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Introduction

 Salinity is one of the most important environmental stress-
ors that severely impede microbial growth and develop-
ment. Over the long course of evolution, halophilic bacteria 
can grow over a very broad range of salt concentrations. 
The capacity of these organisms to rapidly adjust to changes 
in the external salt concentration makes them potential 
candidates for bioprocessing as source of fermented food, 
compatible solutes, biomedical products, enzymes, poly-
mers, cosmetics, and bioremediation [3, 33, 48]. In general, 
a sudden increase in the osmolarity of the environment is 
highly detrimental to the growth and survival of a microor-
ganism because the environmental change triggers a rapid 
efflux of water from the cell to the outside medium; con-
sequently, the cell experiences turgor pressure loss, intra-
cellular solute concentration changes, and cell volume 
changes [60]. However, halophilic bacteria have developed 
two different adaptive strategies to cope with high salt 
concentration in the surrounding medium. Careful regula-
tion of the intracellular ionic concentrations is a prerequi-
site, which is achieved by accumulating intracellular K+ in 
concentrations higher than the external Na+. This so-called 
“salt-in” strategy was first observed in Halobacteriales and 
the bacterium Salinibacter ruber [3, 16]. The widespread 
“low-salt-in” strategy is used by bacteria to balance the 
high ionic concentration in the medium via de novo bio-
synthesis or the uptake of organic compatible solutes [18]. 
Compatible solutes include amino acids, carbohydrates or 
their derivatives, sugars, and polyols (mainly glycerol and 
arabitol). These solutes have a stabilizing effect on the 
native structure of proteins and cell components both in 
vivo and in vitro. Compatible solutes can be amassed by 
the cell in exceedingly high concentrations without affect-
ing cellular processes and the correct folding of proteins. 

Abstract Tetragenococcus halophilus, a moderately hal-
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The term compatible solute can also be applied to solutes 
that protect macromolecules and cells against stresses such 
as high temperature, salinity, desiccation, and freezing [7, 
27]. Halophilic bacteria have attracted increasing research 
interest since 1978, because of their adaptability to a wide 
range of salinity levels and their potential high commer-
cial value; however, these microorganisms have constantly 
challenged scientists such that the complete understanding 
of their biology is hampered unresolved questions [18, 61].

Tetragenococcus halophilus (formerly known as Pedio‑
coccus halophilus) is a moderately halophilic Gram-posi-
tive lactic acid bacterium. This species is mainly used for 
brewing of soy sauce, a well-known condiment in South-
east Asia, China, and Japan. The genus Tetragenococcus 
was first described by British scientists through the reclassi-
fication of the halophilic lactic acid bacterium Pediococcus 
halophilus as Tetragenococcus halophilus [5]. T. halophilus 
grows during brine fermentation, where the salt concentra-
tion ranges from 12 to 26 %; it functions as a starter culture 
to promote the formation of the desired odor and improve 
the flavor of soy sauce [47]. In addition, T. halophilus plays 
an important role in other halophilic fermentation processes 
such as the production of soy paste, brined anchovies, fish 
sauce, Japanese fermented puffer fish ovaries, Indonesian 
“terasi” shrimp paste, and fermented mustard [26]. Simi-
lar to other genera of moderately halophilic Gram-positive 
bacteria (Halobacillus and Salinicoccus), T. halophilus is 
strictly chloride dependent and grows optimally in media 
containing 0.5–3.0 M NaCl. T. halophilus can tolerate high 
salt concentrations, which suggests that it possesses strong 
osmotic adjustment capacity to protect itself against del-
eterious hyperosmotic injury. Under adverse hypersaline 
stress, T. halophilus accumulates osmoprotectants by trans-
porting carnitine and glycine betaine or by converting cho-
line to glycine betaine [46]. Previous studies on the func-
tions and expression of heat shock protein (HSP) encoding 
genes under conditions of high intracellular osmotic pres-
sure demonstrated that GroESL, DnaK, and ClpB act as 
functional molecular chaperones and promote the adapta-
tion of T. halophilus to salinity [54, 55]. However, as of this 
writing, a systematic and comprehensive study of salt toler-
ance response in T. halophilus is still not available.

The transcriptome has been defined as a collection of all 
the transcripts present in a given cell, which is evaluated 
qualitatively and quantitatively at a particular moment of 
cell development or during a specific physiological condi-
tion [66]. Transcript content, promoters, transcription start 
sites, open reading frames, regulatory noncoding regions, 
untranslated regions, and transcription units are all impor-
tant aspects of the transcriptome that can provide valuable 
insight into the gene functions and molecular mechanisms 
that underlie molecular regulation in an organism at a spe-
cific time. Several researchers have already investigated 

and quantified the transcriptome of numerous bacteria via 
traditional approaches based on hybridization or tilling 
microarrays. Nevertheless, these techniques have several 
drawbacks, including their reliance on an existing genome 
sequence of the organism of interest, high background 
levels caused by nonspecific cross-hybridization, limited 
range of detection caused by the background and saturation 
of fluorescent signals, inability to detect transcripts with a 
low copy number per cell, and uncertain total coverage of 
the transcripts. Additionally, normalization methods and 
comparisons of expression data from different experiments 
are often difficult and arduous [9, 11].

RNA-seq provides researchers with a revolutionary 
method that is highly precise, rapid, reproducible, and cost-
effective. This technique has been widely used in compara-
tive transcriptomics to identify differential gene expression 
among various treatment conditions. Compared with eukary-
otes, transcriptome-wide studies in bacteria have not been 
widely performed until recently owing to the simple micro-
bial gene structures, as well as technical difficulties in the 
enrichment of mRNAs without poly-A tails. RNA-seq studies 
have revolutionized our current understanding of the com-
plexity, plasticity, and regulation of bacterial transcriptomes 
[53]. In the present study, we generated a transcriptome data-
set using the Illumina HiSeq™ 2500 platform to provide 
genetic information on the salt tolerance mechanisms of T. 
halophilus. We compared the transcriptomes of cells without 
salt stress, with optimum salt stress, and with high salt stress 
to determine changes in gene transcription, as well as identi-
fied the functions of the transcripts and KEGG pathways that 
showed transcriptional changes. The assembled, annotated 
transcriptome sequences and transcript abundance patterns 
provide valuable genetic resources for further investigations 
of the molecular mechanisms of salt tolerance in this spe-
cies, and possibly in other halophilic bacteria. The salt toler-
ance of organisms can be improved by genetic engineering 
if the basic questions on the mechanisms of salt toxicity and 
defense response could be answered at the molecular level. 
Although the present study is a preliminary experiment, it 
contributes toward the identification and screening of more 
salt tolerance-related genes and factors to enhance salt resist-
ance in other organisms, and possibly solve problems in food 
and environment industries [17, 24, 65].

Materials and methods

Strain and salt treatment

Tetragenococcus halophilus (CICC 10469), strain used in this 
study, was preserved by the China Center of Industrial Culture 
Collection (CICC). This strain was originally isolated from 
Chinese-type soy sauce and then identified via morphological, 
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physiological, biochemical, and 16S rDNA analyses in our 
laboratory [30]. T. halophilus CICC 10469 was grown at 30 °C 
in MRS medium (Difco). T. halophilus is chloride depend-
ent, with an optimum NaCl concentration of approximately 
1 M and an upper limit of approximately 3.5 M. Transcrip-
tome analysis, bacterial cultivation, and salt-stress treatment 
were conducted as follows. Cells were first incubated at 30 °C 
in MRS liquid medium containing 1 M NaCl until the mid-
logarithmic phase (27 h). Subsequently, 10-mL suspensions 
of fresh cells were collected by centrifugation at 8,000×g for 
5 min and then inoculated into 50 mL MRS liquid medium 
with a final NaCl concentration of 0, 1, or 3.5 M in a 150-mL 
flask. For each treatment condition, three biological replicates 
were independently established. After 5 h of incubation, the 
cells were collected for RNA extraction.

RNA isolation

Total RNA of each sample was extracted with RNAiso™ 
plus (TaKaRa Bio Inc., Otsu, Shiga, Japan) and treated 
with RNase-free DNase I (Fermentas, Thermo Scien-
tific, Waltham, USA) for 45 min at 37 °C to remove the 
residual DNA according to the manufacturer’s instruction. 
The quantity of each RNA sample was checked using the 
NanoDrop ND-1000 (Thermo Scientific, Wilmington, DE, 
USA). Meanwhile, RNA degradation and contamination 
were monitored on 1.2 % agarose gels. The integrity of 
the total RNA was assessed using Agilent 2200 Tape Sta-
tion (Agilent Technologies, Santa Clara, CA, USA), and 
each sample had an RNA integrity number (RIN) of 9.9. To 
obtain complete gene expression information and reduce 
sequencing costs, a pooled RNA sample was obtained from 
the three replicates with the same salt treatment; equal 
amounts of mRNA were mixed after examination. The 
pooled RNA samples of each treatment condition were 
labeled T1 (0 M), T2 (1 M), and T3 (3.5 M).

cDNA library construction and sequencing

Sequencing libraries were generated using the Illumina 
Truseq™ RNA Sample Preparation Kit (Illumina Inc., 
San Diego, CA, USA) following the manufacturer’s rec-
ommendations. Three index codes were added to attribute 
the sequences to the respective sample. The libraries were 
sequenced using the Illumina HiSeq™ 2500 platform, and 
100-bp paired-end reads were generated.

RNA-seq: data analysis

Quality control

The raw data (raw reads) were first filtered through in-house 
Perl scripts to obtain high-quality clean data. This step was 

performed to discard reads containing the adapter, reads 
containing poly-N regions, and low-quality reads from raw 
data. Simultaneously, the Q20, Q30, and GC content levels 
of the clean data were evaluated. The average proportion of 
clean data reads in each sample was ~90.6 %, and all the 
downstream analyses were based on the clean data.

Reads mapping and gene annotation

The reference genome and gene model annotation files 
were directly downloaded from NCBI. The FM index [10] 
of the reference genome was built using Bowite (Broad 
Institute, Cambridge, MA, USA). The clean reads were 
then aligned to the reference genome using TopHat (Broad 
Institute, Cambridge, MA, USA). During the alignment 
of reads, seven mismatches and a gap length of 7 bp were 
allowed. The functional annotations of genetic variants 
were generated using ANNOVAR [64].

Quantification of gene expression level

The alignments reported by TopHat were processed by 
the Cufflinks software package to determine the differen-
tial expression of genes and transcripts between treatment 
conditions [57]. Expression values were measured in “frag-
ments per kilobase of gene/transcript per million mapped 
reads” (FPKM). Data were visualized using the Integrated 
Genomic Viewer. Transcripts were quantified by assess-
ing the total number of reads for the entire transcript using 
the program cuffdiff, part of the Cufflinks suite of tools for 
sequencing-based transcript assembly and quantification. 
The P values were adjusted using the Benjimini and Hoch-
berg method [2]. Corrected P values ≤0.05 and the value of 
|log2(fold change)| ≥ 1.5 was set as the threshold to judge 
the significance of differences in gene expression between 
the treatment and control. Clustering of gene expression 
profiles was performed with Cluster and Java Treeview 
software. Hierarchical clustering was analyzed by the log10 
(FPKM + 1) value for each significantly differentially 
expressed gene (SDEG).

Gene ontology (GO) and KEGG enrichment analyses 
of differentially expressed genes

GO enrichment analysis of each differentially expressed 
gene was performed by the Blast2GO program. We mapped 
all SDEGs to each term of the GO database (http://www.
geneonology.org) and then calculated the gene number cor-
responding to each GO term. Using the hypergeometric 
test, we found significantly enriched GO terms compared 
with the genome background. The GO terms in SDEGs 
with corrected P values ≤0.05 were defined as signifi-
cantly enriched. All SDEGs were assigned to the molecular 

http://www.geneonology.org
http://www.geneonology.org
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function, biological process, and cellular component ontol-
ogies of the GO database. The Kyoto encyclopedia of genes 
and genome (KEGG) is a knowledge database and resource 
for the systematic analysis of high-level gene functions 
by linking higher order functional information, especially 
large-scale molecular datasets from genome sequenc-
ing and other high-throughout experimental technologies 
(http://www.genome.jp/kegg/). We used the KOBAS soft-
ware (KOBAS, Surey, UK) to test the statistical enrichment 
of all SDEGs in the KEGG pathways.

Validation of RNA‑seq data by q‑PCR

To validate the RNA-seq data, the expression level of 10 
randomly selected genes under the three different treatment 
conditions (0, 1, and 3.5 M) was analyzed by real-time quan-
titative PCR (q-PCR). The primers were designed using 
Primer Premier 5 software (PREMIER Biosoft, Palo Alto, 
CA, USA) and synthesized by Invitrogen. The primer pairs 
are summarized in Table S1. Salt treatment and RNA isola-
tion were conducted as described above. The reverse-tran-
scription reactions were performed using the PrimeScript RT 
reagent Kit (Takara, Da Lian, China), with approximately 
1 μg total RNA in 20 μL reaction mixture. The q-PCR was 
performed by a 7500 Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA) under the following con-
ditions: 95 °C for 30 s, followed by 40 cycles of 94 °C for 
5 s, and 60 °C for 34 s. Triplicate q-PCRs were performed 
for all reference and selected genes. A negative control was 
assigned to each reaction plate to monitor the experimental 
contamination. The expression levels of selected genes were 
normalized to that of 16S the rRNA gene, which was used as 
the internal reference gene. Relative gene expression levels 
were evaluated using the 2−ΔΔCt method [31].

Results

To explore the molecular mechanisms of short-term salt 
tolerance in T. halophilus, we treated the cells in the loga-
rithmic phase of growth with different NaCl concentrations 
(0, 1, and 3.5 M) for 5 h. We obtained high-quality pooled 
RNA samples from three biological replicates of each treat-
ment condition. Three sequencing libraries were prepared 
from the T1, T2, T3 samples, and sequenced with the Illu-
mina Hiseq™ 2500 platform.

Overview of RNA-seq results

A summary of the sequencing and assembly results is out-
lined in Table 1. A total of 16,550,964, 16,287,776, and 
16,926,786 raw reads were generated for T1, T2, and T3, 
respectively (Sequence Read Archive accession number: 
SRP042175). After removal of the low-quality reads, which 
contained adapters and duplicate sequences or ambiguous 
bases, 90.57, 88.68, and 92.7 % of the raw data of T1, T2, 
and T3, respectively, remained as clean data. Among the 
clean reads, more than 91 % had Phred-like quality scores at 
the Q30 level (an error probability of 0.1 %). The total size of 
the clean nucleotides generated from each sample exceeded 
1.4 Gb, that is, an unprecedented depth of 546 times (546-
fold or 546× coverage) the genome size (~2.56 Mb). For 
the T1, T2, and T3 sample, 78.73, 79.79, and 79.21 % of the 
total reads from RNA-seq data, respectively, were uniquely 
mapped to the genome, whereas a smaller proportion was 
mapped to multiple loci in the genome.

Gene expression profile analysis

Based on the deep sequencing of the three libraries in this 
study, ~1,900 genes were detected in each library. The 
Venn diagram shows the distribution of expressed genes 
among the three samples (Fig. 1a). A total of 1,875 genes 
were co-expressed in all three samples. However, five, six, 
and five genes were NaCl concentration specific in T1, T2, 
and T3, respectively.

As previously mentioned, T. halophilus is chloride 
dependent, with an optimum NaCl concentration of 1 M. To 
conduct a broad survey of the transcriptomic responses to 
short-term salt stress in T. halophilus, three comparisons (T1 
vs. T2, T3 vs. T2, and T1 vs. T3) were performed throughout 
the study. T2 was set as the control for the first two compari-
sons. The differences in gene expression among the different 
salt treatment conditions were calculated by the FPKM and 
Cufflinks software package. Corrected P values of 0.05 and 
values of |log2(fold change)| ≥ 1.5 were set as the thresholds 
for significant differential expression. The P values were 
adjusted by the Benjimini and Hochberg method. A total of 
105 SDEGs were detected in the comparison of T1 and T2, 
with 71 up-regulated genes and 34 down-regulated genes. In 
the comparison between T3 and T2, a total of 112 SDEGs 
were detected, with 60 up-regulated genes and 52 down-reg-
ulated genes. The comparison of T1 and T3 detected a total 

Table 1  Summary of RNA-seq 
results

Sample name Raw reads Clean reads Clean bases (Gb) Q20 (%) Q30 (%) GC content (%)

T1 16,550,964 14,989,572 1.50 95.18 91.98 39.5

T2 16,287,776 14,444,280 1.44 94.22 91.00 40.5

T3 16,926,786 15,652,774 1.57 96.39 93.36 40.0

http://www.genome.jp/kegg/
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of 119 SDEGs, with 68 up-regulated genes and 51 down-
regulated genes (Fig. 2). Meanwhile, we independently per-
formed hierarchical clustering of the SDEGs in three com-
parisons based on the log10 (FPKM + 1) values of the three 
treatments. Therefore, we could easily visualize the gene 
expression pattern (Fig. 3).

Experimental validation by q-PCR

The RNA-seq data were validated by q-PCR of 10 ran-
domly selected genes. As shown in Fig. 4, q-PCR expres-
sion generally agreed with the changes in their transcript 
abundance as identified by RNA-seq, thereby suggesting 
that the RNA-seq data were reliable.

GO term and KEGG pathway enrichment analyses 
of SDEGs

The annotations of the SDEGs were analyzed using 
Blast2GO program base on the GO classification (http://

www.geneontology.org). The annotations of all SDEGs 
were assigned to different functional categories (Dataset 
S1). A total of 77 SDEGs between T1 and T2 were catego-
rized into 195 GO terms in the three main categories of the 
GO classification (cellular component, biological process, 
and molecular function). A total of 90 SDEGs between T3 
and T2 were categorized into 222 GO terms, whereas 97 
SDEGs between T1 and T3 were categorized into 198 GO 
terms. To understand the functions of SDEGs among the 
different salinity-stressed samples, further classification was 
conducted based on the correlation of GO terms (Fig. 5).

Cellular component category

In terms of the cellular components involved, the SDEGs 
between T1 and T2 were mainly mapped to the categories 
“cytoplasm” (GO:0005737), “integral to membrane, mem-
brane, plasma membrane” (GO:0016021, GO:0016020, 
GO:0005886), and “ribosome” (GO:0005840). The 
SDEGs between T3 and T2 were mainly mapped to the 
categories “cytoplasm,” “integral to membrane, mem-
brane, plasma membrane,” and “transcription factor com-
plex” (GO:0005667). The SDEGs between T1 and T3 were 
mainly mapped to the categories “cytoplasm” and “integral 
to membrane, membrane, plasma membrane.” These results 
suggested that the cytoplasm and membrane were dramati-
cally affected during the salt treatment. Ribosomes were 
mainly affected when the NaCl concentration changed from 
low to optimum. However, the results did not reveal SDEGs 
belonging to the category “outer membrane-bounded peri-
plasmic space” (GO:0030288) in the comparison. Similarly, 
the transcription factor complex was mainly affected when 
the NaCl concentration changed from optimum to maxi-
mum. In addition, when salt stress changed from the lower 
limit to the upper limit, the “integral to membrane, mem-
brane, plasma membrane” categories were the dominant 
cellular component categories.

Fig. 1  Venn diagrams show 
the overlaps among the three 
samples and three comparisons. 
a Overlaps among the three 
samples; b overlapping SDEGs 
among the three comparisons

Fig. 2  Changes in gene expression profile in the three comparisons

http://www.geneontology.org
http://www.geneontology.org


606 J Ind Microbiol Biotechnol (2015) 42:601–616

1 3

Biological process category

With respect to the biological processes involved, the SDEGs 
between T1 and T2 were mainly mapped to the categories 
“amino acid biosynthetic process or metabolic process,” 
“DNA recombination, repair, replication, topological change, 
integration” (GO:0006310, GO:0006281, GO:0006260, 
GO:0006265, GO:0015074), “cell redox homeostasis and 

oxidation–reduction process” (GO:0045454, GO:0055114) 
and “carbohydrate metabolic process, gluconeogenesis and 
other glycometabolism” (GO:0005975, GO:0006094). The 
SDEGs between T3 and T2, as well as those between T1 and 
T3, were mainly mapped to the categories “amino acid bio-
synthetic process or metabolic process,” “cell redox homeo-
stasis and oxidation–reduction process,” “carbohydrate meta-
bolic process, gluconeogenesis and other glycometabolism,” 

Fig. 3  Hierarchical clustering of the significantly differentially 
expressed gene in the three comparisons, using the RNA-seq 
data derived from three samples (T1, T2, and T3) based on log10 
(FPKM + 1) values. We listed the corresponding SDEGs on the right 

side of the figure. The red bands identify low gene expression quan-
tity, and the green bands represent the high gene expression quantity. 
a T1 versus T2; b T3 versus T2; c T1 versus T3
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and “transport” (GO:0006810). Although all the SDEGs of 
the three comparisons were mainly mapped to the “amino 
acid biosynthetic process or metabolic process” category, 
a wide variety of types and quantities of amino acids were 
involved. For instance, when salt stress changed from low 
to optimum, the amino acids tryptophan, tyrosine, proline, 
and arginine were mainly involved. However, when the salt 
stress changed from optimum to maximum, leucine, isoleu-
cine, and valine were also involved, in addition to the afore-
mentioned amino acids. When the salt stress changed from 
the lower limit to the upper limit, the amino acids glycine, 
cysteine, l-serine, and threonine were mainly involved. 
Therefore, the amino acids affected the microbial salt tol-
erance by a highly complex process. The terms “transla-
tion or regulation of translational fidelity” (GO:0006412, 
GO:0006450) and “ribosome biogenesis” (GO:0042254) 
were more active when the NaCl concentration changed 
from low to optimum compared with the other changes in 
salinity. In addition, “cell redox homeostasis,” “oxidation–
reduction process,” “electron transport” (GO:0006118), 
“potassium, sodium, phosphate ion transport,” “regulation of 
transcription, DNA-dependent” (GO:0006355), and “protein 
folding, protein targeting, protein refolding” (GO:0006457, 
GO:0006605, GO:0042026) were also dramatically affected 
during the course of the salt treatment.

Molecular function category

According to their molecular function, the SDEGs between 
T1 and T2 were mainly mapped to the categories “DNA 
binding, RNA binding” (GO:0003677, GO:0003723), 
“transferase activity” (GO:0016740), “ATP binding, 
ATPase activity” (GO:0005524, GO:0016887), and “struc-
tural constituent of ribosome” (GO:0003735). The SDEGs 
between T2 and T3 were mainly mapped to the catego-
ries “ATP binding, ATPase activity,” “DNA binding, RNA 
binding,” “transferase activity,” “transporter activity” 
(GO:0005215), and “hydrolase activity” (GO:0016787). 
The SDEGs between T1 and T3 were mainly mapped to 
the categories “ATP binding, ATPase activity,” “transferase 
activity,” “transporter activity,” and “oxidoreductase activ-
ity, acting on NADH or NADPH” (GO:0016616). In addi-
tion, other molecular functions were also dramatically 
affected during the course of salt treatment (not shown in 
Fig. 5), including “transmembrane transporter activity,” 
“electron carrier activity,” and “dehydrogenase activity.”

KEGG pathway enrichment analyses

To identify the biological pathways that were active in the 
short-term salt-stress response of T. halophilus, we mapped 

Fig. 4  Validation of RNA-seq data was performed by q-PCR. a, 
b The comparison “T1 versus T2” and “T3 versus T2”, respec-
tively. Red bar indicates transcript abundance changes calculated 
by the FPKM method. Black bar with associated standard error 
bar represents relative expression level determined by q-PCR 
using 2−ΔΔCt method. Results represent mean standard deviations 

(±SD) of three experimental replicates. a The log2(fold change) 
values which from RNA-seq and q-PCR obeyed a linear correla-
tion (y = 0.9449x + 0.3616, R2 = 0.9635). b The log2(fold change) 
values which from RNA-seq and q-PCR obeyed a linear correlation 
(y = 0.9793x − 0.0867, R2 = 0.9977)
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Fig. 5  Go function enrichment analysis of SDEGs among the different salinity-stressed samples
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all SDEGs to reference canonical pathways in KEGG 
and compared them with the whole transcriptome back-
ground (Dataset S2). The SDEGs between T1 and T2 were 
assigned to 28 KEGG pathways. Those pathways with the 
greatest representation by unique genes were the metabolic 
pathways (thl01100) with 15 members, biosynthesis of sec-
ondary metabolites (thl01110) with 11 members, ribosome 
(thl03010) pathways with 7 members, and phenylalanine, 
tyrosine, and tryptophan biosynthesis (thl00400) with 6 
members. The SDEGs between T2 and T3 were assigned 
to 31 KEGG pathways. The pathways with the greatest rep-
resentation by unique genes were the metabolic pathways 
with 18 members, biosynthesis of secondary metabolites 
with 11 members, and ABC transporters (thl02010) with 6 
members. The SDEGs between T1 and T3 were assigned to 
39 KEGG pathways. The pathways with the greatest rep-
resentation by unique genes were the metabolic pathways 
with 21 members, biosynthesis of secondary metabolites 
with 11 members, ABC transporters with 10 members, and 
microbial metabolism in diverse environments (thl01120) 
with 8 members. These annotations provided a valuable 
resource for investigating specific processes, functions, and 
pathways involved in short-term salt-stress response in T. 
halophilus.

To investigate the common SDEGs among the three 
comparisons, a Venn diagram was generated (Fig. 1b). A 
total of 27 SDEGs participated in the regulation of salt-
stress response when the salt stress changed from low to 
optimum and from optimum to maximum. We surveyed the 
variations in their expression along the course of salt treat-
ment (0, 1, and 3.5 M). Interestingly, for the three common 
SDEGs in all three comparisons, one (TEH_00950) was 
always up-regulated, one (TEH_02200) was always down-
regulated, and one (TEH_24910) was first down-regulated 
and then up-regulated. Meanwhile, among the other 24 
SDEGs, eight were first up-regulated and then down-reg-
ulated, whereas 16 were first down-regulated and then up-
regulated; the expression levels of these genes were closer 
under T1 and T3. Therefore, these 24 SDEGs were signifi-
cantly regulated when the cells grew under moderate salin-
ity stress, but their levels became constant under limited 
salinity stress.

Based on the analyses of GO functions and KEGG path-
ways, 21 SDEGs were categorized into 74 GO terms and 9 
SDEGs were assigned to 8 KEGG pathways. The regula-
tions mainly involved categories “cytoplasm,” “transcrip-
tion factor complex,” “amino acid (arginine, phenylala-
nine, tyrosine, and tryptophan) metabolism,” “transport,” 
and “glycolysis/gluconeogenesis.” Meanwhile, the genes 
specifically expressed in each salt treatment (Fig. 1) were 
investigated. However, results demonstrated that a large 
proportion of these genes encoded hypothetical or putative 
proteins.

Discussion

Soy sauce is a traditional fermented condiment in Southeast 
Asia, especially in China. The two primary fermentation 
processes in China are low-salt solid-state fermentation and 
high-salt liquid-state fermentation. T. halophilus is used as a 
starter culture during brine fermentation and plays a pivotal 
role in improving the flavor of soy sauce under a wide range 
of salt stresses. Given our comparative transcriptome analy-
sis, the differences in the expression of genes involved in the 
salt-stress response pathways were substantial at all the three 
salinity points investigated. Significant differences were 
noted in the molecular mechanisms by which T. halophilus 
adapts to the changing salinity environment. Consequently, 
the effects of the functional genes and pathways involved in 
the regulations of salinity tolerance should be understood.

Cell wall and membrane systems

The cell wall and membrane systems, which act as resistant 
barriers against environmental stress, suffer multiple forms 
of damage caused by salt-induced cellular dehydration 
[37]. During salt acclimation, the cell wall and membrane 
systems experience improved salt tolerance by changing 
their composition and the concentrations of unsaturated 
fatty acids, phospholipids, and peptidoglycans [3, 52, 63]. 
Our data showed that a large proportion of significantly 
differentially expressed transcripts were related to the cell 
wall and cell membrane according to GO classification 
and KEGG pathway enrichment analyses. For example, 
d-Alanine:d-Alanine ligase is closely involved in the bio-
synthesis of the peptidoglycan component of the bacterial 
cell wall. The encoded gene (ddl2) was up-regulated by 
1.75-fold when the salinity changed from low to optimum, 
but this gene was down-regulated by 4.44-fold when the 
salinity changed from optimum to maximum. This change 
suggested that peptidoglycan might play a positive role in 
stress resistance when cells were under lower salt stress; 
cells can reduce the synthesis of peptidoglycan to promote 
ion transport across extra- and intracellular membranes 
when cells are under higher salinity conditions [4, 42]. 
Furthermore, the genes encoding 3-hydroxydecanoyl-ACP 
dehydratase (fabN), enoyl-ACP reductase (fabI), 3-oxoa-
cyl-ACP synthase II (fabF), and beta-hydroxyacyl-ACP 
dehydratase (fabZ) were significantly regulated during the 
course of salinity treatment. These genes play important 
roles in fatty acid metabolism to maintain the membrane 
integrity in bacteria [15, 29].

Intercellular osmoprotectants

As mentioned above, several amino acids contributed to 
the osmoregulation in T. halophilus under different salt 
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treatments. For bacteria, amino acids generally act as 
“compatible solutes” to balance the difference in intracel-
lular and extracellular osmotic pressure [67]. In particu-
lar, as a hydrophobic amino acid, the proline can act as a 
signaling molecule to influence defense pathways and 
relieve the osmotic stress caused by salt-induced dehy-
dration. In the present study, the gene (proC) encoding 
pyrroline-5-carboxylate reductase (P5CR) and the gene 
(TEH_25060) encoding prolyl amino peptidase (PAP) 
were up-regulated during the course of salinity treatment. 
As the enzymes catalyzed the terminal reaction in proline 
biosynthesis, P5CR and PAP participate in the salt-stress 
response and show high expression, which promote the 
synthesis of proline for salt tolerance [8, 58, 62]. Glycine 
betaine has been widely identified as an osmoprotectant 
under various types of environmental stress [20, 43, 49]. 
The genes encoding the glycine betaine ABC transporter 
glycine betaine-binding protein (opuAC), permease protein 
(opuAB), ATP-binding protein (busAA), and permease/gly-
cine betaine-binding protein (busAB) were all significantly 
up-regulated during the course of salinity treatment. Previ-
ous data suggested that glycine, serine, arginine, and other 
amino acids participate in the regulation of complex meta-
bolic and developmental processes, and offer additional 
opportunities for organism improvement under adverse 
hyperosmotic stress [34, 39, 56]. Moreover, the accumula-
tion of sucrose and other simple sugars also contributes to 
the stabilization of intercellular osmotic pressure [32]. In 
the present study, the genes encoding sucrose-specific IIC 
component (TEH_12190) and sucrose-specific IIBC com-
ponent (murP) were significantly regulated under salinity 
stress. Both genes were involved in sucrose metabolism.

ABC transport system

The ABC transporter utilizes the energy of ATP binding 
and hydrolysis to transport various substrates across cel-
lular membranes, including ions, amino acids, peptides, 
sugars, metabolic products, and other molecules that are 
mostly hydrophilic. Ion transport is a part of the ABC 
transport system that is known to play a crucial role in the 
osmoregulation. Generally, salt stress in combination with 
high pH can apparently induce greater injury because the 
high pH environment around a cell may cause metal ions 
and phosphorus to precipitate. Consequently, the absorp-
tion of minerals, such as the macro-elements K+, Na+, Cl−, 
Ca2+, and Mg2+, as well as the micro-elements Fe2+, Cu2+, 
H2PO4

−, Zn2+, and Mn2+ is affected, thereby disrupting 
ionic balance and pH homeostasis and inhibiting enzyme 
activity in cells [23, 38, 69]. The Na(+)/H(+) antiporters 
are membrane proteins that play a major role in the pH and 
Na+ homeostasis of cells throughout the biological king-
dom, from bacteria to humans and higher plants. Several 

Na(+)/H(+) antiporters are extremely sensitive to pH and 
regulated by an Na+-specific regulatory network. NhaA is 
the key Na(+)/H(+) antiporter of Escherichia coli [40]. In 
the present study, the gene (TEH_11820) encoding a puta-
tive DASS family transporter, which is an Na+ symporter 
[44], was significantly up-regulated by 2.48-fold when 
salinity changed from low to optimum, but this gene was 
down-regulated by 2.95-fold when salinity changed from 
optimum to maximum. The gene (TEH_12710) encoding 
a putative Na(+)/H(+) antiporter (with the GO function: 
potassium ion transport) was up-regulated by 2.15-fold 
when salinity changed from low to optimum. In addition, 
the gene (TEH_00440) encoding a putative ABC trans-
porter ATP-binding protein and the gene (TEH_00450) 
encoding putative a ABC transporter permease protein 
were up-regulated by 2.71- and 2.77-fold, respectively, 
when salinity changed from low to optimum. According to 
KEGG, TEH_00440 and TEH_00450 are genes involved in 
the zinc transport system. In general, two acidic pH resist-
ance response systems have been clearly defined in entero-
bacteria or Escherichia coli, namely, the inducible decar-
boxylase system and acid shock protein (ASP) system [1]. 
The inducible decarboxylase system includes three acid 
resistance systems: glutamate-dependent system (consists 
of two glutamate decarboxylase isoforms: GadA and GadB, 
as well as an integral membrane protein GadC), arginine-
dependent system, and oxidative systems [13]. The ASP 
system is controlled by four regulatory proteins: the iron 
regulatory protein Fur (ferric uptake regulation), two-
component regulatory system PhoPQ (senses magnesium 
and protons), alternative RNA polymerase sigma factor σS 
(RpoS; encoded by the rpoS gene), and classic response 
regulator OmpR [12]. ASPs prevent or repair acidic pH-
induced damage to macromolecules. The Fur protein exerts 
control over a series of genes to maintain the intracellular 
and extracellular iron balance, meanwhile, the Fur regula-
tor acts in the positive control of several RpoS-independent 
ASPs [14, 19]. Three genes encode a “putative Fur family 
transcriptional regulator” in T. halophilus: TEH_13470, 
TEH_17000, and TEH_20140; these genes were up-reg-
ulated by 2.76-, 1.76-, and 2.16-fold, respectively, when 
the salinity changed from low to optimum. However, they 
were down-regulated by 2.67-, 2.52-, and 3.11-fold when 
salinity changed from optimum to maximum, respectively. 
RpoS is known to be a critical regulator of the stationary 
and exponential phase in cells subjected to acid stress [1, 
12]. RpoS belongs to a protein family containing homologs 
of the major housekeeping sigma factor RpoD (σ70). Both 
RpoS and RpoD share structural homology. In the regula-
tion of acid tolerance, RpoD can partially replace the RpoS 
subunit in binding to the bacterial RNA polymerase core 
enzyme and interacting with the promoter region to initi-
ate transcription [68]. In the present study, the rpoD gene 
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was down-regulated by 2.39-fold when salinity changed 
from low to optimum, but was up-regulated by 2.10-fold 
when salinity changed from optimum to maximum. Conse-
quently, these genes function in the ABC transport system 
to adjust the osmotic pressure induced by salinity stress. 
ABC transporters act as members of a protein superfam-
ily that is present in all three domains of life. These pro-
teins transport a wide variety of substrates across extra- and 
intracellular membranes. Therefore, these transporters have 
various regulatory functions for salt tolerance, rather than 
simply acting as ion transporters.

Central carbon metabolism (CCM)

The term CCM describes the integration of transport path-
ways and oxidation of main carbon sources inside the 
cell. In most bacteria, the main CCM pathways are the 
phosphotransferase system, glycolysis, gluconeogenesis, 
glutaminolysis, pentose phosphate pathway, and tricar-
boxylic acid cycle with the glyoxylate bypass [41]. CCM 
plays an important role in salt-induced regulations in cells. 
First, CCM generates energy to maintain energy-demand-
ing osmoregulation, which includes ion transport, protein 
transport, redox balance, antioxidation, and other ATP-
dependent processes. Second, CCM provides intermedi-
ates to fatty acid biosynthesis, amino acid biosynthesis, and 
nucleotide biosynthesis. In our study, a large number of sig-
nificantly differentially expressed transcripts were related 
to CCM. For instance, the genes encoding 6-phosphofruc-
tokinase (pfk), 6-phospho-β-glucosidase (bglA), and puta-
tive trehalose 6-phosphate phosphorylase (TEH_00400) 
were significantly regulated under salt stress. Therefore, T. 
halophilus may change the direction of its main metabolic 
flow to enhance its osmotic adjustment capacity against 
salt-induced injury. In addition, some regulators of phos-
phate-associated genes were reported to be induced by salt 
stress. The accumulation of phosphate enhances tolerance 
to salt stress in Arabidopsis [35], and the phosphate trans-
port system is highly activated by NaCl in Deinococcus 
radiodurans [21].

Main regulatory mechanisms of T. halophilus in response 
to salinity stress

To investigate the main regulatory mechanisms of T. hal‑
ophilus in response to salinity stress, the significantly up-
regulated genes were analyzed (Tables 2, 3, with the cor-
responding GO and KEGG enrichment analyses in the 
supplementary materials). In the present study, comparative 
transcriptomic analysis of samples treated with 0- and 1-M 
NaCl indicated that the up-regulated genes in T. halophilus 
grown in optimum salinity conditions were mainly related 
to transcription and translation. These genes encoded 

ribosomal proteins and structural constituents of ribosomes 
or were involved in ribosome biogenesis, ribokinase activ-
ity, and tRNA-dihydrouridine synthesis. Other genes were 
related to the membrane system and cell division, such as 
glycerolipid metabolism or lipid A and fatty acid biosyn-
thesis. Therefore, the up-regulation of genes related to 
transcription, translation, membrane systems, and cell divi-
sion could provide necessary conditions for cell growth in 
1 M salinity. Simultaneously, comparative transcriptomic 
analysis of samples treated with 1 and 3.5 M NaCl sug-
gested that when T. halophilus was grown under maximum 
salinity, the up-regulated genes were mainly related to heat 
shock proteins (HSPs), such as the genes grpE, groES, 
clpE, hslV, hslU, hrcA, dnaK, and groEL, or related to the 
ABC transport system. HSPs have essential roles in pro-
tein synthesis, transport, folding, repair, and turnover; these 
proteins are often referred to as molecular chaperones. In 
prokaryotes, the major HSPs are encoded by Class I genes 
that are constitutively expressed at all temperatures. Class 
I genes encode two major chaperone proteins: the 70-kDa 
HrcA-GrpE-DnaK-DnaJ and 60-kDa GroEL-GroES. Fol-
lowing a temperature upshift, the expression of these genes 
abruptly accelerates and is negatively regulated by a repres-
sor encoded by hrcA [50]. The HrcA repressor exerts its 
function interacting with a cis-active inverted repeat called 
CIRCE [71]. The genes encoding the heat-inducible ATP-
dependent protease HslVU like hslV (also called clpQ) 
and hslU (also called clpX) belong to another class of heat 
shock genes; these genes are expressed from a vegeta-
tive promoter PA and do not contain the CICRE element 
[70]. The heat shock response is a general homeostatic 
mechanism that enables animal, plant, and bacterial cells 
to survive various stress conditions [36]. The induction 
of HSPs during salt stress has been confirmed in Lacto‑
coccus lactis [28], Bacillus subtilis [59], and other organ-
isms. Furthermore, several up-regulated genes were rare 
or lacked definitive evidence of induction by salt stress; 
examples are the acyl carrier protein‑encoding gene acpP, 
TEH_21670 and TEH_03650 (which both encode putative 
aldo-keto reductases), arginine deiminase-encoding gene 
arcA, TEH_14240 and TEH_24620 (which both encode 
aldehyde dehydrogenases), TEH_00400 (which encodes 
a putative trehalose 6-phosphate phosphorylase). Further 
study is necessary to determine how these genes affect the 
osmotic adjustment capacity of T. halophilus. In addition, 
a considerable proportion of the SDEGs identified in this 
study are novel. Among the 244 total SDEGs, 52 could 
not be mapped to any GO category. Many of these genes 
exhibited a substantial change in expression levels during 
the course of salt-stress treatment, including TEH_00960, 
TEH_01430, TEH_01460, TEH_01680, TEH_01970, and 
others. Meanwhile, we found that the gene without func-
tional information (i.e., putative and hypothetical genes) 
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occupied a large proportion among the SDEGs, namely, 
47.06 and 46.67 %, as shown in Tables 2 and 3, respec-
tively. These unmapped or uncertain transcripts are a cru-
cial resource that may determine specific responses to salt 
stress in T. halophilus.

Conclusions and outlook

To the best of our knowledge, this study is the first to report 
the Illumina sequencing of the T. halophilus transcriptome 
under stress acclimation. Approximately 4.51 Gb of clean 
data was generated. Based on deep sequencing of the three 
libraries in this study, ~1,900 genes were detected for each 

library. We used the FPKM to normalize the expression 
level of genes and identified genes with significant changes 
in their expression among the samples. BLAST analysis of 
all SDEGs in public databases (GO and KEGG) allowed us 
to obtain their functional annotations and classifications, 
from which we analyzed the regulatory mechanisms of T. 
halophilus in response to salt stress. The complexity of the 
regulation of salt tolerance involved in enormous biological 
processes was demonstrated by our data. We highlighted 
the link between the main gene functions and salt toler-
ance regulatory mechanisms. The large number of tran-
scriptomic sequences and their functional annotations will 
provide sufficient resources for future molecular studies 
of T. halophilus and other halophilic bacteria. Despite the 

Table 2  In the comparison 
of T1 and T2, significantly 
up-regulated genes of the T. 
halophilus under 1 M NaCl 
condition

Locus tag Gene name Fold change Product

TEH_19330 acpP 9.88 Acyl carrier protein

TEH_13130 9.79 Hypothetical protein

TEH_13420 8.88 Hypothetical protein

TEH_13550 8.05 Hypothetical protein

TEH_06940 rpmG 7.97 50S ribosomal protein L33

TEH_23120 7.62 Hypothetical protein

TEH_22340 rpmB 6.06 50S ribosomal protein L28

TEH_21620 5.54 Hypothetical protein

TEH_23660 4.82 Putative replication protein

TEH_02120 4.58 Hypothetical protein

TEH_05770 4.58 Hypothetical protein

TEH_11810 aroQ 4.54 Chorismate mutase

TEH_05840 dtpT 4.33 Putative di-/tripeptide transporter

TEH_25540 rpmH 4.29 50S ribosomal protein L34

TEH_04720 rbsK 4.24 Ribokinase

TEH_22290 acpP 4.13 Acyl carrier protein

TEH_05320 4.12 Putative nicotinamide mononucleotide

TEH_21010 3.91 Hypothetical protei

TEH_07920 3.78 Citrate transporter

TEH_03850 3.70 Hypothetical protein

TEH_13440 3.60 Hypothetical protein

TEH_04770 3.52 Hypothetical protein

TEH_19850 3.50 Hypothetical protei

TEH_01680 3.26 Hypothetical protein

TEH_08950 3.24 Hypothetical protein

TEH_25070 rpsI 3.21 30S ribosomal protein S9

TEH_13140 3.19 Hypothetical protein

TEH_13320 fabN 3.18 3-hydroxydecanoyl-[acyl-carrier-protein]dehydratase FabN

TEH_09900 rpmE2 3.16 50S ribosomal protein L31 type B

TEH_04900 3.14 Putative tRNA-dihydrouridine synthase

TEH_00950 3.12 Putative C56 family peptidase

TEH_01720 rplY 3.09 50S ribosomal protein L25

TEH_21590 3.04 Hypothetical protein

TEH_18600 opuAC 2.99 Glycine betaine ABC transporter glycine betaine-binding protein
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Table 3  In the comparison of T2 and T3, significantly up-regulated genes of the T. halophilus under 3.5 M NaCl condition

Locus tag Gene name Fold change Product

TEH_05170 17.32 Putative ABC transporter ATP-binding protein

TEH_24040 15.41 Hypothetical protein

TEH_24910 arcA 13.59 Arginine deiminase

TEH_05190 11.94 Putative ABC transporter permease protein

TEH_15540 glgB 11.80 1,4-Alpha-glucan branching enzyme

TEH_10930 bglA 9.33 6-Phospho-beta-glucosidase

TEH_23960 8.47 Uracil-DNA glycosylase family protein

TEH_24900 arcB 8.23 Ornithine carbamoyltransferase

TEH_11620 idh 7.96 Myo-inositol 2-dehydrogenase

TEH_25100 7.54 Peptidase A24 family protein

TEH_03650 7.40 Putative aldo-keto reductase

TEH_02660 gpo 6.57 Glutathione peroxidase

TEH_12990 grpE 6.22 GrpE protein

TEH_19130 6.11 Putative ABC transporter substrate-binding protein

TEH_14120 5.99 Hypothetical protein

TEH_17340 5.72 Hypothetical protein

TEH_15660 hslV 5.60 ATP-dependent protease HslV

TEH_14240 5.55 Aldehyde dehydrogenase

TEH_17310 5.29 Putative ABC transporter substrate-binding protein

TEH_05710 ilvE 5.17 Branched-chain amino acid aminotransferase

TEH_02650 5.13 Putative MarR family transcriptional regulator

TEH_02680 4.98 Hypothetical protein

TEH_15700 rnhB 4.92 Ribonuclease HII

TEH_21530 dtd 4.90 d-tyrosyl-tRNA(Tyr) deacylase

TEH_07280 4.79 Putative acetyltransferase

TEH_00400 4.55 Putative trehalose 6-phosphate phosphorylase

TEH_01360 4.55 Putative tetr family transcriptional regulator

TEH_02640 trxB 4.48 Thioredoxin reductase

TEH_12340 4.38 Putative ABC transporter substrate-binding protein

TEH_15690 dprA 4.37 DNA processing protein

TEH_00960 4.32 Hypothetical protein

TEH_06730 sbcC 4.27 Nuclease SbcCD subunit C

TEH_24620 4.23 Putative aldehyde dehydrogenase

TEH_14010 aroA 4.22 3-phosphoshikimate 1-carboxyvinyltransferase

TEH_05720 4.22 L-2-hydroxyisocaproate dehydrogenase

TEH_11240 groES 4.22 10 kDa chaperonin

TEH_13990 aroC 4.21 Chorismate synthase

TEH_02860 ntpI 4.17 V-type Na(+)-transporting ATPase subunit I

TEH_00950 4.03 Putative C56 family peptidase

TEH_22270 smc 4.03 Chromosome partition protein SMC

TEH_21670 4.00 Putative aldo-keto reductase

TEH_00390 pgmB 3.97 Beta-phosphoglucomutase/glucose-1-phosphate phosphodismutase phosphodismutase

TEH_24890 arcC 3.97 Carbamate kinase

TEH_14000 tyrA 3.96 Prephenate dehydrogenase

TEH_19520 clpE 3.93 ATP-dependent Clp protease ATP-binding subunit ClpE

TEH_15650 hslU 3.87 ATP-dependent Hsl protease ATP-binding subunit HslU

TEH_12980 hrcA 3.77 Heat-inducible transcriptional repressor HrcA

TEH_01430 3.66 Hypothetical protein
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existing findings, further efforts are still required to fully 
decipher the gene components and regulatory mechanisms 
of salt acclimation networks in T. halophilus. Various tran-
scriptome-wide studies suggested that different molecular 
mechanisms are involved in short-term and long-term salt 
acclimation. Our study focused on short-term salt acclima-
tion. Therefore, the regulatory mechanism of T. halophilus 
in response to long-term salt stress should be investigated. 
In addition, gene knockout or gene disruption mutants 
should be conducted to confirm the functions of candidate 
genes, and further investigate the regulatory mechanisms 
of salt tolerance in T. halophilus [21, 52]. Moreover, the 
development of systems biology will contribute to a more 
comprehensive and thorough understanding by performing 
an integrated study that couples quantitative iTRAQ-LC–
MS/MS proteomics [45], metabolomics [22, 25], lipidom-
ics, and RNA-seq transcriptomics [6, 51].

Acknowledgments Funding for the research presented in this paper 
was provided by the National Natural Science Foundation of China 
(Grant 31271924). We also thank RiboBio Co., Ltd (Guangzhou, 
China) for technical support.

Conflict of interest The authors declare no conflict of interest.

References

 1. Bearson S, Bearson B, Foster JW (1997) Acid stress responses in 
Enterobacteria. FEMS Microbiol Lett 147(2):173–180

 2. Benjamini Y, Hochberg Y (1995) Controlling the false discovery 
rate: a practical and powerful approach to multiple testing. J R 
Stat Soc B 57:289–300

 3. Cánovas D, Vargas C, Calderón MI, Ventosa A, Nieto JJ (1998) 
Characterization of the genes for the biosynthesis of the compat-
ible solute ectoine in the moderately halophilic bacterium Halo‑
monas elongata DSM 3043. Syst Appl Microbiol 21(4):487–497

 4. Cheung KJ, Badarinarayana V, Selinger DW, Janse D, Church 
GM (2003) A microarray-based antibiotic screen identifies a 

regulatory role for supercoiling in the osmotic stress response of 
Escherichia coli. Genome Res 13(2):206–215

 5. Collins MD, Williams AM, Wallbanks S (1990) The phylog-
eny of Aerococcus and Pediococcus as determined by 16S 
rRNA sequence analysis: description of Tetragenococcus 
gen. nov. FEMS Microbiol Lett 70(3):255–262. doi:10.1016/
S0378-1097(05)80004-7

 6. Cowart LA, Shotwell M, Worley ML, Richards AJ, Montefusco 
DJ, Hannun YA, Lu X (2010) Revealing a signaling role of phyto-
sphingosine-1-phosphate in yeast. Mol Syst Biol 6(1):1–9

 7. Da Costa M, Santos H, Galinski E (1998) An overview of the role 
and diversity of compatible solutes in Bacteria and Archaea. In: 
Th. Scheper (ed) Biotechnology of extremophiles. Springer, Ber-
lin, pp 117–153

 8. Delauney AJ, Verma DPS (1990) A soybean gene encoding Δ1-
pyrroline-5-carboxylate reductase was isolated by functional 
complementation in Escherichia coli and is found to be osmoreg-
ulated. Mol Gen Genet 221(3):299–305

 9. Febrer M, McLay K, Caccamo M, Twomey KB, Ryan RP (2011) 
Advances in bacterial transcriptome and transposon insertion-site 
profiling using second-generation sequencing. Trends Biotechnol 
29(11):586–594

 10. Ferragina P, Manzini G (2001) An experimental study of a com-
pressed index. Inform Sci 135(1):13–28

 11. Filiatrault MJ (2011) Progress in prokaryotic transcriptomics. 
Curr Opin Microbiol 14(5):579–586

 12. Foster JW (2001) Acid stress responses of Salmonella and E. 
coli: survival mechanisms, regulation, and implications for patho-
genesis. J Microbiol 39(2):89–94

 13. Foster JW (2004) Escherichia coli acid resistance: tales of an 
amateur acidophile. Nat Rev Microbiol 2(11):898–907

 14. Foster JW, Hall HK (1992) Effect of Salmonella typhimurium 
ferric uptake regulator (fur) mutations on iron- and pH-regulated 
protein synthesis. J Bacteriol 174(13):4317–4323

 15. Fujita Y, Matsuoka H, Hirooka K (2007) Regulation of fatty acid 
metabolism in bacteria. Mol Microbiol 66(4):829–839

 16. Galinski EA, Trüper HG (1994) Microbial behaviour in salt-
stressed ecosystems. FEMS Microbiol Rev 15(2):95–108

 17. Geisler M, Frangne N, Gomès E, Martinoia E, Palmgren MG 
(2000) The ACA4 gene of Arabidopsis encodes a vacuolar mem-
brane calcium pump that improves salt tolerance in yeast. Plant 
Physiol 124(4):1814–1827

 18. Gunde-Cimerman N, Oren A, Plemenitaš A (2006) Adaptation to 
life at high salt concentrations in Archaea, Bacteria, and Eukarya, 
vol 9. Springer, Berlin

Table 3  continued

Locus tag Gene name Fold change Product

TEH_01460 3.64 Hypothetical protein

TEH_13000 dnaK 3.63 Chaperone protein DnaK

TEH_15940 3.55 Putative ABC transporter ATP-binding protein

TEH_23970 3.54 Hypothetical protein

TEH_14250 3.53 Hypothetical protein

TEH_06870 3.47 Putative RNA methyltransferase

TEH_22760 rplV 3.34 50S ribosomal protein L22

TEH_16440 dinG 3.23 Putative ATP-dependent DNA helicase DinG

TEH_00100 3.19 Hypothetical protein

TEH_05920 3.07 Hypothetical protein

TEH_25110 2.95 Hypothetical protein

TEH_11250 groEL 2.83 60 kDa chaperonin

http://dx.doi.org/10.1016/S0378-1097(05)80004-7
http://dx.doi.org/10.1016/S0378-1097(05)80004-7


615J Ind Microbiol Biotechnol (2015) 42:601–616 

1 3

 19. Hall HK, Foster JW (1996) The role of fur in the acid toler-
ance response of Salmonella typhimurium is physiologically and 
genetically separable from its role in iron acquisition. J Bacteriol 
178(19):5683–5691

 20. Holmström KO, Somersalo S, Mandal A, Palva TE, Welin B 
(2000) Improved tolerance to salinity and low temperature 
in transgenic tobacco producing glycine betaine. J Exp Bot 
51(343):177–185

 21. Im S, Joe M, Kim D, Park D-H, Lim S (2013) Transcriptome 
analysis of salt-stressed Deinococcus radiodurans and characteri-
zation of salt-sensitive mutants. Res Microbiol 164(9):923–932

 22. Janz D, Behnke K, Schnitzler J-P, Kanawati B, Schmitt-Kopp-
lin P, Polle A (2010) Pathway analysis of the transcriptome and 
metabolome of salt sensitive and tolerant poplar species reveals 
evolutionary adaption of stress tolerance mechanisms. BMC 
Plant Biol 10(1):150

 23. Jia Y, Sun L, He F, Wan L, Yuan Q, Li X (2008) Analysis of 
effects of salt stress on absorption and accumulation of mineral 
elements in Elymus spp using atomic absorption spectrophotom-
eter. Spectrosc Spect Anal 28(12):2984–2988

 24. Jianhong LZHQX, Shunpeng ZGL (2003) Construction of 
genetic engineering microogranism of salt tolerant degrading 
strain [J]. Acta Microbiol Sin 5:002

 25. Jozefczuk S, Klie S, Catchpole G, Szymanski J, Cuadros‐Inos-
troza A, Steinhauser D, Selbig J, Willmitzer L (2010) Metabo-
lomic and transcriptomic stress response of Escherichia coli. Mol 
Syst Biol 6(1):1–16

 26. Justé A, Lievens B, Frans I, Marsh TL, Klingeberg M, Michiels 
CW, Willems KA (2008) Genetic and physiological diversity of 
Tetragenococcus halophilus strains isolated from sugar- and salt-
rich environments. Microbiology+ 154(9):2600–2610

 27. Kempf B, Bremer E (1998) Uptake and synthesis of compatible 
solutes as microbial stress responses to high-osmolality environ-
ments. Arch Microbiol 170(5):319–330

 28. Kilstrup M, Jacobsen S, Hammer K, Vogensen FK (1997) 
Induction of heat shock proteins DnaK, GroEL, and GroES 
by salt stress in Lactococcus lactis. Appl Environ Microbiol 
63(5):1826–1837

 29. Leesong M, Henderson BS, Gillig JR, Schwab JM, Smith JL 
(1996) Structure of a dehydratase–isomerase from the bacterial 
pathway for biosynthesis of unsaturated fatty acids: two catalytic 
activities in one active site. Structure 4(3):253–264

 30. Li-xin L, Li L, Li P, Zhen-yu Q, Bin W (2006) The isolation and 
identification of Tetragenococcus halophilus in Chinese type soy 
sauce marsh. J South China Univ Technol (Natural Science Edi-
tion) 34(12):20–24

 31. Livak KJ, Schmittgen TD (2001) Analysis of relative gene 
expression data using real-time quantitative PCR and the 2−ΔΔCT 
method. Methods 25(4):402–408

 32. Mahajan S, Tuteja N (2005) Cold, salinity and drought stresses: 
an overview. Arch Biochem Biophys 444(2):139–158

 33. Mata JA, Martínez-Cánovas J, Quesada E, Béjar V (2002) A 
detailed phenotypic characterisation of the type strains of Halo‑
monas species. Syst Appl Microbiol 25(3):360–375

 34. Measures JC (1975) Role of amino acids in osmoregulation of 
non-halophilic bacteria. Nature 257:398–400

 35. Miura K, Sato A, Ohta M, Furukawa J (2011) Increased tolerance 
to salt stress in the phosphate-accumulating Arabidopsis mutants 
siz1 and pho2. Planta 234(6):1191–1199

 36. Morimoto RI, Tissières A, Georgopoulos C (1994) The biology 
of heat shock proteins and molecular chaperones. Cold Spring 
Harbor Laboratory Press, New York

 37. Munns R (2002) Comparative physiology of salt and water stress. 
Plant Cell Environ 25(2):239–250

 38. Murillo-Amador B, Córdoba-Matson MV, Villegas-Espinoza JA, 
Hernández-Montiel LG, Troyo-Diéguez E, García-Hernández JL 

(2014) Mineral content and biochemical variables of Aloe vera L. 
under salt stress. PLoS One 9(4):e94870

 39. Oren A, Mana L (2002) Amino acid composition of bulk protein 
and salt relationships of selected enzymes of Salinibacter ruber, 
an extremely halophilic bacterium. Extremophiles 6(3):217–223

 40. Padan E, Venturi M, Gerchman Y, Dover N (2001) Na (+)/H (+) 
antiporters. BBA-Bioenergetics 1505(1):144–157

 41. Papagianni M (2012) Recent advances in engineering the central 
carbon metabolism of industrially important bacteria. Microb 
Cell Fact 11(1):50

 42. Parente AM, Silva MT (1984) Ultrastructural aspects of autoly-
sis of Pseudomonas fluorescens induced by osmotic shock. J Gen 
Microbiol 130(6):1459–1470

 43. Perroud B, Le Rudulier D (1985) Glycine betaine trans-
port in Escherichia coli: osmotic modulation. J Bacteriol 
161(1):393–401

 44. Prakash S, Cooper G, Singhi S, Saier MH Jr (2003) The ion 
transporter superfamily. BBA-Biomembranes 1618(1):79–92

 45. Qiao J, Huang S, Te R, Wang J, Chen L, Zhang W (2013) Integrated 
proteomic and transcriptomic analysis reveals novel genes and regu-
latory mechanisms involved in salt stress responses in Synechocystis 
sp. PCC 6803. Appl Microbiol Biotechnol 97(18):8253–8264

 46. Robert H, Le Marrec C, Blanco C, Jebbar M (2000) Gly-
cine betaine, carnitine, and choline enhance salinity tolerance 
and prevent the accumulation of sodium to a level inhibiting 
growth of Tetragenococcus halophila. Appl Environ Microbiol 
66(2):509–517

 47. Roling W, Van Verseveld H (1996) Characterization of Tetrageno‑
coccus halophila populations in Indonesian soy mash (kecap) fer-
mentation. Appl Environ Microbiol 62(4):1203–1207

 48. Sánchez-Porro C, Martin S, Mellado E, Ventosa A (2003) Diver-
sity of moderately halophilic bacteria producing extracellular 
hydrolytic enzymes. J Appl Microbiol 94(2):295–300

 49. Sakamoto A, Murata N (2002) The role of glycine betaine in the 
protection of plants from stress: clues from transgenic plants. 
Plant Cell Environ 25(2):163–171

 50. Schulz A, Schumann W (1996) hrcA, the first gene of the Bacillus 
subtilis dnaK operon encodes a negative regulator of class I heat 
shock genes. J Bacteriol 178(4):1088–1093

 51. Shibata N, Carlin AF, Spann NJ, Saijo K, Morello CS, McDon-
ald JG, Romanoski CE, Maurya MR, Kaikkonen MU, Lam MT 
(2013) 25-Hydroxycholesterol activates the integrated stress 
response to reprogram transcription and translation in mac-
rophages. J Biol Chem 288(50):35812–35823

 52. Solheim M, La Rosa SL, Mathisen T, Snipen LG, Nes IF, Brede 
DA (2014) Transcriptomic and functional analysis of NaCl-
induced stress in Enterococcus faecalis. PLoS One 9(4):e94571

 53. Sorek R, Cossart P (2009) Prokaryotic transcriptomics: a new 
view on regulation, physiology and pathogenicity. Nat Rev Genet 
11(1):9–16

 54. Sugimoto S, Saruwatari K, Higashi C, Tsuruno K, Matsumoto 
S, Nakayama J, Sonomoto K (2008) In vivo and in vitro com-
plementation study comparing the function of DnaK chaperone 
systems from halophilic lactic acid bacterium Tetragenococcus 
halophilus and Escherichia coli. Biosci Biotechnol Biochem 
72(3):811–822

 55. Sugimoto S, Yoshida H, Mizunoe Y, Tsuruno K, Nakayama J, 
Sonomoto K (2006) Structural and functional conversion of 
molecular chaperone ClpB from the gram-positive halophilic lac-
tic acid bacterium Tetragenococcus halophilus mediated by ATP 
and stress. J Bacteriol 188(23):8070–8078

 56. Tempest D, Meers J, Brown C (1970) Influence of environment 
on the content and composition of microbial free amino acid 
pools. J Gen Microbiol 64(2):171–185

 57. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, 
Pimentel H, Salzberg SL, Rinn JL, Pachter L (2012) Differential 



616 J Ind Microbiol Biotechnol (2015) 42:601–616

1 3

gene and transcript expression analysis of RNA-seq experiments 
with TopHat and Cufflinks. Nat Protoc 7(3):562–578

 58. Uraji M, Arima J, Uesugi Y, Iwabuchi M, Hatanaka T (2007) 
Effect of salt on the activity of Streptomyces prolyl aminopepti-
dase. BBA-Proteins Proteom 1774(11):1462–1469

 59. Völker U, Mach H, Schmid R, Hecker M (1992) Stress proteins 
and cross-protection by heat shock and salt stress in Bacillus sub‑
tilis. J Gen Appl Microbiol 138(10):2125–2135

 60. Van Der Heide T, Poolman B (2000) Glycine betaine transport in 
Lactococcus lactis is osmotically regulated at the level of expres-
sion and translocation activity. J Bacteriol 182(1):203–206

 61. Ventosa A, Oren A, Ma Y (2011) Halophiles and hypersaline 
environments. Springer, Berlin

 62. Verbruggen N, Villarroel R, Van Montagu M (1993) Osmoregula-
tion of a pyrroline-5-carboxylate reductase gene in Arabidopsis 
thaliana. Plant Physiol 103(3):771–781

 63. Vreeland R, Anderson R, Murray R (1984) Cell wall and phos-
pholipid composition and their contribution to the salt tolerance 
of Halomonas elongata. J Bacteriol 160(3):879–883

 64. Wang K, Li M, Hakonarson H (2010) ANNOVAR: functional 
annotation of genetic variants from high-throughput sequencing 
data. Nucleic Acids Res 38(16):e164–e164

 65. Wang Y-Y, Zhang C-X, Guo J-B, Yang J-L, Lian J, Kang L, Wang 
X-L, Yan Q-Q (2010) Characteristic study on azo dyes degrada-
tion by salt-tolerant genetically engineered bacteria. J Hebei Univ 
Sci Technol 5:026

 66. Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary 
tool for transcriptomics. Nat Rev Genet 10(1):57–63

 67. Wood JM, Bremer E, Csonka LN, Kraemer R, Poolman B, van 
der Heide T, Smith LT (2001) Osmosensing and osmoregula-
tory compatible solute accumulation by bacteria. Comp Biochem 
Phys A 130(3):437–460

 68. Yan B, Núñez C, Ueki T, Esteve-Núñez A, Puljic M, Adkins RM, 
Methé BA, Lovley DR, Krushkal J (2006) Computational predic-
tion of RpoS and RpoD regulatory sites in Geobacter sulfurre‑
ducens using sequence and gene expression information. Gene 
384:73–95

 69. Yang C, Shi D, Wang D (2008) Comparative effects of salt and 
alkali stresses on growth, osmotic adjustment and ionic balance 
of an alkali-resistant halophyte Suaeda glauca (Bge.). Plant 
Growth Regul 56(2):179–190

 70. Yura T, Nakahigashi K (1999) Regulation of the heat-shock 
response. Curr Opin Microbiol 2(2):153–158

 71. Zuber U, Schumann W (1994) CIRCE, a novel heat shock ele-
ment involved in regulation of heat shock operon dnaK of Bacil‑
lus subtilis. J Bacteriol 176(5):1359–1363


	Comparative transcriptomic analysis reveals novel genes and regulatory mechanisms of Tetragenococcus halophilus in response to salt stress
	Abstract 
	Introduction
	Materials and methods
	Strain and salt treatment
	RNA isolation
	cDNA library construction and sequencing
	RNA-seq: data analysis
	Quality control
	Reads mapping and gene annotation
	Quantification of gene expression level
	Gene ontology (GO) and KEGG enrichment analyses of differentially expressed genes
	Validation of RNA-seq data by q-PCR


	Results
	Overview of RNA-seq results
	Gene expression profile analysis
	Experimental validation by q-PCR
	GO term and KEGG pathway enrichment analyses of SDEGs
	Cellular component category
	Biological process category
	Molecular function category
	KEGG pathway enrichment analyses

	Discussion
	Cell wall and membrane systems
	Intercellular osmoprotectants
	ABC transport system
	Central carbon metabolism (CCM)
	Main regulatory mechanisms of T. halophilus in response to salinity stress

	Conclusions and outlook
	Acknowledgments 
	References


