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A B S T R A C T

Background: Vibrio vulnificus is a Gram-negative pathogen that infects humans through foodborne or wound 
infections. Victims of V. vulnificus infections face significant health risks, including cellulitis and septicemia, 
which have rapid disease progression and high mortality rates. Diguanylate cyclase is responsible for producing 
the secondary messenger cyclic di-GMP. It plays a crucial role in regulating various bacterial physiological 
processes, such as motility, toxicity, and pathogenicity, through transcriptional regulation and affecting cyclic di- 
GMP levels. However, the DGC-mediated pathogenicity regulation in V. vulnificus is still unclear.
Methods: The vdcR gene in V. vulnificus was studied using a deletion strain (ΔVdcR) and an overexpression strain 
(oeVdcR) to understand its role in regulating the bacterium’s pathogenicity. The electrophoretic mobility shift 
assay and RT-qPCR confirmed VdcR’s impact on phosphodiesterase gene expression. To investigate how VdcR 
affects pathogenicity, V. vulnificus variant strains were assays for hemolysis, metalloprotease activity, cytotox-
icity, resistance to phagocytosis, and lethality assays of the nematode Caenorhabditis elegans after infection.
Results: This study discovered a virulence-associated diguanylate cyclase, VdcR, which serves as a transcriptional 
regulator to induce phosphodiesterases and reduce the accumulation of cyclic di-GMP. VdcR expression resulted 
in low hemolysis, metalloprotease, and cytotoxicity activity. It also improved the cell adhesion ability and anti- 
phagocytosis activity to infect the host cell and escape the macrophage phagocytosis. The constitutively 
expressed VdcR in V. vulnificus caused low mortality rates in Caenorhabditis elegans survival assays.
Conclusion: The above evidence demonstrated that VdcR suppresses the pathogenicity in V. vulnificus YJ016.

1. Introduction

Vibrio vulnificus is a harmful bacterium commonly found in warm, 
brackish water ecosystems. It exists both independently and in associ-
ation with plankton and fish. In its free-living form, it can be ingested by 
filter-feeding organisms like oysters and temporarily accumulate within 
them. Eating raw or undercooked seafood that has been contaminated 
with V. vulnificus can cause symptoms such as vomiting, diarrhea, and 
stomach pain. The free-living form of V. vulnificus can contact and 
adhere to an open wound, colonize it, and then take advantage of the 
breakdown of the epithelial barrier to invade and cause cellulitis, a 
rapidly spreading skin infection, and septicemia, which can be fatal. The 
mortality rate of hospitalized patients who are seriously infected by 

V. vulnificus is high, exceeding 50 % on average.1–3 Antibiotic treatment 
is the primary therapeutic regimen for V. vulnificus infection. 
V. vulnificus frequently exchanges DNA by horizontal gene transfer that 
generates its heterogeneity and has been classified into three biotypes.4

Biotypes 1 and 3 are composed of human clinical strains, while Biotype 2 
contains eel pathogens. Analysis of V. vulnificus isolates using multilocus 
sequence analysis revealed that these strains were categorized into 
phylogenetic lineages 1 and 2, which were predicted by the nucleotide 
sequence of the virulence-correlated gene.5 The multifunctional 
auto-processing RTX toxin is one of the major virulence factors in 
V. vulnificus. It can be divided into subgroups based on its effector 
domain region analysis.6

There are several virulence factors of V. vulnificus have been 
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reported, including hemolysin pore-forming toxin protein VvhA,7,8

multifunctional auto-processing RTX toxin (MARTX),8–11 capsular 
polysaccharide (CPS), and exopolysaccharide (EPS).12–15 Since Vibrio 
vulnificus thrives in marine environments and its symbiotic hosts include 
fish and shellfish, it must employ various strategies to adapt to envi-
ronmental stresses.16,17 Cyclic dinucleotides are recognized as critical 
signaling molecules that regulate various biological processes in bacte-
ria.18 Cyclic di-GMP (c-di-GMP) is the best-studied cyclic dinucleotide 
that regulates biofilm production, colony morphology, motility, viru-
lence factor production, and CPS/EPS production.18–21 Secondary 
messenger c-di-GMP was synthesized by diguanylate cyclase (DGC) and 
degraded by phosphodiesterase (PDE). Diguanylate cyclase typically 
contains a conserved GGDEF domain and is often associated with reg-
ulatory domains such as PAS, HAMP, or cyclic mono-nucleotide binding 
domain (GAF).22–25 According to the differential construction of the 
regulatory motif and its receiver domain, DGC-PDE systems could 
regulate many cellular processes by modulating intracellular accumu-
lated c-di-GMP. It has been reported that some DGC-PDE systems were 
also regulated by two-component systems to promptly respond to dif-
ferential environmental stresses.

In V. vulnificus, diguanylate cyclase protein A, DcpA, was discovered 
as a c-di-GMP producer to regulate biofilm formation, rugose colony 
formation, motility, and virulence.26 The c-di-GMP regulation on tran-
scription of brp locus (biofilm and rugose polysaccharide), which con-
tains nine genes (brpABCDFHIJK) in V. vulnificus, had been discovered 
to modulate biofilm production.26,27 Amino acid sequences of BrpR and 
BrpT of V. vulnificus shared 79 % and 33 % of sequence identity to 
transcriptional regulators VpsR and VpsT of V. cholerae, respectively.28

Both VpsR and VpsT are regulated by c-di-GMP binding to activate the 
transcription of the Vibrio polysaccharide synthesis (vps) locus, vpsI, and 
vpsII.29 BrpR and intracellular accumulated c-di-GMP regulate the gene 
expression of BrpT.30 The specific binding of BrpT to brpA and brpH 
promoter sequences, respectively, showed the critical transcriptional 
regulation to the brp locus.30 This BrpT-mediated brp locus gene regu-
lation modulates biofilm production and rugose colony morphology.31

The virulence factors VvhA and VvpE are induced by cAMP response 
protein (CRP) by sensing nutrient availability.32–36 The transcriptional 
regulator SmcR regulates virulence genes by sensing increased cell 
density.35 IscR and HlyU also regulate virulence genes in 
V. vulnificus.32,33 In V. cholerae, CdgC is a GGDEF-EAL domain-con-
taining protein that regulates rugose colony development, biofilm for-
mation, motility, and virulence.37 The repression transcription of aphA, 
tcpP, ctxA, and tcpA by CdgC resulted in the down-regulation of 
V. cholerae virulence gene expression.37 It suggests that 
GGDEF-containing proteins can regulate downstream response regula-
tors through c-di-GMP accumulation, and some can regulate through 
transcriptional regulation. Several open reading frames are annotated as 
GGDEF and/or EAL domain-containing proteins in V. vulnificus, while 
their downstream regulation is still unclear. This study uncovered a 
virulence-associated diguanylate cyclase, VdcR, with a transcriptional 
regulator activity that induced PDEs expression to digest cyclic di-GMP 
and suppressed the pathogenicity in V. vulnificus.

2. Methods

2.1. V. vulnificus variants construction and culture condition

The detailed procedures for constructing V. vulnificus variants are 
shown in the Supplemental materials. The nucleotide sequence of VdcR 
(VVA0351) was obtained from the UniProt database. The upstream and 
downstream 500 bp regions of VdcR were constructed into a pDS132 
vector to create the VdcR gene knockout strain (ΔVdcR) using homol-
ogous recombination. The resulting constructs were then transformed 
into E. coli S17 as the DNA donor, while V. vulnificus was prepared as the 
DNA recipient for DNA conjugation. The resulting vdcR knockout strain 
was confirmed by PCR. The VdcR coding gene was inserted into a 

pET28a vector with a 6-His-tag fusion at both ends. The constructed 
plasmid was transformed into V. vulnificus WT or strain ΔVdcR by 
electroporation, resulting in VdcR overexpression strain (oeVdcR) or 
functional complement strain (cVdcR), respectively. V. vulnificus vari-
ants are routinely cultured in Luria-Bertani (LB) medium (BD Bacto™) 
with appropriate antibiotic at 37 ◦C with shaking for 12–16 h. VdcR 
expression was induced by 1.0 mM of IPTG in strains oeVdcR and cVdcR.

2.2. RNA preparation and the determination of gene expression

The detailed procedures were provided in Supplemental Materials. 
Briefly, to determine the gene expression of target genes among 
V. vulnificus variants, the cultures were harvested by centrifugation and 
lysed with NC RNA extraction reagent (EBL Biotechnology, MRE- 
N3200). The RNA was then isolated, treated to remove genomic DNA, 
and used to create cDNA for qPCR analysis. The gene expression of 
bacterial 16s rRNA was used as the control. All the reverse transcription 
primer pairs were listed in the S1 Table. The 2^- ΔΔCt value was 
calculated using ΔCt of the target compared to WT, which means the 
relative gene expression level. All the data was calculated and averaged 
from at least biological triplicate experiments.

2.3. Motility, hemolysis, and metalloprotease assays

The V. vulnificus variants from overnight cultures were transferred to 
a fresh LB medium with antibiotics and IPTG. The log-phase cultures 
were harvested and quantified to OD600 0.01. Two microliters of each 
sample were spotted on LB agar plates with 0.3 % agar and incubated at 
37 ◦C for 24 h to observe bacterial motility. After incubation, the 
diameter of each swimming zone was determined and averaged from 
triplicate experiments using Image J. The relative motility was calcu-
lated based on the diameter of the WT swimming zone, which was 
defined as 100 %.

Both hemolysis and metalloprotease assays were carried out on 
plates to observe the clear zones, and the activities were quantified 
based on the incubation of the liquid reaction mixture. The hemolysis 
activity of V. vulnificus variants was observed by incubating the cultures 
on LB agar plates with 5 % sheep-defibrinated blood. After 24 h at 37 ◦C, 
a hemolytic clear zone was observed. To quantify the hemolysis activity, 
the cultures were incubated in the LB medium with sheep-defibrinated 
blood to detect time-dependent hemolysis activity. The reaction 
without bacterial cells was defined as negative control (NC), while the 
reaction containing Radio Immunoprecipitation Assay (RIPA) lysis 
buffer (Visual Protein, RP05-100) was defined as positive control (PC). 
Hemolysis activity after broth incubation was calculated using the 
equation [(sample – NC)/(PC-NC)] x 100. All data were averaged from 
at least three biological triplicate experiments.

The metalloprotease activity of V. vulnificus variants was tested by 
spotting quantified cultures on LB agar plates containing 3 % skimmed 
milk and incubating them at 37 ◦C for 24 h. To quantify the activity, 
extracellular metalloprotease was harvested from overnight cultures, 
and a colorimetric assay was performed using azocasein. The reaction 
mixture contained 200 μL of samples and 200 μL of azocasein (Sigma, 5 
mg/mL) that was incubated at 37 ◦C and terminated by adding 700 μL of 
5 % TCA. After centrifugation, 100 μL of supernatant of each sample was 
mixed with 100 μL of NaOH (0.5 N) for colorization. The A440 was 
determined to quantify the relative metalloprotease activity among 
V. vulnificus variants.

2.4. Colony morphology and polysaccharide matrix determination

To observe colony morphology, V. vulnificus variants were spotted on 
LB agar plates containing Congo red and incubated for 48 h at 37 ◦C. The 
extracellular polysaccharide matrix, or EPS, was quantified using Congo 
red dye, described in detail in Supplemental Materials. The relative EPS 
production was calculated using the equation: relative EPS production 
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= [Blank Control (BC)-sample]/[BC-WT]x100. All data was averaged 
from at least three biological triplicate experiments.

2.5. Cell adhesion, cytotoxicity, and phagocytosis assays

Colorectal epithelial cells (SW480) are used for cell adhesion and 
cytotoxicity assays to simulate foodborne infection. The murine 
macrophage J774A.1 cells are utilized to determine the anti- 
phagocytosis assays. The SW480 cells are incubated in Roswell Park 
Memorial Institute (RPMI) 1640 Medium (Gibco) with 10 % Fetal 
Bovine Serum (FBS, Gibco) and 1x antibiotic solution (HIMEDIA, 
A001A-100 ML) which contained 100 U Penicillin and 0.1 mg Strepto-
mycin per mL. The J774A.1 was cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) (Gibco) with 10 % FBS. The Supplemental Materials 
describe the detailed procedures for cell adhesion, cytotoxicity, and 
phagocytosis assays.

2.6. The lethality assays of C. elegans

The C. elegans lethality assays followed established procedures.38

Worms were raised on Nematode Growth Medium (NGM) agar plates 
seeded with E. coli OP50 at 20 ◦C. For the assays, worms were trans-
ferred to a Heart Infusion (HI) agar medium (BD Bacto™) seeded with 
E. coli OP50 as the negative control or seeded with V. vulnificus variants 
for lethality assays. The survival worms were recorded daily during the 
two-week incubation at 20 ◦C. Each data point represents the mean ± SD 
from biological triplicate experiments with n ≥ 120.

2.7. Statistical analysis

The Dunnett’s multiple comparisons test was performed to compare 

WT and each of the other V. vulnificus variants. A P value less than 0.05 
was defined as statistically significant. GraphPad Prism 7 was applied 
for statistical analysis.

3. Results

3.1. The construction of VdcR derivative V. vulnificus variants

According to the UniProt database, V. vulnificus YJ016 has 46 
GGDEF-only and 20 GGDEF-EAL domain-containing proteins. The 
GGDEF domain-containing protein VdcR (VVA0351) has 527 amino 
acids and a theoretical molecular weight of 59792.7 Da. The 3D struc-
ture of VdcR was predicted by Alphafold (Fig. 1A). Residues K408, 
N411, D412, H416, D420, R443, G445, and E448 are predicted active 
sites, while the highly conserved GGEEF active site is located at residues 
445–449. The coding gene was constructed into a pET28a vector and 
transformed into V. vulnificus YJ016 as a VdcR overexpression strain 
(oeVdcR). The VdcR deletion strain (ΔVdcR) and the functional re-
combinant strain (cVdcR) were also constructed for the study.

3.2. Constitutive expressed VdcR induces phosphodiesterase expression

The gene expression of VdcR in the V. vulnificus variants was 
confirmed using real-time qPCR, which primer sequences showed in S1 
Table. Both the oeVdcR and cVdcR strains showed significantly higher 
levels of vdcR gene expression (Fig. 1B). The TPR-like domain in VdcR 
may participate as a response regulator to drive protein-protein inter-
action. Sequence analysis by DNABIND showed that VdcR has a 70 % 
probability of DNA binding ability, while Alphafold predicted the 3D 
structure of VdcR for DNA binding prediction showed a 95 % DNA 
binding ability (S2 Table). To validate the DNA binding ability of VdcR, 

Fig. 1. The expression of VdcR induces gene expression of PDEs in V. vulnificus. (A) The annotated tertiary structure of VdcR. The tertiary structure of VdcR 
was predicted by Alphafold and displayed by PyMol. The N-terminal putative TPR-like domain is marked in cyan. The C-terminal GGDEF domain (395–527) has 
active sites (yellow), metal ion-binding sites (green), and product inhibition sites (I-sites, purple). (B) The VdcR gene expression levels among V. vulnificus 
variants. The value of 2^-ΔΔCt indicated the gene expression level of vdcR compared to WT, which are both normalized with the expression level of 16s rRNA. Data 
were averaged from biological triplicate experiments. (C) The gene expression of PDE was induced by VdcR. The RT-qPCR was performed in at least three 
biological repeats and averaged from triplicate data. The 2^-ΔΔCt values indicated that each PDE’s gene expression levels were normalized to 16s rRNA, with gene 
expression relative to WT. (D) Cyclic di-GMP production among V. vulnificus variants. The accumulated c-di-GMP of each V. vulnificus variant was determined by 
Cyclic-di-GMP Assay Kit (BioVision). Data are presented as mean ± SD, n ≥ 3. The ANOVA analysis generated the P value to show the difference between WT and 
each of the other V. vulnificus variants. n.s., not significant at P > 0.05 (*P < 0.05 and ****P < 0.0001).
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the N-terminal TPR-like domain was overexpressed and purified for 
Electrophoretic Mobility Shift Assay (EMSA), as described in Supple-
mental Materials, confirming its DNA binding ability (S1 Fig). To figure 
out whether VdcR regulates expression of PDE in V. vulnificus, we select 
8 PDEs as targets, including 4 EAL domain-containing proteins 
(VVA0712, VVA0732, VV1231, and VV2142) and 4 HD-GYP domain- 
containing proteins (VVA0726, VV2051, VV2065, and VV2894) for gene 
expression analysis by using primers listed in the S1 Table. Results 
reveal that the gene expression of eight PDEs was induced when vdcR 
was overexpressed in strain oeVdcR (Fig. 1C). In contrast, the expression 
of these PDEs was suppressed when vdcR was knockout in strain ΔVdcR 
that demonstrated VdcR have the transcriptional regulation function to 
induce the transcription of PDEs. The accumulated cyclic-di-GMP in the 
wild-type strain was 71.34 nM. In contrast, strain oeVdcR showed the 
lowest level of accumulated cyclic di-GMP among V. vulnificus variants 
(Fig. 1D), indicating VdcR’s role in inducing phosphodiesterase 
expression.

3.3. VdcR modulates the motility, colony morphology, and EPS 
production in V. vulnificus

The motility of V. vulnificus variants was tested by incubating them 
on agar-containing LB plates. VdcR significantly inhibited motility, 
reducing relative motility in certain strains (Fig. 2A and S2). VdcR also 
influenced colony morphology (S3 Fig) and EPS production (Fig. 2B), 
with strain oeVdcR producing significantly higher EPS than WT, while 
strain cVdcR showed a moderate increase. These findings demonstrate 
the regulatory role of VdcR in motility and EPS production in 
V. vulnificus.

3.4. VdcR suppresses the hemolysis and casein digestive activity in 
V. vulnificus

The hemolysis and metalloprotease activities are key virulence fac-
tors of V. vulnificus. The expression of VVH (vvhA) and VVP (vvpE) is 
regulated by bacterial quorum sensing systems. Gene expression levels 
of vvhA and vvpE were slightly induced by VdcR but not significantly 
(Fig. 3A and B), indicating that VdcR does not regulate VVH and VVP at 
the transcriptional level.

The study investigated hemolysis and metalloprotease activity 
regulation in different V. vulnificus variants. Results showed that the 
oeVdcR variant had the lowest hemolysis activity, while the WT variant 
exhibited significant hemolysis ability (Fig. 3C and S4). The cVdcR 
strain significantly suppressed hemolysis activity within 1 h of 

incubation, while oeVdcR suppresses hemolytic activity in V. vulnificus 
for up to 24 h.

The metalloprotease activity of V. vulnificus variants was observed 
using LB agar plates containing 3 % skimmed milk. After 48 h of incu-
bation, the WT, ΔVdcR, and cVdcR strains showed a hydrolysis ring, 
indicating their metalloprotease activity, while the strain oeVdcR did 
not (S5 Fig). The quantified protease activity showed that strain oeVdcR 
had only 15.4 % of the metalloprotease activity of the WT (Fig. 3D). The 
protease activity of oeVdcR was significantly suppressed. At the same 
time, it was improved considerably in the ΔVdcR strain. This result 
demonstrates that the metalloprotease activity of V. vulnificus was sup-
pressed by VdcR.

3.5. Cell adhesion activity of V. vulnificus was improved by VdcR

The initial step of bacterial infection is adhesion to the host cell. To 
mimic the foodborne infection of V. vulnificus, the colorectal epithelial 
cell SW480 was utilized to determine the cell adhesion activity. The cell 
adhesion activity of V. vulnificus variants was determined at a MOI of 10 
for 1 h incubation. The findings indicate that the WT exhibited low cell 
adhesion activity since the attached colonies were less than 100 
(Fig. 4A). In contrast, oeVdcR had more than 10 to the power of 6 cells 
attached to SW480 (Fig. 4A). This result demonstrated that the consti-
tutively expressed VdcR significantly promoted the cell adhesion ac-
tivity in V. vulnificus.

3.6. The cytotoxicity and anti-phagocytosis activity of V. vulnificus was 
regulated by VdcR

The lethal effects of V. vulnificus on mice have been proven to be 
primarily caused by the potent RtxA1 toxin, which induces cytoskeletal 
rearrangement and acute cytotoxicity.39,40 To investigate whether VdcR 
regulates V. vulnificus’ cytotoxicity during foodborne infection, the 
colorectal epithelial cell SW480 was utilized to determine the cytotox-
icity activity. The cytotoxicity of VdcR-mediated V. vulnificus variants 
was measured by colony formation assays at a MOI of 10 for 2 h incu-
bation. The relative cell viability of SW480 when treated with oeVdcR 
and cVdcR was significantly higher than WT (Fig. 4B). It reveals the 
V. vulnificus’ cytotoxicity was suppressed considerably by VdcR.

The MARTX cytotoxin in V. vulnificus can inactivate the Akt- 
mediated signaling pathway within macrophages, impairing the mac-
rophage’s ability to phagocytize the infected bacteria.41 The number of 
viable colonies of WT after being phagocytosed by macrophages is less 
than 10, whereas the number of colonies within J774A.1 infected with 

Fig. 2. The bacterial motility and EPS production of V. vulnificus were suppressed by VdcR. (A) Motility assays of V. vulnificus variants. The overnight 
cultures of V. vulnificus variants were diluted to OD600 0.01 by LB medium for spotting 2 μL on 0.3 % agar containing LB plate. The motility of V. vulnificus variants 
was determined according to their swimming zone. The relative motility was calculated from at least biological triplicate experiments. (B) EPS determination of 
V. vulnificus variants. The V. vulnificus variants were cultured on LB agar plates containing 50 μg/mL Congo red for 48 h incubation at 37 ◦C. The amount of EPS was 
determined and calculated from biological triplicate experiments. Data are presented as mean ± SD, n ≥ 3. The ANOVA analysis generated the P value to determine 
the significant difference between WT and each of the other V. vulnificus variants. n.s., not significant at P > 0.05 (**P < 0.01 and ****P < 0.0001).
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oeVdcR reached ten powers of 4. (Fig. 4C). These results demonstrate 
that VdcR could suppress V. vulnificus’ cytotoxicity and promote the 
anti-phagocytosis activity to defend the host’s immune system.

CRP, a cAMP response protein, has been reported to regulate cyto-
toxicity and anti-phagocytosis activities in V. vulnificus.34–36 HlyU is one 
of the critical transcription factors involved in the pathogenicity of 
Vibrio species to induce both rtxA and vvhA expression.42 It is known that 
SmcR and CRP repress the expression of HlyU. To investigate the rela-
tionship between VdcR to crp and rtxA, the expression of both coding 
genes was quantified in WT and oeVdcR conditions (Fig. 4D). The result 
demonstrated that both crp and rtxA gene expression were significantly 
induced by VdcR (Fig. 4D). It was revealed that VdcR might be an up-
stream regulator to modulate crp- and rtxA-mediated regulation in 
V. vulnificus.

3.7. The lethality assays of C. elegans infected by V. vulnificus variants

The pathogenicity of different V. vulnificus variants was tested using 
C. elegans as a host model. The survival rate of nematodes fed on 
V. vulnificus variants differed, with the oeVdcR variant showing sup-
pressed pathogenicity (Fig. 5). For the quantitative analysis of the re-
sults, the time required to kill 50 % of adult C. elegans was defined as 
TD50 to display the differential pathogenicity between V. vulnificus 
variants. The nematodes’ TD50 values when fed with WT, ΔVdcR, and 
oeVdcR are 9, 1, and 13 days, respectively. The results indicate that 
V. vulnificus is highly toxic, causing significant lethality in C. elegans, 
while VdcR significantly suppressed its pathogenicity.

4. Discussion

This study utilized the GGDEF domain-containing protein VdcR to 

investigate the regulation of bacterial motility, EPS production, hemo-
lysis, metalloprotease activity, cell adhesion, cytotoxicity, and anti- 
phagocytosis activity. The RT-qPCR results confirm the expression of 
VdcR in V. vulnificus variants we constructed in this study. The expres-
sion of VdcR may be a critical factor in modulating pathogenicity in 
V. vulnificus. Under regular growth conditions, gene expression of VdcR 
is very low (Fig. 1B), resulting in the ΔVdcR strain having similar phe-
notypes with WT. It reveals that VdcR expression may be regulated by 
specific factors, which require more solid experimental evidence to 
validate it. Even though the gene expression of VdcR in the cVdcR strain 
is significantly higher than WT, it is still lower than oeVdcR, which leads 
to weaker VdcR-mediated effects in the cVdcR strain.

The production of capsular polysaccharide (CPS) is a significant 
virulence factor in various bacteria. EPS and CPS production regulate 
biofilm formation in V. vulnificus. In this study, the VdcR-mediated 
regulation in the polysaccharide matrix production is consistent with 
previous evidence that overexpression of DGC (DcpA) enhances EPS 
production and results in the rugose colony morphology in V. vulnificus 
strain 27562.26 The constitutively expressed VdcR suppresses 
V. vulnificus’ motility and promotes its polysaccharide matrix, prompt-
ing us to hypothesize that it may have better infection ability.

The qPCR results revealed that both crp and rtxA gene expressions 
were induced by VdcR, demonstrating that VdcR may modulate crp- 
mediated cytotoxicity and rtxA-mediated anti-phagocytosis regulation. 
In this study, VdcR significantly suppressed cytotoxicity, which is 
consistent with the phenotype of V. vulnificus when CRP is 
expressed.34–36 The rtxA gene expression was significantly increased by 
VdcR, leading to higher anti-phagocytosis activity. The VdcR-mediated 
induction of RtxA1 did not result in a higher cytotoxicity phenotype 
because the other critical exotoxins, VvhA and VvpE, were significantly 
suppressed. Furthermore, the effects of VdcR on TolC-mediated RtxA1 

Fig. 3. Gene expression of (A) vvhA and (B) vvpE in V. vulnificus variants. The RT-qPCR was performed in at least three biological repeats and averaged from 
triplicate data. (C) Hemolysis activity assays of V. vulnificus variants. The relative hemolysis activity was determined and calculated from biological triplicate 
experiments. The values of the lysate of red blood cells treated with RIPA buffer are defined as 100 % as the positive control to calculate the relative hemolysis 
activity. (D) Casein digesting activity assays of V. vulnificus variants. The relative azocasein digesting activity was quantified from biological triplicate exper-
iments. Data are presented as mean ± SD, n ≥ 3. The ANOVA analysis generated the P value to determine the significant difference between WT and each of the other 
V. vulnificus variants. In panel C, the relative hemolysis activity of oeVdcR and cVdcR was compared to WT at each time point. n.s., not significant at P > 0.05, while 
**** indicated P < 0.0001.
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secreting protein are still unknown. It might be one reason why VdcR 
induce the rtxA1 gene expression but diminished V. vulnificus’ cytotoxic 
activity. These results suggest that VdcR is involved in V. vulnificus’ 
pathogenic modulation, while the detailed regulatory pathway requires 
more experimental evidence for validation.

In conclusion, VdcR is a transcriptional regulator in V. vulnificus that 
influences various pathogenic activities. It promotes anti-phagocytosis 
activity and polysaccharide matrix production while suppressing 
motility and cytotoxicity. This makes VdcR a potential target for 
developing new therapeutic interventions against V. vulnificus.
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Fig. 4. Pathogenicity assays of V. vulnificus variants. (A) Cell adhesion, (B) Cytotoxicity, and (C) Anti-phagocytosis assays of V. vulnificus variants. These 
assays utilized the colorectal epithelial cell SW480 as the mammalian host cells for (A) and (B) while using murine macrophage J774A.1 for (C). The multiplicity of 
infection (MOI) was 10. The Y-axis of panels A and C indicated the colony number that adhered to SW480 (A) and the colony numbers that were still alive after 
phagocytosis by J774A.1 (C). Data are presented as mean ± SD, n ≥ 3. The ANOVA analysis generated the P value of WT against each of the other V. vulnificus 
variants. n.s., not significant at P > 0.05 (*P < 0.05, **P < 0.01, and ****P < 0.0001). (D) Gene expression of crp and rtxA among V. vulnificus variants. Data are 
presented as mean ± SD, n ≥ 3. The ANOVA analysis generated the P value of WT against oeVdcR or ΔVdcR, respectively. n.s., not significant at P > 0.05 (*P < 0.05, 
and ****P < 0.0001).

Fig. 5. The pathogenicity of V. vulnificus was suppressed by VdcR. 
C. elegans was utilized as a host model to determine the survival percentage 
when fed with V. vulnificus variants in this study. Data are presented as mean 
from biological triplicate experiments, n ≥ 120. P value was generated by the 
log-rank test to show the significant difference between groups with **** 
indicating the P < 0.0001.
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Supplementary data to this article can be found online at https://doi. 
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References

1. Elgaml A, Miyoshi SI. Regulation systems of protease and hemolysin production in 
Vibrio vulnificus. Microbiol Immunol. 2017;61:1–11.

2. Hlady WG, Klontz KC. The epidemiology of Vibrio infections in Florida, 1981-1993. 
J Infect Dis. 1996;173:1176–1183.

3. Feldhusen F. The role of seafood in bacterial foodborne diseases. Microb Infect. 2000; 
2:1651–1660.

4. Quirke AM, Reen FJ, Claesson MJ, Boyd EF. Genomic island identification in Vibrio 
vulnificus reveals significant genome plasticity in this human pathogen. 
Bioinformatics. 2006;22:905–910.

5. Cohen AL, Oliver JD, DePaola A, Feil E, Boyd EF. Molecular 
phylogenyofVibriovulnificusbasedonmultilocussequenceanalysisanda 33-kilobase 
genomic island correlates with pathogenic potential. Appl Environ Microbiol. 2007; 
73:5553–5565.

6. Kling K, Trinh SA, Leyn SA, et al. Genetic divergence of Vibrio vulnificus clinical 
isolates with mild to severe outcomes. mBio. 2022;13, e0150022.

7. Fan JJ, Shao CP, Ho YC, Yu CK, Hor LI. Isolation and characterization of a Vibrio 
vulnificus mutant deficient in both extracellular metalloprotease and cytolysin. 
Infect Immun. 2001;69:5943–5948.

8. Jeong HG, Satchell KJF. Additive function of Vibrio vulnificus MARTXVv and VvhA 
cytolysins promotes rapid growth and epithelial tissue necrosis during intestinal 
infection. PLoS Pathog. 2012;8, e1002581.

9. Chung KJ, Cho EJ, Kim MK, et al. RtxA1-induced expression of the small GTPase 
Rac2 plays a key role in the pathogenicity of Vibrio vulnificus. J Infect Dis. 2010;201: 
97–105.

10. Kim YR, Lee SE, Kook H, et al. Vibrio vulnificus RTX toxin kills host cells only after 
contact of the bacteria with host cells. Cell Microbiol. 2008;10:848–862.

11. Kwak JS, Jeong HG, Satchell KJF. Vibrio vulnificus rtxA1 gene recombination 
generate toxin variants with altered potency during intestinal infection. Proc Natl 
Acad Sci U S A. 2011;108:1645–1650.

12. Garrison-Schilling KL, Grau BL, McCarter KS, Olivier BJ, Comeaux NE, Pettis GS. 
Calcium promotes exopolysaccharide phase variation and biofilm formation of the 
resulting phase variants in the human pathogen Vibrio vulnificus. Environ Microbiol. 
2011;13:643–654.

13. Hilton T, Rosche T, Froelich B, Smith B, Oliver J. Capsular polysaccharide phase 
variation in Vibrio vulnificus. Appl Environ Microbiol. 2006;72:6986–6993.

14. Kaluskar ZM, Garrison-Schilling KL, McCarter KS, Lambert B, Simar SR, Pettis GS. 
Manganese is an additional cation that enhances colonial phase variation of Vibrio 
vulnificus. Environ Microbiol Rep. 2015;7:789–794.

15. Garrett SB, Garrison-Schilling KL, Cooke JT, Pettis GS. Capsular polysaccharide 
production and serum survival of Vibrio vulnificus are dependent on 
antitermination control by RfaH. FEBS Lett. 2016;590:4564–4572.

16. Mahmud ZH, Neogi SB, Kassu A, et al. Occurrence, seasonality and genetic diversity 
of Vibrio vulnificus in coastal seaweeds and water along the Kii Channel, Japan. 
FEMS Microbiol Ecol. 2008;64:209–218.

17. Akolkar JK, Matson JS. Stress responses in pathogenic Vibrios and their role in host 
and environmental survival. Adv Exp Med Biol. 2023;1404:213–232.

18. Jenal U, Reinders A, Lori C. Cyclic di-GMP: second messenger extraordinaire. Nat 
Rev Microbiol. 2017;15:271–284.

19. Pursley BR, Maiden MM, Hsieh M, Fernandez NL, Severin GB, Waters CM. Cyclic di- 
GMP regulates TfoY in Vibrio cholerae to control motility by both transcriptional 
and posttranscriptional mechanisms. J Bacteriol. 2018;200, e00578, 17.

20. Wu DC, Zamorano-Sánchez D, Pagliai FA, et al. Reciprocal c-di-GMP signaling: 
incomplete flagellum biogenesis triggers c-di-GMP signaling pathways that promote 
biofilm formation. PLoS Genet. 2020;16, e1008703.

21. Homma M, Kojima S. Roles of the second messenger c-di-GMP in bacteria: focusing 
on the topics of flagellar regulation and Vibrio spp. Gene Cell. 2022;27:157–172.

22. Cao Z, Livoti E, Losi A, Gartner W. A blue light-inducible phosphodiesterase activity 
in the cyanobacterium Synechococcus elongatus. Photochem Photobiol. 2010;86: 
606–611.

23. Paul R, Weiser S, Amiot NC, et al. Cell cycle-dependent dynamic localization of a 
bacterial response regulator with a novel di-guanylate cyclase output domain. Genes 
Dev. 2004;18:715–727.

24. Savakis P, De Causmaecker S, Angerer V, et al. Light-induced alteration of c-di-GMP 
level controls motility of Synechocystis sp. PCC 6803. Mol Microbiol. 2012;85: 
239–251.

25. Tarutina M, Ryjenkov DA, Gomelsky M. An unorthodox bacteriophytochrome from 
Rhodobacter sphaeroides involved in turnover of the second messenger c-di-GMP. 
J Biol Chem. 2006;281:34751–34758.

26. Nakhamchik A, Wilde C, Rowe-Magnus DA. Cyclic-di-GMP regulates extracellular 
polysaccharide production, biofilm formation, and rugose colony development by 
Vibrio vulnificus. Appl Environ Microbiol. 2008;74:4199–4209.

27. Guo Y, Rowe-Magnus DA. Identification of a c-di-GMP-regulated polysaccharide 
locus governing stress resistance and biofilm and rugose colony formation in Vibrio 
vulnificus. Infect Immun. 2010;78:1390–1402.

28. Beyhan S, Bilecen K, Salama SR, Casper-Lindley C, Yildiz FH. Regulation of rugosity 
and biofilm formation in Vibrio cholerae: comparison of VpsT and VpsR regulons and 
epistasis analysis of vpsT, vpsR, and hapR. J Bacteriol. 2007;189:388–402.

29. Yildiz FH, Schoolnik GK. Vibrio cholerae O1 El Tor: identification of a gene cluster 
required for the rugose colony type, exopolysaccharide production, chlorine 
resistance, and biofilm formation. Proc Natl Acad Sci U S A. 1999;96:4028–4033.

30. Chodur DM, Guo L, Pu M, et al. The proline variant of the W[F/L/M][T/S]R cyclic 
di-GMP binding motif suppresses dependence on signal association for regulator 
function. J Bacteriol. 2017;199, e00344, 17.

31. Chodur DM, Rowe-Magnus DA. Complex control of a genomic island governing 
biofilm and rugose colony development in Vibrio vulnificus. J Bacteriol. 2018;200, 
e00190, 18.

32. Jang KK, Lee ZW, Kim B, et al. Identification and characterization of Vibrio 
vulnificus plpA encoding a phospholipase A2 essential for pathogenesis. J Biol Chem. 
2017;292:17129–17143.

33. Choi G, Jang KK, Lim JG, Lee ZW, Im H, Choi SH. The transcriptional regulator IscR 
integrates host-derived nitrosative stress and iron starvation in activation of the 
vvhBA operon in Vibrio vulnificus. J Biol Chem. 2020;295:5350–5361.

34. Green J, Stapleton MR, Smith LJ, et al. Cyclic-AMP and bacterial cyclic-AMP 
receptor proteins revisited: adaptation for different ecological niches. Curr Opin 
Microbiol. 2014;18:1–7.

35. Jeong HS, Lee MH, Lee KH, Park SJ, Choi SH. SmcR and cyclic AMP receptor protein 
coactivate Vibrio vulnificus vvpE encoding elastase through the RpoS-dependent 
promoter in a synergistic manner. J Biol Chem. 2003;278:45072–45081.

36. Lee ZW, Hwang SH, Choi G, et al. A MARTX toxin rtxA gene is controlled by host 
environmental signals through a CRP-coordinated regulatory network in Vibrio 
vulnificus. mBio. 2020;11, e00723, 20.

37. Yildiz FH, Visick KL. Vibrio biofilms: so much the same yet so different. Trends 
Microbiol. 2009;17:109–118.

38. Dhakal BK, Lee W, Kim YR, Ghoy HE, Ahnn J, Rhee JH. Caenorhabditis elegans as a 
simple model host for Vibrio vulnificus infection. Biochem Biophys Res Commun. 
2006;346:751–757.

39. Gong Y, Guo RH, Rhee JH, Kim YR. TolCV1 has multifaceted roles during Vibrio 
vulnificus infection. Front Cell Infect Microbiol. 2021;11, 673222.

40. Grau BL, Henk MC, Pettis GS. High-frequency phase variation of Vibrio vulnificus 
1003: isolation and characterization of a rugose phenotypic variant. J Bacteriol. 
2005;187:2519–2525.

41. Chen CL, Chien SC, Leu TH, Harn HIC, Tang MJ, Hor LI. Vibrio vulnificus MARTX 
cytotoxin causes inactivation of phagocytosis-related signaling molecules in 
macrophages. J Biomed Sci. 2017;24:58.

42. Choi G, Choi SH. Complex regulatory networks of virulence factors in Vibrio 
vulnificus. Trends Microbiol. 2022;30:1205–1216.

Y.-W. Chen et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.jmii.2024.11.013
https://doi.org/10.1016/j.jmii.2024.11.013
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref1
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref1
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref2
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref2
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref3
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref3
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref4
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref4
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref4
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref5
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref5
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref5
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref5
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref6
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref6
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref7
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref7
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref7
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref8
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref8
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref8
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref9
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref9
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref9
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref10
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref10
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref11
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref11
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref11
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref12
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref12
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref12
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref12
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref13
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref13
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref14
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref14
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref14
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref15
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref15
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref15
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref16
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref16
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref16
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref17
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref17
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref18
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref18
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref19
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref19
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref19
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref20
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref20
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref20
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref21
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref21
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref22
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref22
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref22
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref23
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref23
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref23
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref24
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref24
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref24
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref25
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref25
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref25
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref26
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref26
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref26
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref27
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref27
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref27
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref28
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref28
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref28
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref29
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref29
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref29
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref30
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref30
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref30
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref31
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref31
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref31
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref32
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref32
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref32
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref33
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref33
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref33
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref34
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref34
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref34
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref35
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref35
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref35
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref36
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref36
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref36
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref37
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref37
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref38
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref38
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref38
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref39
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref39
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref40
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref40
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref40
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref41
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref41
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref41
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref42
http://refhub.elsevier.com/S1684-1182(24)00219-6/sref42

	A novel Diguanylate cyclase VdcR has multifaceted regulatory functions in the pathogenicity of Vibrio vulnificus
	1 Introduction
	2 Methods
	2.1 V. vulnificus variants construction and culture condition
	2.2 RNA preparation and the determination of gene expression
	2.3 Motility, hemolysis, and metalloprotease assays
	2.4 Colony morphology and polysaccharide matrix determination
	2.5 Cell adhesion, cytotoxicity, and phagocytosis assays
	2.6 The lethality assays of C. elegans
	2.7 Statistical analysis

	3 Results
	3.1 The construction of VdcR derivative V. vulnificus variants
	3.2 Constitutive expressed VdcR induces phosphodiesterase expression
	3.3 VdcR modulates the motility, colony morphology, and EPS production in V. vulnificus
	3.4 VdcR suppresses the hemolysis and casein digestive activity in V. vulnificus
	3.5 Cell adhesion activity of V. vulnificus was improved by VdcR
	3.6 The cytotoxicity and anti-phagocytosis activity of V. vulnificus was regulated by VdcR
	3.7 The lethality assays of C. elegans infected by V. vulnificus variants

	4 Discussion
	CRediT authorship contribution statement
	Data statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


