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A B S T R A C T   

Vibrio parahaemolyticus is widely distributed in marine ecosystems. Magnesium ion (Mg2+) is the second most 
abundant metal cation in seawater, and plays important roles in the growth and gene expression of V. para-
haemolyticus, but lacks the detailed mechanisms. In this study, the RNA sequencing data demonstrated that a 
total of 1494 genes was significantly regulated by Mg2+. The majority of the genes associated with lateral 
flagella, exopolysaccharide, type III secretion system 2, type VI secretion system (T6SS) 1, T6SS2, and ther-
mostable direct hemolysin were downregulated. A total of 18 genes that may be involved in c-di-GMP meta-
bolism and more than 80 genes encoding putative regulators were also significantly and differentially expressed 
in response to Mg2+, indicating that the adaptation process to Mg2+ stress may be strictly regulated by complex 
regulatory networks. In addition, Mg2+ promoted the proliferative speed, swimming motility and cell adhesion of 
V. parahaemolyticus, but inhibited the swarming motility, biofilm formation, and c-di-GMP production. However, 
Mg2+ had no effect on the production of capsular polysaccharide and cytoxicity against HeLa cells. Therefore, 
Mg2+ had a comprehensive impact on the physiology and gene expression of V. parahaemolyticus.   

1. Introduction 

Vibrio parahaemolyticus, a seafood borne pathogen, commonly causes 
acute gastroenteritis in human [1]. Pathogenicity of V. parahaemolyticus 
is correlated with thermostable direct hemolysin (TDH) and/or 
TDH-related hemolysin (TRH), both of which possess hemolytic activity, 
but only TDH induces β-type hemolysis on Wagatsuma agar, termed as 
Kanagawa phenomenon (KP) [2]. However, TDH and TRH are not the 
only virulence factors of V. parahaemolyticus. Other factors such as type 
III secretion system (T3SS), type VI secretion system (T6SS), capsular 
polysaccharide (CPS) and extracellular proteases are also involved in the 
pathogenesis of V. parahaemolyticus [3,4]. Pathogenic 
V. parahaemolyticus isolates harbor two sets of genes for T3SS on chro-
mosomes, termed as T3SS1 and T3SS2, respectively [5]. T3SS1 has 
cytotoxicity and lethal activity, while T3SS2 mainly possesses enter-
otoxicity [6]. V. parahaemolyticus also possesses two kinds of T6SS gene 

clusters, T6SS1 and T6SS2, respectively [7]. T6SS1 has anti-bacterial 
activity, whereas T6SS2 can help bacteria adhere to host cells [7,8]. 

V. parahaemolyticus is capable of accumulating on the surface and 
seafood to form biofilms, which are extracellular polymeric substance 
matrix-enclosed bacterial communities that endow bacteria with high 
resistance to adverse conditions [9]. Biofilm formation by 
V. parahaemolyticus depends upon some specific structures including 
flagella, type IV pili and exopolysaccharide (EPS) and is strictly regu-
lated by regulatory networks consist of regulators, quorum sensing (QS) 
and cycle di-GMP (c-di-GMP) signaling [10]. Flagella promote bacteria 
to move toward and along the surface, and thus are required for the 
initial stages of biofilm formation [10]. V. parahaemolyticus has a single 
polar flagellum for swimming in liquid and multiple lateral flagella for 
swarming over surfaces [11]. Loss of polar flagellum prevents 
V. parahaemolyticus to form mature biofilms [12]. Type VI pili promote 
the interactions between bacterial cells and the surface, and thus are 
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required for biofilm formation [10]. Two kinds of type IV pili, termed as 
mannose-sensitive haemagglutinin (MSHA) and chitin-regulated pili 
(ChiRP), are produced by V. parahaemolyticus [13]. MSHA is beneficial 
for bacteria to adhere to the surface, while ChiRP can promote bacterial 
agglutination [14]. EPS is a major fraction of the biofilm matrix [15]. In 
V. parahaemolyticus, the cpsA-K and scvA-O gene clusters are involved in 
the biosynthesis of EPS [16]. Loss of cps or scv genes decreased the 
amount of biofilms formed by V. parahaemolyticus [16]. 

The second messenger c-di-GMP is widely used by bacteria to control 
bacterial behaviors including motility, biofilm formation, and virulence 
[17]. Elevated c-di-GMP level enhances biofilm formation, but decreases 
bacterial motility and virulence factor production [17]. c-di-GMP is 
made from GTP by the GGDEF domain of diguanylate cyclase (DGC) and 
degraded by the EAL or HD-GYP domain of phosphodiesterase (PDE) 
[17]. Previously, a total of 62 genes were predicted to be involved in the 
metabolism of c-di-GMP in V. parahaemolyticus [18]. Of these, scrC and 
scrG encode GGDEF-EAL-domain containing proteins, which function as 
PDEs to degrade c-di-GMP [19,20]. In addition, scrO, gefA, scrJ and scrL 
encode GGDEF-domain containing proteins, while lafV, tpdA and vopY 
encode EAL-domain containing proteins, and these genes are all 
involved in controlling motility and/or biofilm formation [21–25]. 

V. parahaemolyticus is a Gram-negative halophilic bacterium that 
widely distributed in marine ecosystems and can thrive in sodium 
chloride concentrations between 0.5 and 10%. The average content of 
Na+ in seawater is about 450 mM, making it the most abundant metal 
cation [26]. The second most abundant metal cation is magnesium ion 
(Mg2+), which can reach an average of approximately 53 mM [26]. 
Mg2+ has a wide range of impact on marine microorganisms. For 
example, Mg2+ supports the growth of V. alginolyticus at concentrations 
between 0.3 and 2.1%, and the swarming motility at temperatures be-
tween 20 and 28 ◦C [27]. In addition, Mg2+ promotes migration of 
V. fischeri by enhancing flagellation and decreasing c-di-GMP production 
[28–30]. Moreover, Mg2+ has a marked beneficial effect on the recovery 
of heat-injured V. parahaemolyticus that increases uptake of Mg2+ for 
stability and repair [31,32]. Mg2+ promotes the secretion of proteins 
including T3SS1 effectors in V. parahaemolyticus [33,34]. Mg2+ only can 
also promote the expression level of GbpA, an important colonization 
factor of V. parahaemolyticus [35]. Therefore, Mg2+ plays an important 
role in the growth and gene expression of V. parahaemolyticus. However, 
the detailed roles of Mg2+ in gene expression and bacterial behaviors are 
still unknown in V. parahaemolyticus. In this work, we aimed to analyze 
the effects of Mg2+ on the motility, biofilm formation, virulence, and 
gene expression of V. parahaemolyticus. 

2. Materials and methods 

2.1. Bacterial strain and growth conditions 

V. parahaemolyticus RIMD2210633 was used throughout the work 
[13]. Unless stated otherwise, V. parahaemolyticus was grown in 2.5% 
(w/v) Bacto heart infusion (HI) broth (BD Biosciences, USA) at 37 ◦C 
with aeration. An overnight cell culture was diluted 50-fold into 5 ml HI 
broth and then cultured at 37 ◦C to OD600 = 1.4 (defined here as bac-
terial seed). The bacterial seed was diluted 1000-fold into 5 ml HI broth 
supplemented with various concentrations of MgCl2 (0, 3.5, 35 and 55 
mM) for the further growth. 

2.2. Assessment of the impact of Mg2+ on growth 

The bacterial seed was diluted 1000-fold into 10 ml HI broth con-
taining 0, 3.5, 35 or 55 mM MgCl2 in a bacteria-free plastic centrifuge 
tube, mixed thoroughly, and then divided into a 96 well cell culture 
plate. Each well contained 200 μl of bacterial suspension. Twelve bio-
logical replicates were set for each concentration. Growth curves were 
created using a microbial growth curve analyzer MGC-200 (Ningbo 
Scientz Biotechnology Co. Ltd., China) by monitoring the OD600 values 

of each culture at 20 min intervals. Target temperature and oscillation 
frequency were 37 ◦C and 800, respectively. 

2.3. RNA extraction and RNA sequencing (RNA-seq) 

The bacterial seed was diluted 1:1000 into 5 ml HI broth or HI broth 
supplemented with 55 mM MgCl2, and then incubated at 37 ◦C with 
aeration to an OD600 value of 1.5. Bacterial cells were harvested for the 
preparation of total RNA using TRIzol Reagent (Invitrogen, USA). RNA 
concentration was determined by a Nanodrop 2000. RNA integrity was 
evaluated by agarose gel electrophoresis. The rRNA removal and mRNA 
enrichment were performed using an Illumina/Ribo-Zero™ rRNA 
Removal Kit (bacteria) (Illumina, USA). RNA-related manipulations 
including total RNA concentration were performed in Sangon Biotech 
(Shanghai, China). 

cDNA sequencing was performed on an Illumina Hiseq platform 
[36]. Raw reads filtration and clean reads alignment were performed as 
previously described [37]. Gene expression in bacterial cells grown in HI 
broth supplemented with 55 mM MgCl2 (test group) were compared 
with that in bacterial cells grown in HI broth (reference group). DESeq 
(v1.12.4) was applied to identify the significantly differentially 
expressed genes (DEGs) [38], which were filtered as those with pValue 
≤0.01 and absolute FoldChange ≥2. DEGs were also analyzed by the 
Gene Ontology (GO) enrichment, the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment and the Cluster of Orthologous 
Groups of proteins (COG) database [39–41]. 

2.4. Quantitative real-time PCR (qPCR) 

V. parahaemolyticus RIMD2210633 was grown in HI broth or HI 
broth supplemented with 55 mM MgCl2 at 37 ◦C with aeration to an 
OD600 value of 1.5. Bacterial cells were harvested for the extraction of 
total RNA. cDNA was generated from 0.8 μg of total RNA using a 
FastKing First Strand cDNA Synthesis Kit (Tiangen Biotech, China). The 
qPCR assay was performed using a LightCycler 480 (Roche, Switzerland) 
together with SYBR Green master mix (Tiangen Biotech, China). Rela-
tive mRNA level of each target gene was detected by using the classic 
2− ΔΔCt method with 16S rRNA gene as the internal control [42]. Primers 
used in this study are listed in Table S1. 

2.5. Crystal violet (CV) staining assay 

CV staining assay was performed similarly as previously described 
[43–47]. Briefly, the bacterial seed was diluted 50-fold into 2 ml HI 
broth or HI broth supplemented with 55 mM Mg2+ in a 24-well cell 
culture plate, and then incubated at 30 ◦C with shaking at 150 rpm for 
12 h. Planktonic cells were collected for detection of OD600 values. 
Attached biofilms were washed with deionized water, and then stained 
with 0.1% CV. Bound CV was dissolved with 2.5 ml of 20% acetic acid, 
followed by determination of OD570 values. Relative biofilm was 
expressed as OD570/OD600. 

2.6. Colony morphology assay 

Colony morphology assay was performed similarly as previously 
described [44]. Briefly, 2 μl of bacterial seed was taken to spot on an HI 
plate or HI plate supplemented with 55 mM Mg2+, and then statically 
incubated at 37 ◦C for 24 h. 

2.7. Quantification of intracellular c-di-GMP level 

Intracellular c-di-GMP level was similarly quantified as previously 
described [44,48]. Briefly, the bacterial seed was diluted 1000-fold into 
5 ml HI broth supplemented with 0 and 55 mM MgCl2, respectively, and 
then incubated at 37 ◦C with aeration to an OD600 value of 1.5. Bacterial 
cells were harvested from 1 ml bacterial culture and then resuspended in 
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2 ml ice-cold phosphate buffered saline (PBS). The bacterial suspension 
was incubated at 100 ◦C for 5 min, sonicated for 15 min (power 100%, 
frequency 37 kHz) in the ice-water bath condition, and then centrifuged 
at 12000 rpm and 4 ◦C for 5 min. Total proteins and c-di-GMP levels in 
the supernatant were determined using a Pierce BCA Protein Assay kit 
(ThermoFisher Scientific, USA) and c-di-GMP Enzyme-linked Immuno-
sorbent Assay (ELISA) Kit (Mskbio, China), respectively. The intracel-
lular c-di-GMP concentration was expressed as pmol/g protein. 

2.8. Motility assays 

The swimming and swarming motility assays were similarly per-
formed as previously described [49,50]. Briefly, 2 μl of the bacterial seed 
were inoculated into a semi-solid HI plate containing 0.5% (w/v) Difco 
Noble agar (BD Biosciences, USA) for swimming motility or spotted on a 
HI plate containing 2.0% (w/v) Difco noble agar for swarming motility. 
The HI plate was supplemented with 0 or 55 mM MgCl2. The diameters 
of swimming and swarming areas were measured after incubation at 
37 ◦C. 

2.9. Detection of CPS phase variation 

CPS phase variation was similarly detected as previously described 
[44]. Briefly, a small portion of bacterial seeds was streaked onto a HI 
plate or HI plate supplemented with 55 mM MgCl2, followed by incu-
bated at 37 ◦C for 24 h. 

2.10. Cytotoxicity against HeLa cells 

Cytotoxicity against HeLa cells was performed similarly as previ-
ously described [51]. Briefly, the bacterial seed was diluted 1000-fold 
into 5 ml HI broth supplemented with 0 and 55 mM MgCl2, respec-
tively, and then incubated at 37 ◦C with aeration to an OD600 value of 
1.5. Bacterial cells were harvested by centrifuge, washed three times 
with PBS, and then serially diluted with the pre-warmed Dulbecco’s 
modified Eagle’s medium (DMEM) lacking phenol red for colony 
forming unit (CFU) detection and infection. HeLa cells were infected 
with 106 CFU of V. parahaemolyticus for 3 h at a multiplicity of infection 
(MOI) of 2.5. The release of lactate dehydrogenase (LDH) was measured 
by using a CytoTox 96® Non-Radioactive Cytotoxicity Assay kit 
(Promega, USA). 

2.11. Adhesion to HeLa cells 

Adhesion assay was performed similarly as previously described 
[44]. Briefly, HeLa cell monolayers were maintained in DMEM supple-
mented with 10% fetal bovine serum (FBS, Invitrogen) at 37 ◦C with 5% 
CO2. The bacterial seed was diluted 1000-fold into 5 ml HI broth sup-
plemented with 0 and 55 mM MgCl2, respectively, and incubated at 
37 ◦C with aeration to an OD600 value of 1.5. Bacterial cells were 
collected, washed, re-suspended in DMEM, and then used to infect the 
cell monolayers at a MOI of 10. Bacterial cells were also added to empty 
wells to determine the input CFU of V. parahaemolyticus. After incuba-
tion for 90 min, the cell monolayers were washed three times with PBS 
and lysed with 1% Triton X-100. The lysates and input bacteria were 
serially diluted 10-fold and counted on LB plates. Percent adherence was 
calculated as adhered CFU/input CFU. 

2.12. KP test 

KP test was performed similarly as previously described [52]. Briefly, 
5 μl of bacterial seed were inoculated onto Wagatsuma agar (CHRO-
Magar, China) containing 5% rabbit red blood cells (RBCs) or 5% RBCs 
together with 55 mM MgCl2. The diameters of the β-hemolysin zone 
were measured after incubation at 25 ◦C for 24 h. 

2.13. Experimental replicates and statistical methods 

Each experiment except for RNA-seq was performed at least two 
independent times with at least three biological replicates in each time. 
The numeral results were expressed as the mean ± standard deviation 
(SD). Paired Student’s t-tests or two-way ANOVA with Tukey’s post hoc 
corrections for multiple comparisons was applied to calculate statistical 
significance, with a P value less than 0.05 considered significant. 

3. Results and discussion 

3.1. Mg2+ enhanced the proliferative speed of V. parahaemolyticus 

V. parahaemolyticus can survive in 300 mM Mg2+, a condition which 
is toxic to many other microorganisms [33]. However, the effects of low 
levels of Mg2+on the growth of V. parahaemolyticus have not been 
investigated previously. In this work, the growth curves of 
V. parahaemolyticus in HI broth supplemented with 0, 3.5, 35 and 55 mM 
MgCl2 were measured, respectively, to assess whether Mg2+ has some 
effects on the bacterial growth. As shown in Fig. 1, the addition of Mg2+

significantly increased the proliferative speed of V. parahaemolyticus in 
HI broth (P < 0.05). The higher the molar concentration of Mg2+ was, 
the faster the proliferative speed was. In addition, Mg2+ was also able to 
shorten the growth adaptation period of V. parahaemolyticus. However, 
it must be noticed that the data for the growth analysis was based the 
measurement of OD600 values, which may not accurately reflect the 
alive cell count. A previous study showed that Mg2+ was able to main-
tain the stability and repair of membrane and/or ribosome of 
V. parahaemolyticus [32]. Therefore, we might conclusion that Mg2+

could promote the proliferative speed of V. parahaemolyticus. Due to the 
average Mg2+ content in seawater being about 53 mM [26], bacteria 
were cultured under growth conditions of 0 and 55 mM Mg2+, and 
harvested at mid-log phase (OD600 equals to approximately 1.5 when 
grown in a test tube) for the following experiments. 

3.2. Mg2+ affected global gene expression of V. parahaemolyticus 

The gene expression profile of V. parahaemolyticus grown in HI broth 
supplemented with 55 mM Mg2+ (test) was compared with that grown in 
HI broth (reference) by RNA-seq to investigate the expression of genes 
affected by Mg2+. The raw data of RNA-seq were deposited in the online 

Fig. 1. Growth curves of V. parahaemolyticus. V. parahaemolyticus 
RIMD2210633 was cultured with HI broth supplemented with different molar 
concentrations of MgCl2 in a 96 well cell culture plate, and then grown at 37 ◦C 
with shaking at 800 rpm in a microbial growth curve analyzer MGC-200. The 
growth curves were created by monitoring the OD600 values of each culture at 
20 min intervals. Experiments were performed at least two times with twelve 
replicates per trial for each condition. *, P < 0.05. 
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database Sequence Read Archive (accession number: PRJNA1035152). 
There are 1494 genes in total that were significantly and differentially 
expressed in response to Mg2+ (Fig. 2a), accounting for more than 30.9% 
of total genes of V. parahaemolyticus RIMD 2210633 [13]. Of these, 868 
genes were up-regulated and 626 genes were down-regulated (Fig. 2a). 
The KEGG enrichment results showed that 23 DEGs were involved in 
organismal systems, 454 DEGs in metabolism, 70 DEGs in genetic in-
formation processing, 160 DEGs in environmental information pro-
cessing, and 89 DEGs in cellular processes (Fig. 2b). The GO term results 
showed that a total of 395 DEGs were enriched in biological process 
(206 DEGs), molecular function (84 DEGs) and cellular component (105 
DEGs) (Fig. 2c). The results of COG enrichment showed that DEGs were 
divided into 20 functional categories, mainly including function un-
known, general function prediction only, amino acid transport and 
metabolism, transcription, and signal transduction mechanisms 
(Fig. 2d). The detailed information about DEGs is listed in Table S2. 

3.3. Validation of RNA-seq results by qPCR 

qPCR was employed to validate the results of RNA-seq. A total of 26 
genes were selected as the target genes (Table 1). As shown in Fig. 3, the 
expression trends of all the target genes confirmed by qPCR were 

consistent with those clarified by RNA-seq, suggesting that the RNA-seq 
results were reliable. 

3.4. DEGs involved in motility 

There are approximately 50 polar and 40 lateral flagellar genes in 
V. parahaemolyticus chromosomes 1 and 2, respectively [11]. The tran-
scriptomic data in this work showed that transcription of 19 polar 
flagellar genes was differentially regulated by the additional Mg2+, 
including 13 upregulated and 6 downregulated genes (Table 1). In 
addition, 20 lateral flagellar genes were also significantly and differen-
tially expressed in response to Mg2+, but only two of them (VPA1540 
and VPA1546) were upregulated, while the others were downregulated 
(Table 1). The swimming and swarming motility were further investi-
gated to detect whether Mg2+-dependent differential expression of 
flagellar genes affect the motor capacities of V. parahaemolyticus. As 
shown in Fig. 4, addition of Mg2+ significantly increased the swimming 
motility but decreased the swarming motility of V. parahaemolyticus 
compared with the conditions without additional Mg2+ at all time points 
tested except for the first hour’s growth (P < 0.05). Although expressing 
trends of flagellar genes not fully matched with motility-related phe-
notypes, the data presented here indicated that Mg2+ promoted 

Fig. 2. Mg2þ affected global gene expression of V. parahaemolyticus RIMD2210633. a) Volcano plot. Red, green and black points represent the up-regulated, 
down-regulated and no-differential expressed genes, respectively. b) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment for the pathways of DEGs 
involved. c) Enrichment of gene ontology (GO) term. d) Cluster of Orthologous Groups of proteins (COG). The number on the top of each bar in b, c and 
d indicates the number of enriched DEGs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Table 1 
Selected DEGs.  

Gene ID Name Fold 
change 

pValue Products 

c-di-GMP 
VP0376  2.1344 0.004801546 EAL domain-containing 

protein 
VP1289  2.1861 2.09E-05 GGDEF domain-containing 

protein 
VP1423  2.1534 4.81E-09 HD-GYP domain-containing 

protein 
VP1768  2.4097 8.24E-08 EAL domain-containing 

protein 
VP1881 tdpA 7.3293 3.15E-16 EAL domain-containing 

protein 
VP2366  2.5829 8.18E-07 sensor domain-containing 

diguanylate cyclase 
VP2446  2.0804 9.12E-10 bifunctional diguanylate 

cyclase/phosphodiesterase 
VPA0202 gefA 2.3941 1.38E-10 GGDEF domain-containing 

protein 
VPA0360 scrM 3.1038 1.11E-07 GGDEF domain-containing 

protein 
VPA0737  0.4175 9.87E-08 EAL domain-containing 

response regulator 
VPA0818  3.2724 1.78E-17 EAL domain-containing 

protein 
VPA0927  2.1620 2.77E-07 diguanylate cyclase 
VPA1104  2.1720 9.15E-12 EAL domain-containing 

protein 
VPA1324 vopY 0.0111 4.67E-12 EAL domain-containing 

protein 
VPA1429  3.9877 1.31E-11 EAL domain-containing 

protein 
VPA1457  2.1180 9.28E-05 GGDEF domain-containing 

protein 
VPA1511 scrC 0.3978 2.55E-25 bifunctional diguanylate 

cyclase/phosphodiesterase 
VPA1547 lafV 4.9611 5.20E-35 EAL domain-containing 

protein 
Polar flagellum 
VP0770 flgN 2.0972 1.02E-10 flagellar export chaperone 

FlgN 
VP0771 flgM 2.7996 1.95E-14 flagellar biosynthesis anti- 

sigma factor FlgM 
VP0773  2.2715 7.74E-14 chemotaxis protein CheV 
VP0782 flgH 0.4676 2.01E-05 flagellar basal body L-ring 

protein FlgH 
VP0783  0.4845 6.67E-06 flagellar basal body P-ring 

protein FlgI 
VP0784 flgJ 0.4245 2.35E-08 flagellar assembly 

peptidoglycan hydrolase FlgJ 
VP0786 flgL 0.2722 1.74E-17 flagellar hook-associated 

protein FlgL 
VP0790  7.9988 4.04E-103 flagellin 
VP0791  6.2601 7.03E-13 flagellin 
VP2230  2.5554 8.70E-11 protein phosphatase CheZ 
VP2236 flhB 0.4606 5.39E-12 flagellar biosynthesis protein 

FlhB 
VP2237 fliR 0.4531 1.44E-19 flagellar biosynthetic protein 

FliR 
VP2254 fliS 3.7418 3.03E-24 flagellar export chaperone FliS 
VP2256 fliD 3.0864 9.49E-27 flagellar filament capping 

protein FliD 
VP2257 flaG 4.1666 6.62E-22 flagellar protein FlaG 
VP2258  6.8022 9.85E-43 flagellin 
VP2259  7.1433 5.16E-67 flagellin 
VP2261  3.9356 1.11E-23 flagellin 
VP2811  6.0992 1.45E-46 tetratricopeptide repeat 

protein 
Lateral flagella 
VPA0266 flgD 0.2705 1.97E-07 flagellar hook assembly 

protein FlgD 
VPA0267 flgE 0.2780 1.09E-13 flagellar hook protein FlgE 
VPA0268  0.2538 3.28E-10 flagellar basal body rod protein 

FlgF  

Table 1 (continued ) 

Gene ID Name Fold 
change 

pValue Products 

VPA0269 flgG 0.2620 7.41E-08 flagellar basal-body rod 
protein FlgG 

VPA0270 flgH 0.3546 0.000178328 flagellar basal body L-ring 
protein FlgH 

VPA0271  0.4428 0.000105137 flagellar basal body P-ring 
protein FlgI 

VPA0272  0.4806 0.001117866 rod-binding protein 
VPA0273 flgK 0.3282 7.50E-11 flagellar hook-associated 

protein FlgK 
VPA0274 flgL 0.4612 7.22E-07 flagellar hook-associated 

protein FlgL 
VPA0275  0.4693 2.46E-10 flagellin 
VPA1532 fliJ 0.2382 4.90E-05 flagellar export protein FliJ 
VPA1533 fliI 0.2939 2.96E-15 flagellar protein export ATPase 

FliI 
VPA1534 fliH 0.2049 3.39E-10 flagellar assembly protein FliH 
VPA1535  0.3093 9.50E-12 flagellar motor switch protein 

FliG 
VPA1540  3.7989 0.001433368 flagellar motor switch protein 

FliM 
VPA1546 flhA 2.8816 2.99E-14 flagellar biosynthesis protein 

FlhA 
VPA1550 fliD 0.5724 0.015457347 flagellar filament capping 

protein FliD 
VPA1551 fliS 0.4815 0.009563735 flagellar export chaperone FliS 
VPA1553  0.4708 7.03E-05 flagellar hook-length control 

protein FliK 
VPA1555 lafS 0.4711 0.002745437 lateral flagellar system RNA 

polymerase sigma factor LafS 
CPS 
VP0216  2.1553 2.06E-12 capsule biosynthesis GfcC 

family protein 
VP0217  2.6809 1.37E-15 YjbF family lipoprotein 
VP0220  0.4688 5.12E-36 SLBB domain-containing 

protein 
EPS 
VP1462 scvL 0.4283 0.000255339 chain-length determining 

protein 
VP1464 scvJ 0.3847 8.15E-05 O-antigen ligase family protein 
VP1465 scvI 0.3512 1.55E-05 lipopolysaccharide 

biosynthesis protein 
VP1466 scvH 0.2622 5.74E-07 glycosyltransferase family 4 

protein 
VPA1403 cpsA 0.1401 5.32E-16 undecaprenyl-phosphate 

glucose phosphotransferase 
VPA1404 cpsB 0.0700 4.92E-25 outer membrane beta-barrel 

protein 
VPA1405 cpsC 0.0874 4.96E-12 polysaccharide biosynthesis/ 

export family protein 
VPA1406 cpsD 0.1361 1.38E-19 polysaccharide biosynthesis 

tyrosine autokinase 
VPA1407 cpsE 0.1120 1.09E-16 putative capsular 

polysaccharide synthesis 
family protein 

VPA1408 cpsF 0.1806 2.05E-15 glycosyltransferase 
VPA1409 cpsG 0.1575 7.79E-12 O-antigen ligase family protein 
VPA1410 cpsH 0.2847 1.13E-08 putative capsular 

polysaccharide synthesis 
family protein 

VPA1411 cpsI 0.3166 1.74E-11 glycosyltransferase 
VPA1412 cpsJ 0.3063 1.56E-09 oligosaccharide flippase family 

protein 
VPA1413 cpsK 0.3171 0.000623289 VanZ family protein 
T3SS1 
VP1656 vopD 0.4882 2.66E-16 type III secretion system 

translocon subunit VopD 
VP1657 vopB 0.4328 9.53E-26 type III secretion system 

translocon subunit VopB 
T3SS2 
VPA1321 vopC 0.4083 1.06E-13 T3SS2 effector GTPase- 

activating deamidase VopC 
VPA1322  0.4576 2.65E-09 hypothetical protein 
VPA1327 vopT 0.2788 1.10E-07 T3SS effector ADP- 

ribosyltransferase toxin VopT 
VPA1328  0.1617 1.14E-06 hypothetical protein 

(continued on next page) 
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Table 1 (continued ) 

Gene ID Name Fold 
change 

pValue Products 

VPA1329  0.0697 5.76E-23 conjugal transfer protein TraA 
VPA1331  0.0957 8.31E-18 VPA1331 family putative T3SS 

effector 
VPA1332 vtrA 2.7526 2.62E-08 type III secretion system 

transcriptional regulator VtrA 
VPA1334  0.2045 2.02E-17 hypothetical protein 
VPA1335  0.2520 7.85E-10 flagellar biosynthetic protein 

FliQ 
VPA1336 vopZ 0.1798 1.88E-23 type III secretion system 

effector VopZ 
VPA1337  0.2637 6.23E-08 VPA1337 family putative T3SS 

effector 
VPA1338  0.1669 3.53E-31 type III secretion system 

ATPase 
VPA1339  0.0731 4.01E-55 secretin N-terminal domain- 

containing protein 
VPA1340  0.0124 2.17E-46 VPA1340 family putative T3SS 

effector 
VPA1341  0.0084 2.17E-30 hypothetical protein 
VPA1342  0.0080 6.75E-44 EscR/YscR/HrcR family type 

III secretion system export 
apparatus protein 

VPA1343  0.0185 6.19E-45 hypothetical protein 
VPA1345  0.1035 8.34E-70 hypothetical protein 
VPA1346 vopA 0.0377 7.77E-83 type III secretion system YopJ 

family effector VopA 
VPA1348 vtrB 0.2245 5.17E-10 winged helix-turn-helix 

domain-containing protein 
VPA1349  0.0950 2.18E-46 FliM/FliN family flagellar 

motor C-terminal domain- 
containing protein 

VPA1350  0.0840 7.34E-59 VPA1350 family putative T3SS 
effector 

VPA1351  0.0712 2.99E-66 VPA1351 family putative T3SS 
effector 

VPA1352  0.0996 2.80E-24 VPA1352 family putative T3SS 
effector 

VPA1353  0.0726 5.73E-62 OmpA family protein 
VPA1354  0.0421 6.53E-37 EscU/YscU/HrcU family type 

III secretion system export 
apparatus switch protein 

VPA1355  0.0542 3.01E-66 FHIPEP family type III 
secretion protein 

VPA1356  0.0324 2.10E-43 hypothetical protein 
VPA1357  0.0948 4.81E-45 hypothetical protein 
VPA1358  0.0877 7.30E-15 dimethyladenosine transferase 
VPA1359  0.0741 1.68E-19 hypothetical protein 
VPA1360  0.0596 1.15E-33 hypothetical protein 
VPA1361 vopD2 0.0612 1.19E-69 type III secretion system 

translocator protein VopD2 
VPA1362 vopB2 0.0203 2.50E-126 type III secretion system 

translocator protein VopB2 
VPA1363  0.0265 4.73E-27 molecular chaperone 
VPA1364  0.0365 1.06E-30 hypothetical protein 
VPA1365  0.0355 9.56E-59 hypothetical protein 
VPA1366  0.0313 2.45E-37 hypothetical protein 
VPA1367  0.0182 2.28E-77 type III secretion protein 
VPA1368  0.0106 3.78E-61 hypothetical protein 
VPA1369  0.3862 1.95E-10 hypothetical protein 
VPA1370 vopL 0.0687 4.51E-75 type III secretion system 

effector VopL 
TDH 
VPA1314 tdh2 0.0959 4.66E-129 thermostable direct hemolysin 

TDH 
T6SS1 
VP1393 hcp 1 0.4367 3.02E-11 Hcp family type VI secretion 

system effector 
VP1398  0.4718 3.42E-09 DUF2169 domain-containing 

protein 
VP1399  0.4426 3.55E-08 hypothetical protein 
VP1400  0.4289 8.36E-05 protein kinase family protein 
VP1401 tssA 0.2730 5.02E-19 type VI secretion system 

protein TssA  

Table 1 (continued ) 

Gene ID Name Fold 
change 

pValue Products 

VP1402 tssB 0.3808 1.16E-11 type VI secretion system 
contractile sheath small 
subunit 

VP1403 tssC 0.4499 2.39E-16 type VI secretion system 
contractile sheath large 
subunit 

VP1411  0.3367 1.35E-05 FHA domain-containing 
protein 

VP1412 tssJ 0.1422 2.86E-05 type VI secretion system 
lipoprotein TssJ 

VP1413 tssK 0.1849 4.15E-17 type VI secretion system 
baseplate subunit TssK 

VP1414 icmH 0.1483 6.56E-10 type IVB secretion system 
protein IcmH/DotU 

T6SS2 
VPA1024  0.2664 1.17E-15 hypothetical protein 
VPA1025  0.4598 2.41E-05 PAAR domain-containing 

protein 
VPA1027 hcp 2 0.2351 6.16E-27 type VI secretion system tube 

protein Hcp 
VPA1028 tssH 0.4740 8.53E-14 type VI secretion system 

ATPase TssH 
VPA1029 tssG 0.3195 1.33E-11 type VI secretion system 

baseplate subunit TssG 
VPA1030 tssF 0.4058 5.11E-12 type VI secretion system 

baseplate subunit TssF 
VPA1031 tssE 0.2866 1.25E-07 type VI secretion system 

baseplate subunit TssE 
VPA1032  0.4209 3.68E-05 type VI secretion system 

accessory protein TagJ 
VPA1033 tssC 0.2607 7.88E-15 type VI secretion system 

contractile sheath large 
subunit 

VPA1034 tssC 0.2337 2.01E-16 type VI secretion system 
contractile sheath large 
subunit 

VPA1035 tssB 0.3139 5.53E-14 type VI secretion system 
contractile sheath small 
subunit 

VPA1036 tssA 0.1932 1.30E-32 type VI secretion system 
protein TssA 

VPA1037  0.1727 1.12E-22 protein phosphatase 2C 
domain-containing protein 

VPA1038 tagF 0.1150 1.74E-30 type VI secretion system- 
associated protein TagF 

VPA1039 tssM 0.0575 2.89E-48 type VI secretion system 
membrane subunit TssM 

VPA1040 tssL 0.0334 1.20E-67 type VI secretion system 
protein TssL, long form 

VPA1041 tssK 0.0369 5.27E-65 type VI secretion system 
baseplate subunit TssK 

VPA1042 tssJ 0.0621 1.66E-36 type VI secretion system 
lipoprotein TssJ 

VPA1043 tagH 0.1915 8.00E-26 type VI secretion system- 
associated FHA domain protein 
TagH 

VPA1044  0.1124 6.54E-29 serine/threonine-protein 
kinase 

Putative regulators 
VP0072 asnC 4.0687 2.25E-25 transcriptional regulator AsnC 
VP0247 rraA 3.0138 1.78E-20 ribonuclease E activity 

regulator RraA 
VP0252 cytR 3.9133 1.01E-11 DNA-binding transcriptional 

regulator CytR 
VP0289  2.6271 5.52E-08 Crp/Fnr family transcriptional 

regulator 
VP0324 argR 2.9194 5.82E-21 transcriptional regulator ArgR 
VP0355  2.1992 0.000236745 GntR family transcriptional 

regulator 
VP0358 scrO 3.3804 9.33E-08 DeoR family transcriptional 

regulator 
VP0403  2.0556 0.000937852 helix-turn-helix domain- 

containing protein 
VP0475  2.6049 2.27E-09 LysR family transcriptional 

regulator 

(continued on next page) 
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swimming motility while inhibited swarming motility of 
V. parahaemolyticus. 

Previous studies have shown that Mg2+ affected flagellar gene 
expression and motility of Vibrio species. For example, Mg2+ supported 
the swarming motility of V. alginolyticus at temperatures below 28 ◦C 
[27]. In addition, Mg2+ induced the biosynthesis of flagella and motility 
of V. fischeri via the signaling pathway composed of two diguanylate 
cyclases, MifA and MifB, and also the sugar phosphotransferase system 
[29,53]. Mg2+ also promoted the motility of several other Vibrio species 
including V. splendidus, V. parahaemolyticus, and V. anguillarum [28]. The 
data presented here showed that Mg2+ not only affected the swimming 

Table 1 (continued ) 

Gene ID Name Fold 
change 

pValue Products 

VP0553 trpR 0.4319 5.77E-13 trp operon repressor 
VP0595 iscR 0.3124 2.03E-21 Fe–S cluster assembly 

transcriptional regulator IscR 
VP0635  2.1355 4.42E-06 LysR family transcriptional 

regulator 
VP0713  2.1219 2.24E-06 winged helix-turn-helix 

domain-containing protein 
VP0833 fcrX 2.3715 3.23E-08 ferric iron uptake 

transcriptional regulator FcrX 
VP0838 seqA 2.1114 2.12E-09 replication initiation negative 

regulator SeqA 
VP1101 cysB 10.4660 3.31E-86 HTH-type transcriptional 

regulator CysB 
VP1104 lrp 2.4327 3.98E-07 leucine-responsive 

transcriptional regulator Lrp 
VP1202  4.5168 2.98E-06 response regulator 
VP1212  0.2359 3.69E-63 response regulator 

transcription factor 
VP1244  2.8668 1.14E-14 response regulator 
VP1328  3.4624 4.36E-18 GntR family transcriptional 

regulator 
VP1376  5.2689 1.18E-20 response regulator 
VP1379  2.1925 2.94E-05 LysE family translocator 
VP1482  2.0011 1.76E-08 response regulator 
VP1502  3.9330 1.30E-29 sigma-54 dependent 

transcriptional regulator 
VP1649  2.2445 0.000928068 GntR family transcriptional 

regulator 
VP1763  2.4738 9.83E-11 MarR family transcriptional 

regulator 
VP1778 puuR 2.2900 3.54E-09 HTH-type transcriptional 

regulator PuuR 
VP1962  2.6280 6.00E-13 Crp/Fnr family transcriptional 

regulator 
VP1993  0.3317 2.28E-23 helix-turn-helix domain- 

containing protein 
VP2009  3.4881 3.15E-08 response regulator 
VP2266  5.8838 1.14E-12 helix-turn-helix domain- 

containing protein 
VP2402 ebgR 2.2454 4.37E-09 transcriptional regulator EbgR 
VP2478  2.6976 7.25E-12 response regulator 
VP2516 opaR 2.9274 0.000122252 transcriptional regulator OpaR 
VP2546 csrA 2.2577 4.83E-08 carbon storage regulator CsrA 
VP2603  0.4863 3.34E-06 LysR family transcriptional 

regulator 
VP2752 oxyR 2.7041 5.88E-19 DNA-binding transcriptional 

regulator OxyR 
VP2777  2.1875 9.87E-08 transcriptional regulator 
VP2808 nsrR 2.8367 1.47E-14 nitric oxide-sensing 

transcriptional repressor NsrR 
VP2836  3.3989 2.77E-24 TetR/AcrR family 

transcriptional egulator 
VP2866  2.5429 6.47E-12 response regulator 

transcription factor 
VP2893 cadC 2.9844 5.56E-11 lysine decarboxylation/ 

transport transcriptional 
activator CadC 

VP2941 fabR 2.1154 5.70E-08 HTH-type transcriptional 
repressor FabR 

VP2945 lexA 3.2597 4.58E-18 transcriptional repressor LexA 
VPA0034  2.2253 9.54E-06 GntR family transcriptional 

regulator 
VPA0091  6.0795 4.14E-10 Lrp/AsnC family 

transcriptional regulator 
VPA0240 phnR 2.2712 5.72E-09 phosphonate utilization 

transcriptional regulator PhnR 
VPA0290  2.1339 8.85E-06 LysR family transcriptional 

regulator 
VPA0303  2.0666 8.37E-07 DNA-binding transcriptional 

regulator YciT 
VPA0358  3.4696 4.96E-06 LuxR C-terminal-related 

transcriptional regulator 
VPA0359  2.8044 0.000286264 helix-turn-helix transcriptional 

regulator  

Table 1 (continued ) 

Gene ID Name Fold 
change 

pValue Products 

VPA0376  2.0061 0.002389784 LysR family transcriptional 
regulator 

VPA0381  2.0732 0.000752165 AraC family transcriptional 
regulator 

VPA0387  2.0932 0.000938405 LysR family transcriptional 
regulator 

VPA0497  4.5187 2.12E-06 winged helix-turn-helix 
domain-containing protein 

VPA0507  0.2998 0.00450362 helix-turn-helix transcriptional 
regulator 

VPA0519  2.0168 0.000373655 LysR family transcriptional 
regulator 

VPA0602  2.4069 0.000602175 LysR family transcriptional 
regulator 

VPA0641  2.6863 7.96E-15 LysR family transcriptional 
regulator 

VPA0662 cueR 2.2624 2.05E-06 Cu(I)-responsive 
transcriptional regulator 

VPA0675 torS 2.0955 2.65E-07 TMAO reductase system sensor 
histidine kinase/response 
regulator TorS 

VPA0717  0.3710 3.79E-09 LysR family transcriptional 
regulator 

VPA0734  2.6364 3.55E-07 LysR family transcriptional 
regulator 

VPA0804  2.0492 1.45E-05 XRE family transcriptional 
regulator 

VPA0910  0.2782 1.68E-05 helix-turn-helix transcriptional 
regulator 

VPA0938  2.4216 0.000174609 AraC family transcriptional 
regulator 

VPA0961  5.7693 6.36E-08 LysR family transcriptional 
regulator 

VPA0964 uhpA 2.6727 1.52E-05 transcriptional regulator UhpA 
VPA0988 rnk 0.3422 1.28E-12 nucleoside diphosphate kinase 

regulator 
VPA1052  3.0187 1.70E-09 TetR/AcrR family 

transcriptional regulator 
VPA1164  2.4047 0.003055969 helix-turn-helix transcriptional 

regulator 
VPA1195  2.6117 1.30E-15 response regulator 
VPA1276  2.3720 3.77E-10 response regulator 
VPA1332 vtrA 2.7526 2.62E-08 type III secretion system 

transcriptional regulator VtrA 
VPA1516  2.8429 0.000623385 response regulator 

transcription factor 
VPA1589  2.0828 3.11E-06 LysR family transcriptional 

regulator 
VPA1592  3.3071 2.55E-21 AraC family transcriptional 

regulator 
VPA1607  2.2799 0.002286431 LysR family transcriptional 

regulator 
VPA1623 malT 0.3062 2.72E-16 HTH-type transcriptional 

regulator MalT 
VPA1636  6.3637 9.70E-36 helix-turn-helix transcriptional 

regulator 
VPA1665  2.7364 5.82E-11 response regulator 

transcription factor 
VPA1732  3.8065 2.81E-19 response regulator 

transcription factor  
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and swarming motility but also the gene expression of both two flagellar 
systems. Flagellar gene expression in V. parahaemolyticus is strictly 
regulated by various factors, including regulators such as ToxR [54], 
LafK [55], H-NS [56] and CalR [57], chemicals such as chloramphenicol 
[44] and L-arabinose [44], and different biological behavior processes 
such as biofilm formation [36] and EPS phase variation [44]. The 
resented data further enriched the regulatory networks of flagellar genes 
in V. parahaemolyticus. 

3.5. Biofilm-related DEGs 

Mg2+ plays a critical role in biofilm architecture of Pseudomonas 
mendocina and enhances biofilm formation by P. fluorescens and Listeria 
monocytogenes [58–60]. By contrast, Mg2+ decreases biofilm formation 
by Bacillus species by regulating matrix gene expression and EPS pro-
duction [61,62]. In addition, Mg2+ significantly reduces the total biofilm 
biomass of Acidithiobacillus ferrooxidans in a dose-dependent manner 
[63]. Moreover, Mg2+ limitation increases aggregation, EPS production 
and biofilm formation by P. aeruginosa [64]. These observations moti-
vated us to detect whether Mg2+ has regulatory effect on biofilm for-
mation by V. parahaemolyticus. As demonstrated by the CV staining assay 
(Fig. 5a), the relative biofilm produced by V. parahaemolyticus grown 
under the condition with additional Mg2+ was significantly less than 
that grown under the condition without additional Mg2+. The colony 
morphology assays further showed that V. parahaemolyticus formed 
wrinkled colonies on the HI plate but smooth colonies on the HI plate 
supplemented with 55 mM MgCl2 (Fig. 5b). These results suggested that 

Mg2+ inhibits biofilm formation by V. parahaemolyticus. 
EPS is a major component of the biofilm matrix [15]. The cps and scv 

gene loci are demonstrated to contribute to EPS production in 
V. parahaemolyticus [16]. In this work, the data showed that all the cps 
genes (cpsA-K) and four scv genes were significantly downregulated by 
Mg2+ (Table 1). Although both the cps and scv gene loci are involved in 
the synthesis of EPS and biofilm formation, but only the cps gene cluster 
affects the switching between wrinkled and smooth colony phenotype of 
V. parahaemolyticus [16,36], indicating that the cps gene cluster may 
contribute more to EPS synthesis. 

The c-di-GMP signal can posttranscriptionally regulate cellular 
pathways such as biofilm formation, motility, and virulence gene 
expression. An increase in the concentration of c-di-GMP molecules in 
bacterial cells enhances biofilm formation, but inhibits motility and 
virulence factors production [17]. In this study, the data showed that the 
intracellular c-di-GMP level of V. parahaemolyticus grown in 55 mM 
Mg2+ was much lower than that of bacteria grown in HI broth only, 
suggesting that additional Mg2+ inhibited the production of c-di-GMP in 
V. parahaemolyticus (Fig. 6). Furthermore, a total of 18 genes that are 
probably involved in c-di-GMP metabolism were significantly and 
differentially expressed in response to Mg2+ stimulation (Table 1). Of 
these, 15 were upregulated including tdpA, gefA and lafV, and 3 were 
downregulated including vopY and scrC. Roles of ScrC [19], GefA [24], 
LafV [22], TpdA [23] and VopY [25] have been documented in litera-
ture, showing that they are involved in motility and/or biofilm forma-
tion. However, roles of the other 13 putative c-di-GMP-related genes in 
cellular pathways such as c-di-GMP metabolism, motility and biofilm 

Fig. 3. Validation of RNA-seq by qPCR. The relative mRNA levels of each target gene were compared between 0 and 55 mM Mg2+. The expression level of 16S 
rRNA gene was used as the internal control. 

Fig. 4. Regulation of swimming and swarming motility of V. parahaemolyticus by Mg2þ. Swimming (a) or swarming (b) motility of V. parahaemolyticus in 
different concentrations of Mg2+ were detected by measuring the diameters of swimming or swarming areas in semi-solid swimming or on swarming agar plates. The 
data at each time point are expressed as the mean ± SD of three independent experiments with at least three replicates each. *, P < 0.05. ns, P > 0.05. 
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formation are still completely unknown. Clarifying the roles of these 
genes will help us to understand the regulatory mechanisms of Mg2+ on 
c-di-GMP synthesis and biofilm formation of V. parahaemolyticus. 

CPS contributes a negative role to biofilm formation in Vibrio species 
[10]. The RNA-seq data showed that the expression levels of 3 
CPS-associated genes were significantly and differentially regulated by 
Mg2+ (Table 1). Two were upregulated (VP0216 and VP0217) and 1 was 
downregulated (VP0220). In addition, V. parahaemolyticus formed OP 
colonies on HI plates or HI plates containing 55 mM Mg2+ (Fig. 7), 
suggesting that Mg2+ had no regulatory effect on the production of CPS. 
V. parahaemolyticus undergoes phase variation between wrinkled and 
smooth colony phenotypes, and the wrinkled strain has stronger biofilm 
capacity than the smooth strain [36]. Chloramphenicol also has a 
negative effect on biofilm formation by V. parahaemolyticus [44]. 
However, neither the wrinkled and smooth colony variation nor chlor-
amphenicol affects the CPS production of V. parahaemolyticus [36,44]. 

These observations suggest that CPS may not be the main influencer of 
biofilm formation by V. parahaemolyticus. 

3.6. DEGs involved in the key virulence factors 

V. parahaemolyticus RIMD2210633 produces multiple virulence fac-
tors, including T3SS1 (VP1656-1702), T3SS2 (VPA1320-1370), TDH 
(VPA1314 and VPA1378), T6SS1 (VP1386-1420) and T6SS2 (VPA1024- 
1046) [13]. Expression of 2 T3SS1-associated genes were significantly 
downregulated by Mg2+ (Table 1). The T3SS1 gene cluster harbors 47 
coding genes, and controlling two of them may not effectively affect the 
secretion system’s function. T3SS1 is responsible for the cytotoxicity of 
V. parahaemolyticus against HeLa cells [6]. To further confirm whether 
Mg2+ affects the expression of T3SS1, the cytotoxicity of 
V. parahaemolyticus against HeLa cells was measured herein. As shown in 
Fig. 8a, the cytotoxicity ability of V. parahaemolyticus grown in the Mg2+

condition was similar to that grown in the normal condition, indicating 
that Mg2+ had no effect on the expression of T3SS1 genes. 

In V. parahaemolyticus RIMD2210633, the T3SS2 gene locus and the 
two copies of tdh genes are assembled on an 80 kb pathogenicity island 
(Vp-PAI) within chromosome II [13]. Expression of Vp-PAI genes is 
strongly induced by bile and the two transcriptional regulators, VtrA and 
VtrB [65]. VtrA and VtrC constitute a co-component signal transduction 
system that senses and binds bile acids and then induces vtrB tran-
scription and other Vp-PAI gene expression [66,67]. The data presented 
here showed that the expression of 42 T3SS2 genes including vtrA and 
tdh2 was differentially regulated by Mg2+ (Table 1). However, vtrA was 
upregulated while the other genes were downregulated by Mg2+. This 
phenomenon is contradictory and difficult to explain, and the underly-
ing molecular mechanism needs to be further investigated. The tdh2 
gene is predominantly responsible for TDH activity in 
V. parahaemolyticus RIMD2210633 [2]. Therefore, the inhibition of tdh2 
expression by Mg2+ motivated us to detect whether the ion affects the 
hemolytic activity of V. parahaemolyticus. Unfortunately, the 

Fig. 5. Mg2þ inhibited biofilm formation by V. parahaemolyticus. Biofilm 
formation by V. parahaemolyticus were assessed by crystal violet staining (a) 
and colony morphology (b). Pictures are representative of three independent 
experiments with three replicates each. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 6. Mg2þ decreased the intracellular c-di-GMP level of 
V. parahaemolyticus. V. parahaemolyticus was grown in HI broth containing 
0 or 55 mM Mg2+ at 37 ◦C with shaking at 200 rpm in, and then harvested at an 
OD600 value of 1.5. c-di-GMP was extracted by ultrasonication, and then was 
measured using a c-di-GMP Enzyme-linked Immunosorbent Assay (ELISA) Kit. 
Intracellular c-di-GMP level was expressed as pmol/g. The data are expressed as 
the mean ± SD of three independent experiments with three replicates each. 

Fig. 7. Mg2þ did not affect CPS production of V. parahaemolyticus. 
V. parahaemolyticus was streaked onto a HI plate containing 0 or 55 mM Mg2+, 
and then incubated at 37 ◦C for 24 h. Pictures were representative of two in-
dependent experiments with three replicates each. 

Fig. 8. Mg2þ enhanced the cell adherence activity of V. parahaemolyticus. 
The results were expressed as the mean ± SD from six replicates. a) Cytotox-
icity against HeLa cells. The cytotoxicity of V. parahaemolyticus against HeLa 
cells was evaluated in terms the release of LDH. b) Adherence to HeLa cells. 
The percent adherence was calculated as bacterial cells adhered/input bacte-
rial cells. 
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Wagatsuma agar supplemented with 55 mM Mg2+ always spontaneously 
undergone hemolysis (data not shown), which was likely due to 
increased osmotic pressure in the agar caused by Mg2+. Anyway, we 
were able to speculate that Mg2+ was very likely to inhibit the enter-
otoxicity and hemolytic activity of V. parahaemolyticus. 

A total of 11 T6SS1 and 20 T6SS2 genes were downregulated by 
Mg2+ (Table 1), accounting for 31.4% (11/35) of the total T6SS1 genes 
and 87.0% (20/23) of the total T6SS2 genes, respectively. T6SS1 pos-
sesses anti-bacterial activity, while T6SS2 possesses cell adhesive ac-
tivity [7,8]. We compared the differences in cell adherence of V. 
parahaemolyticus cultured under the conditions supplemented with 
0 and 55 Mg2+ against HeLa cells. As shown in Fig. 8b, the adhesion rate 
of V. parahaemolyticus under the condition of 55 mM Mg2+ was 
approximately 10%, whereas the condition without Mg2+ was only 
about 4%. Therefore, Mg2+ induced the cell adherence of 
V. parahaemolyticus, which was independent of its regulation of T6SS2 
expression. V. parahaemolyticus also express other adhesion factors, such 
as type IV pili and MAM-7 [4]. Further research is needed to determine 
whether these adhesion factors are related to Mg2+-mediated adherence 
against to HeLa cells. 

3.7. DEGs encode putative regulators 

A total of 83 genes encoding putative regulators were differentially 
regulated by Mg2+, including 73 upregulated genes and 10 down-
regulated genes (Table 1). Of these, 3 DEGs (VPA0381, VPA0938, and 
VPA1592) encode AraC family transcriptional regulators; 4 DEGs 
(VP0355, VP1328, VP1649 and VPA0034) encode GntR family tran-
scriptional regulators; 14 DEGs including VPA0961 encode LysR family 
transcriptional regulators; 1 DEG (VP1763) encodes MarR family tran-
scriptional regulator; 2 DEGs (VP2836 and VPA1052) encode TetR/AcrR 
family transcriptional regulators. Proteins belong to these family are 
global regulators that control multiple cellular pathways. 

The expression level of cysB (VP1101) was upregulated 10.4660-fold 
by Mg2+. In V. fischeri, CysB was shown to be required for the growth on 
sulfur sources and cysteine [68]. VPA0961, which was shown to be 
significantly affected by Na+ concentration, L-arabinose and different 
stages of biofilm formation [44,44,69], was upregulated 5.7693-fold by 
Mg2+. The expression levels of opaR (VP2516), oxyR (VP2752), cadC 
(VP2893) and csrA (VP2546) were all upregulated more than 2-fold by 
Mg2+, suggesting that these regulators are likely be involved in adap-
tation to Mg2+ stress. OpaR is a master global regulator of QS that 
controls downstream gene transcription in response to changes in cell 
density [70]. Pathways regulated by OpaR include motility, biofilm 
formation and virulence gene expression [43,46,50,71]. OxyR, a 
redox-sensitive transcriptional regulator, is involved in oxidation resis-
tance of V. parahaemolyticus, and also participates in the regulation of 
motility, biofilm formation and bacterial growth [72,73]. CadC regu-
lates the transcription of more than 500 genes in the sub-lethal acidic 
conditions including the cadBA operon, which is involved in the acid 
tolerance response of V. parahaemolyticus [74]. CsrA promotes swarming 
but not swimming motility, and can regulates the carbon and nitrogen 
metabolism of V. alginolyticus [75]. Moreover, CsrA regulates 22% of the 
total genes of V. cholerae, including those involved in metabolism, iron 
uptake, and flagellar system [76]. In addition, iscR (VP0595) was 
downregulated 0.3124-fold by Mg2+. In V. vulnificus, IscR was shown to 
be a global regulator that contributes to the expression of various 
virulence and survival genes, and was directly upregulated by AphA 
[77–79]. However, the functions of most other putative regulators are 
still completely unknown, and more research should be performed in the 
future to elucidate their roles in regulating gene expression in 
V. parahaemolyticus. 

3.8. Conclusions and outlook 

In conclusion, this work demonstrated that Mg2+ had a 

comprehensive impact on the physiology and gene expression of 
V. parahaemolyticus. RNA-seq demonstrated that the expression of 1494 
genes was significantly regulated by Mg2+, accounting for about 30.9% 
of total genes of V. parahaemolyticus RIMD 2210633. Of these, 868 were 
upregulated, and 626 were downregulated. The majority of the genes 
associated with lateral flagella, EPS, T3SS2, T6SS1, T6SS2, and TDH 
were downregulated by Mg2+. A total of 18 genes that may be involved 
in c-di-GMP metabolism were significantly differentially expressed in 
response to Mg2+. More than 80 genes encoding putative regulators 
were also significantly and differentially regulated by Mg2+, indicating 
that the adaptation process to Mg2+ stress may be strictly regulated by 
complex regulatory networks. In addition, Mg2+ promoted the growth, 
swimming motility and adhesion to HeLa cells of V. parahaemolyticus, 
but inhibited the swarming motility, biofilm formation, and c-di-GMP 
production. However, Mg2+ had no effect on CPS production and 
cytoxicity against HeLa cells. The data in this work were beneficial for us 
to understand the regulatory roles of Mg2+ in the growth, behaviors, and 
gene expression of V. parahaemolyticus. It should be noted that this work 
only investigated the effects of Mg2+ close to the average in seawater on 
the behaviors and gene expression of V. parahaemolyticus. However, 
Mg2+ concentration in seawater is fluctuating and constantly changing, 
with some areas below or above the average concentration in seawater. 
Therefore, it is worth to investigate whether lower and higher Mg2+

concentrations have different effects on V. parahaemolyticus. In addition, 
the RNA-seq data were unable to reflect the dynamic response of 
V. parahaemolyticus to Mg2+ stimulation, as only logarithmic bacterial 
samples were collected, and more research should be further performed 
to uncover the molecular mechanisms in response to Mg2+ stress. 
Moreover, Mg2+ is widely distributed in human bodies, but 99% is 
contained in bone and soft tissue [80]. Mg2+ balance is maintained by 
the intestine and kidneys [80], and the Mg2+ content in the intestine is 
greatly influenced by dietary composition. Therefore, the role of Mg2+ in 
the intestinal infection and pathogenesis of V. parahaemolyticus deserves 
further research. 
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