino acid 0.32 0.53 0.51
metabolism

A0A023M934  Acetaldehyde dehydrogenase acdH 48.6 6.8  Amino acid 0.69 0.76 0.58
metabolism

AOA023MEE7  D-Alanine--poly(phosphoribitol) ligase subunit 1 ditA 56.1 498 Amino acid 0.73 0.60 0.66
metabolism

M4KKX9 CbIB protein cblB 40.8 5.86 Amino acid 0.78 0.65 0.74
metabolism

AO0A023MF64  Ribosomal protein acetylating enzyme 1526 1984 21 5.17  Amino acid 0.81 0.73 0.70
metabolism

AO0A023MCV2  Aspartokinase thrA 42.8 5.82 Amino acid 0.82 0.82 0.82
metabolism
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Table 2 (continued)

No. Protein name Gene name MW  pI*  Function Fold change®
(kDa)* —
118/ 119/ 120/
113 113 113
AO0A023MFJ8  Bifunctional glutamate--cysteine ligase/glutathione  gshAB 83 7.15  Amino acid 120 1.20 1.25
synthetase metabolism
AO0A023MC70  Succinate-semialdehyde dehydrogenase NADP gabD 504 492 Amino acid 1.31 137 1.53
metabolism
D7VEMS Pyridine nucleotide-disulfide oxidoreductase gshR3 482 539 Amino acid 132 136 138
metabolism
FOUMD4 Membrane alanine aminopeptidase (Aminopeptidase pepN 93.9 493 Amino acid 1.39 141 124
N) metabolism
AO0A023MDP9  S-Adenosylmethionine synthase metK 42.6 494 Amino acid 1.39 1.50 1.67
metabolism
U2JJ06 Proline iminopeptidase pepRI 345 53  Amino acid 140 137 139
metabolism
008445 Alanine racemase alr 40.7 559 Amino acid 1.43 1.52 1.64
metabolism
Q76H90 Aspartate semialdehyde dehydrogenase asd 382 578 Amino acid 146 123 1.25
metabolism
Q88YI6 S-Ribosylhomocysteine lyase luxS 174 6.52 Amino acid 1.52 144 152
metabolism
AOA023MFL2  Phosphoglycerate dehydrogenase serA 342  6.64 Amino acid 1.60 133 1.53
metabolism
U2I3F6 Glutamate decarboxylase gadB 533 597 Amino acid 1.72 2.53 2.50
metabolism
T5JS50 Methionyl-tRNA synthetase metS 8.3 442  Amino acid 1.77 2.15 2.5
metabolism
A0A023MBV3  Succinyl-diaminopimelate desuccinylase dapEl 40.8 5.1  Amino acid 2.02 1.89 2.63
metabolism
A0A023MCWO Glutathione reductase gshR4 47.6 536 Amino acid 239 291 220
metabolism
D7V979 FabA-like domain protein fabZ2 15.1  7.46 Lipid metabolism 0.70 0.54 0.67
V7Z5W3 3-Ketoacyl-ACP reductase fabG2 23.2  7.56 Lipid metabolism 0.72 0.55 0.62
AO0A023MB83  Malonyl CoA-acyl carrier protein transacylase fabD 33.2 544 Lipid metabolism 0.73 0.58 0.55
D7V978 Putative acetyl-CoA carboxylase, biotin carboxyl accB 16.3 455 Lipid metabolism 0.76 0.54 0.57
carrier protein
D7V973 3-Oxoacyl-[acyl-carrier-protein] synthase 3 fabH 353 725 Lipid metabolism 0.76 0.67 0.70
AO0A023MC38  Acetyl-CoA carboxylase, biotin carboxylase subunit  accC 48.2  7.18 Lipid metabolism 1.31 1.31 1.21
V72294 Orotate phosphoribosyltransferase pyrE 224 6.09 Nucleotide metabolism 0.22 0.25 0.31
AO0A023MFH5  Carbamoyl-phosphate synthase small chain carA 40 6.09 Nucleotide metabolism 0.24 0.26 0.27
D7VCT9 Dihydroorotate dehydrogenase pyrD 312  6.64 Nucleotide metabolism 0.27 0.27 0.42
Q88SV6 Adenylosuccinate synthetase purA 472  5.64 Nucleotide metabolism 0.29 0.34 0.48
P77883 Aspartate carbamoyltransferase pyrB 347  6.54 Nucleotide metabolism 0.31 0.53 0.51
AO0A023MEY2 Bifunctional purine biosynthesis protein PurH purH 55.3 633 Nucleotide metabolism 0.37 0.39 0.48
Q88SV5 GMP reductase guaC 354  6.87 Nucleotide metabolism 0.38 0.47 0.52
M4KK14 Dihydroorotase pyrC 454  6.18 Nucleotide metabolism 0.38 0.42 0.44
P71479 Bifunctional protein PyrR 1 pyrRI1 19.8 6 Nucleotide metabolism 0.39 0.44 0.53
V7Z7R9 Phosphoribosylaminoimidazole-succinocarboxamide  purC 21.3 5.6  Nucleotide metabolism 0.41 0.47 0.53
synthase
P77888 Orotidine 5'-phosphate decarboxylase pyrF 249  7.59 Nucleotide metabolism 0.45 0.40 0.39
AO0A023MGMS  Adenylosuccinate lyase purB 49 597 Nucleotide metabolism 0.48 0.62 0.71
Q887276 CTP synthase prG 59.7  5.69 Nucleotide metabolism 0.63 0.59 0.57
Q88WRO Uridine kinase udk 24 5.67 Nucleotide metabolism 0.67 0.67 0.68
P59389 Bifunctional protein PyrR 2 pyrR2 19.3  7.42 Nucleotide metabolism 0.78 0.81 0.80
FoUS18 Anaerobic ribonucleoside-triphosphate reductase nrdD 83.7 7.84 Nucleotide metabolism 0.83 0.68 0.70
D7VBM3 RelA/SpoT family protein relA 86.2  7.72 Nucleotide metabolism 1.26 1.21 1.27
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Table 2 (continued)
No. Protein name Gene name MW  pI*  Function Fold change®
(kDa)* E—
118/ 119/ 120/
113 113 113
A0A023MBG1 Ribonucleotide-diphosphate reductase subunit beta ~ nrdF 39.1 4.61 Nucleotide metabolism 1.26 1.50 1.48
Q88V20 Non-canonical purine NTP pyrophosphatase Ip 2267 21.8  6.96 Nucleotide metabolism 1.43 1.47 1.64
FoUQB6 ADP-ribose pyrophosphatase Ip 2183 20.5 4.87 Nucleotide metabolism 1.48 1.48 1.67
A0A023M9W7 NADH dehydrogenase ndhl 71.8  8.85 Energy metabolism 0.65 0.58 0.56
AO0A023MDX1 Riboflavin biosynthesis protein RibBA 1526 1205 43.6  6.89 Coenzyme factorand 0.46 0.51 0.46
vitamin metabolism
ROX1Q3 Cytidine/deoxycytidylate deaminase Lpl6_1101 29.2 813 Coenzyme factorand  0.51 0.66 0.55
vitamin metabolism
V7Z2C5 Nicotinate phosphoribosyltransferase nadC 40.2 633 Coenzyme factorand  0.60 0.63 0.65
vitamin metabolism
AO0A023M9Y3  Riboflavin biosynthesis protein 1526_1702 37 724 Coenzyme factorand 120 1.29 1.23
vitamin metabolism
Q887244 Holo-[acyl-carrier-protein] synthase acpS 132 6.55 Coenzyme factorand 1.66 2.20 2.23
vitamin metabolism
A0A023M993  UDP-N-acetylmuramate-L-alanine ligase murC 48.7  5.67 Biosynthesis of 0.78 0.70 0.73
peptidoglycan
V7Z5P8 UDP-N-acetylglucosamine murA 41.6  5.68 Biosynthesis of 0.79 0.81 0.77
1-Carboxyvinyltransferase peptidoglycan
V72492 Membrane protein N876_0123875 164  9.86  Cells secrete transitand 0.61 0.61 0.55
transport related
proteins
AO0A023MC04 D-Alanyl transfer protein DItD 1526 1691 48.6  9.76  Definition protein 0.70 0.60 0.71
U2HMA7 Universal stress protein uspA 17.6  9.92  Stress protein 1.71 1.87 1.92
AO0A023M9S1  Small heat shock protein hsp 16 4.7  Stress protein 1.82 222 2.06
AO0A023MBAS8  Alkaline shock protein asp 16.1 494  Stress protein 236 195 1.92
A0A023M8S1  General stress protein Ip 1597 15.8  5.06 Stress protein 238 195 1.88
AO0A023M8Y1  ABC transporter, ATP-binding protein 1526_0147 33.8 85  ABC transporter 033 042 037
M4KLW8 Phosphate import ATP-binding protein PstB pstBl 304 573 ABC transporter 035 0.38 0.36
AO0A023MO917  Glutamine ABC transporter, substrate binding and ~ glnPH2 522 9.64 ABC transporter 0.72 0.54 0.52
permease protein
A0A023MB03  Maltose/maltodextrin ABC transporter, substrate malE 45.6  9.69 ABC transporter 0.50 0.70 0.66
binding protein
A0A023MCW?7 Oligopeptide ABC transporter, permease protein 1526 1074 37.6 931 ABC transporter 0.62 0.57 0.54
A0A023M9KS8  Glutamine ABC transporter, permease protein 1526_0736 23.8  9.09 ABC transporter 0.65 0.69 0.74
U2HNB3 Peptide ABC transporter substrate-binding protein N876_09685 36.6  6.02 ABC transporter 0.74 0.66 0.59
A0A023M995  ABC transporter component 1526_1232 475 5777 ABC transporter 0.77 0.63 0.67
AO0A023MAZ6 Lipoprotein, peptide binding protein OppA-like pro- 1526_0648 59.9 9.61 ABC transporter 0.74 0.57 0.62
tein
A0A023MDMS8  ABC-type dipeptide/oligopeptide/nickel transport 1526 1075 39.7 5.87 ABC transporter 0.81 0.55 0.65
system, ATPase component
AOA023MER81  Glycine betaine/carnitine/choline ABC transporter, 1526 1355 348 936 ABC transporter 126 129 1.28
substrate binding protein
AO0A023MDLI1  Glycine betaine/carnitine/choline ABC transporter, 1526 1354 224 84  ABC transporter 1.37 1.47 1.56
permease protein
FOUNY1 Glycine betaine/carnitine/choline ABC transporter, opuA 444  5.16 ABC transporter 143 139 143
ATP-binding protein
RI9X8D2 Glycine/betaine/carnitine ABC transporter, Lpl6_F055 439 6.06 ABC transporter 1.54 1.82 1.99
ATP-binding subunit(ProV)
ROXAV7 Glycine/betaine/carnitine ABC transporter, substrate  Lpl6_F053 33.5 10.04 ABC transporter 1.64 1.74 1.55
binding lipoprotein
AOA023M8N2  ABC-type polar amino acid transport system, ATPase 1526 0667 26.8 548 ABC transporter 0.55 0.55 0.60
component
A0A023MB66  Beta-glucosides PTS, EIIABC 1526 0231 69.5 824 PTS 0.39 044 043
A0A023MD66  N-Acetylglucosamine and glucose PTS, EIICBA 1526_2056 703 69 PTS 0.67 0.72 0.64
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Table 2 (continued)

No. Protein name Gene name MW  pI*  Function Fold change®
(kDa)* _—
118/ 119/ 120/
113 113 113
AO0A023MB66  Beta-glucosides PTS, EITABC pts4ABC 69.5 824 PTS 0.74 0.58 0.82
AOA023MOE2  Mannose PTS, EIIA 1526_0526 153 463 PTS 1.34 140 1.26
Q88XZ0 30S ribosomal protein S12 rpsL 152 11.25 Ribosomal protein 0.57 0.42 0.35
Q88WN3 50S ribosomal protein L27 rpmA 10.1  10.95 Ribosomal protein 0.62 0.61 0.58
Q88WU7 50S ribosomal protein L35 rpml 7.4 12.04 Ribosomal protein 0.64 023 0.21
Q88VD4 30S ribosomal protein S20 rpsT 9.1 10.52 Ribosomal protein 0.67 0.58 0.61
Q88WK6 50S ribosomal protein L28 rpmB 7 11.91 Ribosomal protein 0.71 0.43 044
Q88XY?2 30S ribosomal protein S19 rpsS 10.3  9.82 Ribosomal protein 0.74 0.58 0.82
U215Q9 50S ribosomal protein L30 N876 10145 44 8.69  Ribosomal protein 0.77 0.67 0.82
Q88XY3 50S ribosomal protein L2 rplB 30.2  10.55 Ribosomal protein 0.77 0.62 0.63
Q88YW7 50S ribosomal protein L7/L12 rplL 12.6 448 Ribosomal protein 0.79 0.70 0.79
Q88XW7 50S ribosomal protein L15 plO 15.3  10.64 Ribosomal protein 0.82 0.79 0.78
Q88YX4 50S ribosomal protein L33 rpmG 5.7 9.6  Ribosomal protein 1.58 2.24 2.55
AO0AO023MFTS  Ribonuclease H 1526 2100 32.6  9.85 Replication and repair  1.20 1.27 1.21
Q88UZ4 Protein RecA recA 40.6  5.72 Replication and repair  1.26 1.71 2.05
A0A023MA12 DNA ligase ligA 744 524 Replication and repair  1.34 1.36 1.58
U2WPA2 Single-stranded DNA-binding protein N644_0531 209 5.12 Replication and repair  1.42 1.82 2.13
Q88YIS UvrABC system protein B uvrB 76.1 52  Replication and repair  1.44 191 2.39
AO0A023M8F3  DEAD-box ATP-dependent RNA helicase CshA cshA 59 9.55 Replication and repair  0.78 0.68 0.81
AO0A023MDUI1  Chaperone protein DnaK dnaK 66.7 4.84 Replication and repair  0.78 0.61 0.57
M4KFD8 Ribonuclease R rar 90.7 6.21 Replication and repair  0.81 0.78 0.73
V774U6 Gamma-D-glutamate-meso-diaminopimelate N876 0118940 319  8.84 Peptidoglycan 1.56 1.50 1.87

muropeptidase hydrolysis

# Theoretical values of molecular weight and isoelectric point

Fold change: average ratio from two biological replicates (treatments/controls) by iTRAQ study. A protein species was considered differentially
accumulated as it exhibited a fold-change > 1.2 or fold-change < 0.83 and a P value < 0.05

carbohydrate metabolism (13.64%), vitamin metabolism
(4.55%), ribosomal protein (4.55%), and PTS (4.55%).

From the results, we found that most DEPs were involved
in amino acid, carbohydrate, and nucleotide metabolism, in-
dicating that L. plantarum FS5-5 resistance to salt stress was
closely related to these metabolic pathways.

Transcriptional expression analysis by qRT-PCR

The stability of the five housekeeping genes was evaluated by
the 22T method. The results are shown in Table 5. There
was a certain correlation between the expression of gapdh,
gapB, dnaG, and gyrA and salt stress (P <0.05), but /68
rRNA showed higher stability than other housekeeping genes
(P>0.05). Therefore, 16S rRNA was selected as the internal
reference gene for this experiment.

To determine whether the significant changes observed
in specific proteins under high salt stress also occurred at the
level of gene expression, qRT-PCR was performed to
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evaluate the mRNA levels of the proteins whose expression
changed significantly. The results are shown in Fig. 5. The
gene expression of N876 0118940, involved in peptidogly-
can hydrolysis, and metS, involved in amino acid metabo-
lism, was upregulated (P < 0.05) in cells at all NaCl levels,
except for metS at 7.0% (w/v) NaCl. However, the mRNA
levels of araT, involved in amino acid metabolism, in cells
at all NaCl levels were repressed (P < 0.05), except at 5.0%
(w/v) NaCl. The mRNA levels of carA (carbamoyl-phos-
phate synthase small subunit), purB (adenylosuccinate ly-
ase), purA (adenylosuccinate synthase), guaC (GMP reduc-
tase), purH (phosphoribosylaminoimidazolecarboxamide
formyltransferase/IMP cyclohydrolase), and pyrF
(orotidine-5'-phosphate decarboxylase), involved in nucle-
otide metabolism, were repressed at all NaCl levels
(P<0.05), except for purH at 1.5% (w/v) NaCl. The
mRNA levels of mapB and pfIF, involved in carbohydrate
metabolism, were repressed at all NaCl levels (P < 0.05).
The results revealed that the mRNA expression of selected
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Table 3  The information list of changed expression proteins under the
low NaCl concentrations. Proteins with corrected p values less than 0.05
and fold changes larger than 1.20 or smaller than 0.83 were considered to
be significantly differential; 114/113 represents the comparison between
the samples with 1.5% (w/v) NaCl and the control samples; 115/113

represents the comparison between the samples with 3% (w/v) NaCl
and the control samples; 116/113 represents the comparison between
the samples with 4% (w/v) NaCl and the control samples; 117/113 repre-
sents the comparison between the samples with 5% (w/v) NaCl and the
control samples

No. Protein name Gene name MW pI*  Function Fold change®
(kDa)"
114/ 115/ 116/ 117/
113 113 113 113
A0A023MDV6 Maltose phosphorylase mapB 85.6 5.03 Carbohydrate 050 033 034 0.36
metabolism
AOA023MCN6 Formate C-acetyltransferase PfF 84.4 5.57 Carbohydrate 0.77 060 059 0.63
metabolism
A0A023M9Z4 Malate dehydrogenase mae 59.5 4.89 Carbohydrate 0.70 0.67 070 0.79
metabolism
AO0A023MAG62 Pyruvate dehydrogenase complex, pdhC 46.6 5.15 Carbohydrate 073 055 055 0.64
E2 component, dihydrolipoamide metabolism
S-acetyltransferase
AO0A023MBCS5  Probable D-serine dehydratase dsdA 47.6 5.95 Carbohydrate 0.7 0.54 052  0.66
metabolism
AOA023MF20  6-Phospho-beta-glucosidase 1526 2248 54.7 5.29 Carbohydrate 0.77 066 0.70 0.79
Glycosyl Hydrolase family 1 metabolism
A0A023MCC8 Dihydrolipoyl dehydrogenase 1526_1811 49.9 5.45 Carbohydrate 079 061 070 0.73
metabolism
AO0A023M826  Mannitol-1-phosphate 5-dehydrogenase mtlD 432 5.27 Carbohydrate 081 055 057 059
metabolism
AO0A023MA94 Dihydroxyacetone kinase phosphatase dak?2 20 4.86 Lipid metabolism  0.68 0.46 057 0.58
domain-containing protein
D7V7TWS5 Dihydroxyacetone kinase dhaK 36.1 4.96 Lipid metabolism  0.75 0.59 0.60 0.62
D7VCVO0 Aminotransferase, class I/IT araT 43 6.04 Amino acid 034 029 030 0.33
metabolism
AO0A023MFHS5  Carbamoyl-phosphate synthase small chain carA 40 6.09 Amino acid 080 058 057 0.64
metabolism
T5JS50 Methionyl-tRNA synthetase metS 8.3 4.42 Amino acid 129 183 197 204
metabolism
Q88SVS5 GMP reductase guaC 354 6.87 Nucleotide 0.69 037 049 0.57
metabolism
AO0A023MEY2 Bifunctional purine biosynthesis protein PurH  purH 553 6.33 Nucleotide 0.72 046 051 0.64
metabolism
A0A023MGMS  Adenylosuccinate lyase purB 49 5.97 Nucleotide 0.82 055 065 0.70
metabolism
Q88SV6 Adenylosuccinate synthetase purA 47.2 5.64 Nucleotide 0.82 036 051 0.56
metabolism
V77294 Orotate phosphoribosyltransferase prE 224 6.09 Nucleotide 0.75 052 050 0.55
metabolism
AO0A023MFHS5  Carbamoyl-phosphate synthase small chain carA 40 6.09 Nucleotide 0.80 0.58 057 0.64
metabolism
P77888 Orotidine 5'-phosphate decarboxylase pyrF 24.9 7.59 Nucleotide 082 061 060 0.65
metabolism
V772C5 Nicotinate phosphoribosyltransferase nadC 40.2 6.33 Vitamin 0.76 064 0.65 0.73
metabolism
AO0A023M8N2  ABC-type polar amino acid transport system, 1526 0667 26.8 5.48 ABC transporter 0.71 058 051 0.54
ATPase component
AO0A023MB03  Maltose/maltodextrin ABC transporter, malE 45.6 9.69 ABC transporter 0.71 045 052 0.58
substrate binding protein
AO0A023M917  Glutamine ABC transporter, substrate ginPH?2 52.2 9.64 ABC transporter 072 054 052 0.59
binding and permease protein
AO0A023M8Y1 ABC transporter, ATP-binding protein 1526 0147 33.8 8.5 ABC transporter 0.74 040 047 0.46
U2HNB3 Peptide ABC transporter substrate-binding N876 36.6 6.02 ABC transporter 0.77 073 080 0.74
protein 09685
AO0A023M995  ABC transporter component 1526 1232 47.5 5.77 ABC transporter 0.82 0.69 071 0.67
A0A023MB66  Beta-glucosides PTS, EIIABC pts4ABC 69.5 8.24 PTS 0.75 049 048 041
Q88XY2 30S ribosomal protein S19 rpsS 10.3 9.82 ribosomal protein ~ 0.66  0.52 036 0.40
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Table 3 (continued)

No. Protein name Gene name MW pI*  Function Fold change®
(kDa)"
114/ 115/ 116/ 117/
113 113 113 113
V774U6 Gamma-D-glutamate-meso-diaminopimelate ~ N876 31.9 8.84 peptidoglycan 125 142 153 1.79
muropeptidase 0118940 hydrolysis

* Theoretical values of molecular weight and isoelectric point

Fold change: average ratio from two biological replicates (treatments/controls) by iTRAQ study. A protein species was considered differentially
accumulated as it exhibited a fold-change > 1.2 or fold-change < 0.83 and a P value < 0.05

genes was almost consistent with the expression of the cor-
responding proteins.

Discussion
Proteins involved in amino acid metabolism

GshAB, which plays an important role in the biosynthesis and
metabolism of glutathione, not only shows the catalysis as
GshA but also shows catalytic effect as GshB and finally gen-
erates GSH. GSH plays important roles in bacterial cells, such
as protecting proteins and DNA from oxidative damage and
promoting transmembrane transport of amino acids.
Moreover, GSH also can be converted to reduced glutathione
by reductase (such as GshR3 and GshR4) and aminopeptidase
(such as PepN). The reduced glutathione not only can protect
cells from oxidative damage but also can alleviate cell toxicity
and stress damage (Vila Sanjurjo et al. 2004). In this study,
GshAB, GshR3, PepN, and GshR4 were overexpressed
(P <0.05) in L. plantarum FS5-5 in response to high salt stress
but remained unaltered in response to low salt stress. In partic-
ular, GshR4 was overexpressed by two-fold in bacteria at 6.0,
7.0, and 8.0% (w/v) NaCl than that in cells at 0% (w/v) NaCl. A
previous study has shown that GSH protects Lactococcus lactis
from osmotic stress (Zhang et al. 2010). Similarly, overexpres-
sion of glutathione reductase and aminopeptidase (GshAB,
GshR3, and GshR4 and PepN, respectively) may regulate the
content of glutathione and reduced glutathione to protect
L. plantarum FS5-5 from salt stress damage. Glutathione re-
ductase can oxidize glutathione (GSSG) to glutathione cata-
lyzed (GSH), which plays important roles in cellular antioxi-
dant mechanisms. Previous studies have demonstrated that
GSH protects cells from various environmental stresses, such
as osmotic pressure, oxidative, and acid stress (Zhang et al.
2010; Zou et al. 2014; Wang 2015). It can be speculated that
high salt concentration can induce the expression of GshAB,
GshR3, PepN, and GshR4, thereby protecting L. plantarum
FS5-5 from salt or other adverse environmental factors.
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Proteins involved in carbohydrate metabolism

Carbohydrate metabolism is an important process for microbes
as it provides the necessary energy for metabolism and signif-
icantly supports complete growth (Li et al. 2017a, 2017b).
Glycolysis, as the main form of carbohydrate metabolism, pro-
vides energy to LAB under anaerobic conditions (Veith et al.
2017). pgmB (beta-phosphoglucomutase), which encodes a
phosphoglucomutase, can catalyze the interconversion of D-
glucose 1-phosphate (G1P) and D-glucose 6-phosphate (G6P)
to yield beta-D-glucose 1,6-(bis) phosphate (beta-G16P) as an
intermediate. Furthermore, pgmB plays a key role in the regu-
lation of the flow of carbohydrate intermediates in glycolysis
and the formation of the sugar nucleotide UDP-glucose. In this
study, pgmB expression was upregulated (P < 0.05) in response
to high salt stress but remained unaltered in response to low salt
stress. Under high salt stress, L. plantarum FS5-5 may coordi-
nate the supply of intracellular capacity and increase cell
growth by upregulating the expression of pgmB.

The pentose phosphate pathway is also one of the major
pathways for carbohydrate metabolism (Kovarova and Barrett
2016). In the present study, glucose 6-phosphate dehydroge-
nase (Gpd) and glucose 6-phosphate decarboxylase (Gnd)
were both over-expressed in L. plantarum FS5-5 in response
t0 6.0, 7.0, and 8.0% (w/v) NaCl stress but remained unaltered
in response to low salt stress. In the pentose phosphate path-
way, Gpd catalyzes glucose 6-phosphate to produce
phosphogluconate and generate NADPH; Gnd catalyzes glu-
cose 6-phosphate to produce D-ribulose-5-phosphate, which
is one of the major components of nucleotides and its impor-
tant coenzymes, and NADPH to produce ribose-5-phosphate
(Shi et al. 2009). These sugar phosphates are needed for the
biosynthesis of nucleotides and coenzymes, and these com-
pounds perhaps could be involved in the mechanism of
L. plantarum FS5-5 response to salt stress.

Proteins involved in fatty acid metabolism

The adaptation of L. plantarum FS5-5 to high salinity is
also accompanied by rearrangements in either the
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Table 4  The information list of changed expression proteins under all
NaCl concentrations. Proteins with corrected P values less than 0.05 and
fold changes larger than 1.20 or smaller than 0.83 were considered to be
significantly differential; 114/113 represents the comparison between the
samples with 1.5% (w/v) NaCl and the control samples; 115/113 repre-
sents the comparison between the samples with 3% (w/v) NaCl and the
control samples; 116/113 represents the comparison between the samples

with 4% (w/v) NaCl and the control samples; 117/113 represents the
comparison between the samples with 5% (w/v) NaCl and the control
samples; 118/113 represents the comparison between the samples with
6% (w/v) NaCl and the control samples; 119/113 represents the compar-
ison between the samples with 7% (w/v) NaCl and the control samples;
120/113 represents the comparison between the samples with 8% (w/v)
NaCl and the control samples

No. Protein name Gene MW  pI*  Function Fold change®
name (kDa)*
114/ 115/ 116/ 117/ 118/ 119/ 120/
113 113 113 113 113 113 113
AO0A023MDV6 Maltose phosphorylase mapB 85.6  5.03 Carbohydrate 0.50 0.33 0.34 0.36 041 0.53 0.46
metabolism
AOA023MCN6 Formate C-acetyltransferase pfF 844 557 Carbohydrate 0.77 0.60 0.59 0.63 0.54 0.68 0.59
metabolism
AO0A023M826  Mannitol-1-phosphate 5-dehydrogenase mtlD 43.2 527 Carbohydrate 0.81 0.55 0.57 0.59 0.57 0.64 0.79
metabolism
D7VCV0 Aminotransferase, class I/II araT 43 6.04 Amino acid 0.34 029 030 0.33 0.32 0.29 0.37
metabolism
T5JS50 Methionyl-tRNA synthetase metS 8.3 4.42 Amino acid 129 1.83 197 2.04 1.77 2.15 25
metabolism
Q88SV5 GMP reductase guaC 354 6.87 Nucleotide 0.69 0.37 049 0.57 0.38 0.47 0.52
metabolism
AOA023MEY2 Bifunctional purine biosynthesis protein purH 553  6.33 Nucleotide 0.72 046 0.51 0.64 037 0.39 048
metabolism
AO0A023MGMS5  Adenylosuccinate lyase purB 49 5.97 Nucleotide 0.82 0.55 0.65 0.70 048 0.62 0.71
metabolism
Q88SV6 Adenylosuccinate synthetase purA 472  5.64 Nucleotide 0.82 0.36 0.51 0.56 0.29 0.34 048
metabolism
V72294 Orotate phosphoribosyltransferase pyrE 224 6.09 Nucleotide 0.75 0.52 0.50 0.55 022 0.25 0.31
metabolism
AO0A023MFH5  Carbamoyl-phosphate synthase small chain ~ carA 40 6.09 Nucleotide 0.80 0.58 0.57 0.64 0.28 0.26 0.27
metabolism
P77888 Orotidine 5’-phosphate decarboxylase pyrF 249  7.59 Nucleotide 0.82 0.61 0.60 0.65 045 0.40 0.39
metabolism
V722C5 Nicotinate phosphoribosyltransferase nadC 40.2 633 Vitamin 0.76 0.64 0.65 0.73 0.60 0.63 0.65
metabolism
AO0A023M8N2  ABC-type polar amino acid transport system, /526 _ 26.8 548 ABC 0.71 0.58 0.51 0.54 0.55 0.55 0.60
ATPase component 0667 transporter
A0A023MBO03  Maltose/maltodextrin ABC transporter, malE 456 9.69 ABC 0.71 045 0.52 0.58 0.50 0.70 0.66
substrate binding protein transporter
AO0A023M917  Glutamine ABC transporter, substrate binding glnPH2 522  9.64 ABC 0.72 0.54 0.52 0.59 0.59 0.58 0.58
and permease protein transporter
A0A023M8Y1 ABC transporter, ATP-binding protein 1526_ 338 85 ABC 0.74 040 047 046 033 042 037
0147 transporter
U2HNB3 Peptide ABC transporter substrate-binding ~ N876_  36.6  6.02 ABC 0.77 0.73 0.80 0.74 0.74 0.66 0.59
protein 09685 transporter
A0A023M995  ABC transporter component 1526_ 475 577 ABC 0.82 0.69 0.71 0.67 0.77 0.63 0.67
1232 transporter
AO0A023MB66  Beta-glucosides PTS, EIIABC pts4ABC 69.5 824 PTS 0.75 049 048 041 039 0.44 043
Q88XY2 30S ribosomal protein S19 rpsS 103 9.82 Ribosomal 0.66 0.52 036 040 0.74 0.58 0.82
protein
V774U6 Gamma-D-glutamate-meso-diaminopimelate N876 319  8.84 Peptidoglycan 1.25 142 1.53 1.79 1.56 1.50 1.87
muropeptidase 0118- hydrolysis
940

# Theoretical values of molecular weight and isoelectric point

°Fold change: average ratio from two biological replicates (treatments/controls) by iTRAQ study. A protein species was considered differentially
accumulated as it exhibited a fold-change > 1.2 or fold-change < 0.83 and a P value <0.05

composition or structure of the cell envelope. In particu-
lar, lipid and fatty acid composition of the cytoplasmic

membrane is affected. Malonyl CoA, an important pre-
cursor in the biosynthesis of fatty acids, is converted
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Table 5 Fold change in the gene expression of housekeeping genes under different salt concentrations

Gene Fold change in gene expression P value

0% (wh) 1.5% (wlv) 3% (wlv) 4% (wlv) 5% (wlv) 6% (w/v) 7% (wiv) 8% (wlv)

16STRNA 1 1.160+£0.077 1.171+0.129 1.183+0.035 1.189+0.143 1.204+0.066 1.220+0.119 1.252+0.104 0.081
gapdh 1 1.2014£0.019 1.240+0.174 1.299+0.031 1.300+0.053 1.418+0.010 1.574+0.183 1.420+0.184 0.009*
gapB 1 1.106+0.144 1.137+0.132 1.179+0.007 1.232+0.238 1.300+0.363 1.398+0.037 1.419+0.175 0.017*
dnaG 1 1.399+40.272  1.389+0.290 1.430+0.188 1.811+0.163 2.126+0.279 2.470+0.247 2.682+0.300 0.001*
gyrA 1 1.353+0.044 1.426+0.176 1.592+0.020 1.701+£0.244 1.849+0.355 2.409+0.284 2.593+0.308 0.004*

Data are presented as the mean =+ standard deviation (SD) of triplicate experiments

*Significant difference (P < 0.05) of fold change in gene expression under different salt concentrations. Data were analyzed by analysis of variance

(ANOVA)

from acetyl-CoA, which is catalyzed by acetyl-CoA car-
boxylase (AccB/AccC) (Tao et al. 2016). In bacterial
cells, enzymes that play a dominant role in catalyzing
fatty acid production are primarily acyl carrier protein
polymers (FabZ2, FabG2, FabD, and FabH). Acetyl-
CoA is catalyzed by Fab to obtain long-chain fatty ac-
yl-ACP, which then enters the phospholipid synthesis
pathway. In the present study, AccB, FabZ2, FabG2,
and FabD were repressed in L. plantarum FS5-5 in re-
sponse to 6.0, 7.0, and 8.0% (w/v) NaCl stress but
remained unaltered in response to low salt stress. This
result indicated that high salt stress inhibited the synthe-
sis of phospholipids in L. plantarum FS5-5 and damaged
the formation of cell membranes. L. plantarum FS5-5
could not resist osmotic stress to maintain the normal
growth of cells through this pathway. Similar results
have been observed in a previous study by Heunis
et al. (2014), who observed a marked decrease in pro-
teins playing a role in fatty acid biosynthesis in
L. plantarum 423 under acid stress. We speculate the
reason for these results may be that fatty acid metabo-
lism in L. plantarum was inefficient in resisting environ-
mental stress.

Proteins involved in nucleotide metabolism

Purine and pyrimidine metabolism were also affected by salt
stress; the expression of purine and pyrimidine metabolic en-
zymes was significantly downregulated under salt stress.
GuaC, PurH, PurA, and PurB are involved in purine me-
tabolism. GuaC is a key enzyme that catalyzes the production
of IMP (hypoxanthine nucleotide) by GMP (guanine nucleo-
tide). PurH and PurB are key enzymes that catalyze the pro-
duction of IMP by GAR (5'-phosphoribosyl-glycinamide).
PurA is a key enzyme that catalyzes IMP to produce AMP
(adenosine monophosphate); GMP, IMP, and AMP are pre-
cursors for cellular nucleic acid synthesis. In this study, the
expressions of GuaC, purH, PurA, and PurB were downreg-
ulated under salt stress. This result indicated that under salt

@ Springer

stress, the purine metabolic process of L. plantarum FS5-5
was disrupted, Moreover, the generation of precursors for
nucleic acid synthesis was reduced, which blocked the syn-
thesis of DNA and RNA in cells, and this may be a reason for
the slow growth of cells under salt stress. Similar to our re-
sults, PurH and PurB of L. rhamnosus GG were downregu-
lated in response to acid stress (Koponen et al. 2012).
Conversely, it has been reported that the expressions of
PurA and PurH are upregulated in L. sakei CRL1756 and in
L. lactis SK11 under salt stress (Zhang et al. 2010; Belfiore
et al. 2013). These contrasting results may indicate that mod-
ified purine metabolism may be strain-specific, and for
L. plantarum FS5-5, purine metabolism may be unnecessary
or inefficient in resisting salt stress.

CarA (carbamoyl-phosphate synthase small subunit),
PyrE (orotate phosphoribosyltransferase), and PyrF
(orotidine-5'-phosphate decarboxylase) were downregulat-
ed in response to all salt stress conditions, and PyrB (aspar-
tate carbamoyltransferase catalytic subunit), PyrC
(dihydroorotase), PyrD (dihydroorotate dehydrogenase (fu-
marate)), PyrG (CTP synthase), involved in pyrimidine me-
tabolism, were downregulated in response to high salt stress
conditions in the present study. CarA, PyrB, PyrC, PyrD,
PyrE, and PyrF are key enzymes in the pathway that cata-
lyzes the formation of UMP (uridine monophosphate) by L-
glutamine. PyrG is akey enzyme that catalyzes the formation
of CTP (cytidine triphosphate) by UTP (uridine triphos-
phate), and both UTP and CTP are precursors to RNA syn-
thesis. In our study, downregulation of these enzymes indi-
cated that the synthesis of pyrimidines in L. plantarum FS5-5
was blocked under salt stress, thus, tampering with RNA
synthesis. A previous study has shown that the abundance
of pyrimidine and purine biosynthesis enzymes in
L. rhamnosus GG is highly reduced in response to lower
pH condition (Koponen et al. 2012). These results may be
dueto the fact that the pyrimidine synthesis system is suscep-
tible to damage under environmental stress, which impedes
RNA synthesis in cells, and this may also be one of the rea-
sons for the slow growth of cells under environmental stress.
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Fig. 5 Trend graph of corresponding gene transcriptional expression by
qRT-PCR analysis in Lactobacillus plantarum FS5-5 cells after being
exposed to 0% NaCl, 1.5% (w/v) NaCl, 2.0% (w/v) NaCl, 3.0% (w/v)
NaCl, 4.0% (w/v) NaCl, 5.0% (w/v) NaCl, 6.0% (w/v) NaCl, 7.0% (w/v)
NaCl, or 8.0% (w/v) NaCl. The x-axis represents the gene transcription of
Lactobacillus plantarum FS5-5 cultivated in MRS at 0% (w/v) NaCl

& O
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(control) or 1.5% (w/v) NaCl, 3.0% (w/v) NaCl, 4.0% (w/v) NaCl, 5.0%
(w/v) NaCl (low salt stress), 6.0% (w/v) NaCl, 7.0% (w/v) NaCl, 8.0% (w/
v) NaCl (high salt stress), and the y-axis represents the normalized fold
expression of genes. Error bars represent the SD of three independent
experiments, and the asterisks indicate a significant difference
(*P<0.05, **P<0.01)
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Proteins involved in peptidoglycan biosynthesis

MurA (UDP-N-acetylglucosamine 1-carboxyvinyltransferase)
and MurB (UDP-N-acetylmuramate dehydrogenase) are in-
volved in the peptidoglycan biosynthesis pathway, wherein
monomers are utilized for peptidoglycan biosynthesis.
Previous reports have reported that peptidoglycan
biosynthesis-related enzymes are inhibited in L. fermentum
NCDC 400 under salt stress and in L. johnsonii PFO1 under
bile salt stress (Lee et al. 2013; Kaur et al. 2017). These en-
zymes are a part of the more complex amino—sugar metabolic
pathway that consumes energy and may be unnecessary and
inefficient for cells coping with a harsh environment.

Ribosomal, transporter, DNA repair, and stress
proteins

Ribosomal proteins are the main components of the ribosome
and play an important role in the biosynthesis of proteins in
cells. In our study, the expressions of rpsL (30S ribosomal
protein S12), rpmA (508 ribosomal protein L27), rpml (50S
ribosomal protein L35), rpsT (30S ribosomal protein S20),
rpmB (508 ribosomal protein L28), rplO (50S ribosomal pro-
tein L15), and rplB (50S ribosomal protein L2) were down-
regulated by high salt stress but remained unaltered in re-
sponse to low salt stress. These downregulated genes com-
prise regulatory genes involved in replication, transcription,
and translation. Under high salt stress, the expression of these
genes was significantly inhibited, indicating that the rate of
protein synthesis in L. plantarum FS5-5 decreased under high
salt stress, thus, inhibiting cell growth. Previous studies have
shown that ribosomal protein L10 is downregulated by acid
stress (Wu et al. 2011), and ribosomal proteins are sensitive to
cold and heat shock (Jones et al. 1996). The results of the
present study imply that ribosomal proteins in L. plantarum
FS5-5 were also highly sensitive to salt stress and did not play
an active role in response to salt stress.

OpuA (osmoprotectant transport system ATP-binding pro-
tein) is a compatible transporter belonging to GB (glycine
betaine) transport systems. GB, as one of the most universal
and effective osmoprotectants, is accumulated by bacteria
(Considine et al. 2011). OpuA expression was highly upregu-
lated under higher concentrations of NaCl, which may indi-
cate that L. plantarum FS5-5 utilized the compatible solute
regulatory system to sustain its growth. The change in OpuA
expression confirmed that the compatible solute regulatory
system is one of the mechanisms of L. plantarum FS5-5 in
response to salt stress. Expression of ABC transporter proteins
increased in L. plantarum FS5-5 under high salt stress but
remained unaltered in response to low salt stress in this study,
which may indicate that the cells require ABC transporter to
maintain the balance of osmotic pressure under high salt
stress. A previous study has reported that ABC transporter
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LmrCD is the major transporter responsible for bile acid resis-
tance in L. lactis (Zaidi et al. 2008).

Damage repair seems to be the ultimate mechanism of re-
sistance against oxidative and other stresses. High salt stress
triggered upregulation of genes encoding DNA repair pro-
teins, including uvrB and recA, in L. plantarum FS5-5.
Similarly, the expression of DNA repair proteins has been
reported to be upregulated in L. plantarum ST-III under salt
stress (Zhao et al. 2014). This upregulation indicated that
DNA repair is an essential strategy for L. plantarum to adapt
to high salt environments.

Stress proteins play an important role in protein expression
and repair. In this study, the expressions of universal stress
protein, small heat shock protein, alkaline shock protein, and
general stress protein were increased by high salt stress. In
response to salt stress, osmotic pressure caused high plasmol-
ysis and reduced water activity, leading to the accumulation of
denatured proteins, which in turn induced a stress protein reg-
ulation system to protect proteins and macromolecules in the
cells and to prevent cell damage caused by salt stress.

Conclusions

In present study, we reported the proteomics of salt-tolerant
L. plantarum at different salt concentrations. The response of
L. plantarum to increased salt concentration is likely complex,
involving a combination of different metabolic pathways.
Dramatic changes were observed in amino acid, carbohydrate,
nucleotide, and lipid metabolism; ABC transporter; ribosomal
protein; replication and repair; and PTS. The gene expression
of N876 0118940, involved in peptidoglycan hydrolysis, and
metS, involved in amino acid metabolism, were upregulated in
cells at all NaCl levels. GshAB, GshR3, PepN, GshR4, and
serA, involved in amino acid metabolism, and /526 2330,
Gpd, and Gnd, involved in carbohydrate metabolism, were
upregulated in cells at high NaCl levels. We found that
L. plantarum FS5-5 needed to initiate more stress responses,
including maintaining intracellular and extracellular osmotic
pressure balance by increasing the concentration of similar
compatible solutes, reducing cell damage under osmotic stress
by increasing GSH content, repairing DNA damage by in-
creasing DNA repair protein expression, and priming stress
proteins to protect proteins and macromolecules in cells, to
prevent cell damage caused by salt stress and to resist high
salt stress compared with low salt stress. Moreover, we spec-
ulate that N876_0118940, metS, GshAB, GshR3, PepN,
GshR4, serA, 1526 2330, Gpd, and Gnd are closely related
to the salt-tolerance mechanism of L. plantarum FS5-5 and
need to be studied further. The results of the present study
provide some new and relevant information on proteomic
changes that occur in L. plantarum FS5-5 in response to salt
stress and sheds light on the adaptive process for different salt
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concentrations. In later studies, specific molecular pathways
involved in mediating the adaptive response to salt shock
stress should be further identified.
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