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1  |  DISCOVERY OF c-  di-  GMP

Bacteria are known to possess second messengers such as 
cAMP, cGMP, guanosine pentaphosphate (ppGpp), c- di- 
GMP, and c- di- AMP (Hengge, 2020; Opoku- Temeng et al., 
2016). Among these, cAMP was the earliest to be discov-
ered and studied. In Escherichia coli, cAMP plays a role in 
the transcriptional regulation of glucose metabolism; on 
the other hand, in animals, it is involved in a great variety of 
regulatory activities in conjunction with G protein- coupled 
receptors (GPCRs) (Gancedo, 2013). c- di- GMP is involved 
in a variety of environmental responses of bacteria.

In animals, cyclic nucleotides such as cAMP and 
cGMP are known to be involved in various biological 
functions. Recently, bis (3',5')- cyclic diguanylic acid (c- 
di- GMP) has been shown to be an allosteric activator that 
regulates various reactions during bacterial adaptation 
to the environment. c- di- GMP is widely produced in the 
bacterial kingdom and is unique to this kingdom. c- di- 
GMP was found to regulate enzyme production, where 
it acts as a positive regulator of cellulose synthase in 
Gluconacetobacter xylinus, a bacterium known to synthe-
size cellulose, and was found to bind to allosteric active 
factors of the membrane- bound cellulose synthesis system 
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Abstract
Typical second messengers include cyclic AMP (cAMP), cyclic GMP (cGMP), and 
inositol phosphate. In bacteria, cyclic diguanylate (c- di- GMP), which is not used 
in animals, is widely used as a second messenger for environmental responses. 
Initially found as a regulator of cellulose synthesis, this small molecule is known 
to be widely present in bacteria. A wide variety of synthesis and degradation en-
zymes for c- di- GMP exist, and the activities of effector proteins are regulated by 
changing the cellular c- di- GMP concentration in response to the environment. 
It has been shown well that c- di- GMP plays an essential role in pathogenic cycle 
and is involved in flagellar motility in Vibrio cholerae. In this review, we aim to 
explain the direct or indirect regulatory mechanisms of c- di- GMP in bacteria, fo-
cusing on the study of c- di- GMP in Vibrio spp. and in flagella, which are our 
research subjects.
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(Ross et al., 1985, 1987; Weinhouse et al., 1997). It has also 
been shown to regulate the synthesis and function of the 
extracellular components of flagella and cilia and the syn-
thesis of exopolysaccharides (Romling & Amikam, 2006). 
c- di- GMP exerts a variety of functions through various 
binding proteins that have a PilZ domain. PilZ is a small 
cytoplasmic protein of 13 kDa expressed as part of the pili- 
producing operon and is essential for pili biosynthesis. 
Based on genome analysis, the PilZ domain is predicted 
to be the leading site for c- di- GMP binding (Amikam & 
Galperin, 2006). The binding of c- di- GMP to the PilZ do-
main was demonstrated using purified PilZ domain pro-
teins (Ryjenkov et al., 2006), and the crystal structure of 
the c- di- GMP- bound PilZ domain has also been reported 
(Benach et al., 2007).

2  |  c-  di-  GMP SYNTHESIS AND 
DEGRADATION ENZYMES IN 
BACTERIA

c- di- GMP is synthesized from two molecules of GTP by 
diguanylate cyclase (DGC) and degraded to two molecules 
of GTP by phosphodiesterase (PDE). Cyclase activity is 
encoded in the GGDEF domain (also known as DUF1) 
(Paul et al., 2004; Ryjenkov et al., 2005). The GGDEF do-
main of DGC was named from the five amino acid resi-
dues GGDEF of PleD, which controls flagellar formation 
in Caulobacter crescentus (Hecht & Newton, 1995). Later, 
it was shown that this motif forms the active center of the 
DGC (Schirmer & Jenal, 2009). Phosphodiesterase activity 
is encoded by the EAL (DUF2) domain (Christen et al., 
2005; Schmidt et al., 2005; Tamayo et al., 2005) and the 
HD- GYP domain (Ryan et al., 2006) (Figure 1).

Genome analysis of various bacteria shows that many 
of the GGDEF, EAL, and HD- GYP domain proteins, which 
are thought to be responsible for the synthesis and degra-
dation of c- di- GMP, are encoded in the genome (Chou & 
Galperin, 2016). In Vibrio cholerae, there are 31 proteins 
with GGDEF, 11 proteins with both GGDEF and EAL 
domains, 12 proteins with EAL, and 9 proteins with HD- 
GYP domains; thus, a total of 62 proteins involved in the 
synthesis and degradation of c- di- GMP were inferred in 
the bacterial genome. As shown in Table 1, the number of 
c- di- GMP synthesis and degradation proteins in the Vibrio 
spp is much more than that in E.  coli. However, there 
are no homologs of these factors in archaea kingdom. 
Although it is not yet clear why such a large number of 
c- di- GMP synthetases are required, it is obvious that they 
evolved during ancient times to help organisms to cope 
with the harsh environment of Earth. It should be noted 
that most of those predicted c- di- GMP synthesis/degrada-
tion proteins are uncharacterized, and so they might exert 
other functions rather than the c- di- GMP biogenesis.

3  |  STRUCTURE OF c-  DI-  GMP- 
BINDING PROTEIN

Among the various c- di- GMP- binding proteins, the struc-
ture of V.  cholerae PilZ domain- containing protein D 
(PlzD) was determined first (Benach et al., 2007). PlzD is 
one of the five PilZ domain proteins that was identified 
from the V.  cholerae genome sequence as VC0042 pro-
tein. The N- terminal domain of PlzD is homologous to 
that of YcgR. YcgR is involved in flagellar gene regulation 
in E. coli and has a PilZ domain at its C- terminus. It was 
later shown to bind c- di- GMP and act on a flagellar motor 
(Hou et al., 2020). ycgR was initially identified as a sup-
pressor gene for the defect of the nucleoid protein H- NS, 
which causes the repression of flagellar gene expression. 
Transposon insertion in ycgR suppresses the H- NS defect 
and restores flagellar formation (Ko & Park, 2000). PlzD 
has a c- di- GMP binding consensus sequence of RxxxR and 
D/NxSxxG in the PilZ domain on the C- terminal side re-
gion. Benach et al. (2007) determined the apo structure 
without c- di- GMP and the complex structure in which one 
molecule of c- di- GMP was bound to a PilZ domain, reveal-
ing that c- di- GMP- bound PlzD formed a dimer. Notably, 
the binding of c- di- GMP to the PilZ domain causes a large 
structural change (Figure 2a,b). In E.  coli YcgR, the C- 
terminal PilZ domain interacts with the flagellar stator 
protein MotA in the motor, and the N- terminal domain 
interacts with other motor proteins (assuming the rotor 
protein FliG). Thus, it is currently thought to inhibit 
motor function (Hou et al., 2020). Recently, it has been 
found that degradation of the σS sigma factor by ClpXP 

F I G U R E  1  Model of c- di- GMP signaling. The concentration 
of c- di- GMP is regulated by a synthase of diguanylate cyclase 
(DGC) and a degrading enzyme of phosphodiesterase (PDE). The 
binding of c- di- GMP to various effector molecules regulates various 
functions, motility, virulence, biofilm formation, cell division, 
among other functions
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protease occurs in a c- di- GMP- dependent manner and af-
fects flagellar gene control (Nieto et al., 2020). However, it 
is not known whether YcgR directly affects flagellar gene 
regulation.

Among Vibrio spp., VpsT is a c- di- GMP- binding pro-
tein whose structure has been determined (Krasteva et al., 
2010). As described in Section 5, this protein belongs to the 
LuxR and CsgD families. It is a two- component regulatory 

T A B L E  1  Number of GGDEF, EAL, HD- GYP, and PilZ domain proteins in the genomes

Proteins GGDEF GGDEF+EAL EAL HD- GYP PilZ MshEN Other

1:E. coli 4,132 12 7 10 – 2 1 BcsE

2:P. aeru 5,567 17 16 5 3 8 2 FleQ

3:V. chol 3,835 31 10 12 9 5 1 VpsT, FleQ

4:V. harv 6,055 32 12 14 5 5 1 VpsT, FleQ

5:V. para 4,832 28 16 13 5 5 1 VpsT, FleQ

6:V. anti 4,518 29 16 11 4 5 1 VpsT, FleQ

Note: The data were obtained from the Web site (http://ncbi.nlm.nih.gov/Compl ete_Genom es/c- di- GMP.html). 1: E. coli, 2: P. areruginosa, 3: V. cholerae, 4: 
V. harveyi, 5: V. parahaemolyticus, 6: V. antiquaries.

F I G U R E  2  Structures of c- di- GMP- 
binding proteins. Crystal structure models 
of c- di- GMP- binding PlzD (a), c- di- GMP- 
free PlzD (b), c- di- GMP- binding VpsT 
(c), c- di- GMP- free VpsT (d), c- di- GMP- 
binding FleQ (e), and c- di- GMP- free FleQ 
(f). The c- di- GMP- binding residues are 
shown in the helix model with the stick 
model of the residues in dark green. c- di- 
GMP is shown in the stick model

(a) (b)

(e) (f)

(c) (d)

http://ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.html
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effector protein that is phosphorylated. Although the pu-
tative phosphorylation site is conserved, the other resi-
dues involved in phosphate transfer are not conserved. 
The N- terminus contains the receiver (REC) domain, 
which contains the transcriptional control domain with a 
helix- turn- helix (HTH) motif and a c- di- GMP conserved 
sequence of four residues (W[F/L/M][T/S]R). The bind-
ing molar ratio of c- di- GMP to VpsT is 1:1, and two mole-
cules of c- di- GMP bind to the dimer of VpsT. However, it 
seems that c- di- GMP is not necessary for VpsT dimeriza-
tion. The binding of c- di- GMP changes the structure of 
the HTH domain at the DNA- binding site, thus changing 
its interaction with DNA and affecting the transcriptional 
activity (Figure 2c,d).

Another well studied structure among the c- di- GMP- 
binding proteins is that of the FleQ protein of Pseudomonas 
aeruginosa. As described in Section 7, FleQ is an ortho-
log of FlrA, known as the flagellar gene master regulator 
of V.  cholerae, and functions as a flagellar gene master 
regulator in P.  aeruginosa (Baraquet & Harwood, 2013; 
Hickman & Harwood, 2008). FleQ has a REC receiver 
domain at the N- terminus, a bacterial AAA+ATPase/
σ54 interaction domain at the center, and a HTH DNA- 
binding domain, which is highly homologous to the NtrC 
subfamily, a family of bacterial enhancer- binding proteins 
(bEBP). However, it is speculated that the control mecha-
nism of NtrC and FleQ is different. FleQ is thought to form 
a stable hexamer ring structure and suppress transcription 
when c- di- GMP is not bound. As the c- di- GMP concen-
tration rises and c- di- GMP binds to FleQ, the hexamer is 
deformed. The structure then undergoes conformational 
changes that allow the transcription of flagellar genes. 
The control region that binds to c- di- GMP exists at the in-
terface between the REC and AAA+domains. The struc-
tural data show that c- di- GMP binds to the LFR144S motif, 
the R185 and N186 residues of the post- Walker A region, 
and the ExxxR334  sequence (Figure 2e,f) (Matsuyama 
et al., 2016). A recent report suggested that c- di- GMP and 
FleQ regulate cAMP by modulating cyaA expression (Xiao 
et al., 2021).

4  |  REGULATION OF VIRULENCE 
FACTORS BY c-  di-  GMP IN VIBRIO 
spp.

The life cycle of V.  cholerae, the pathogenic bacterium 
causing cholera, can be divided into two main phases: 
the free- swimming phase and the virulent phase. During 
the former phase, V. cholerae is mainly found outside the 
host. It does not express virulence factors and actively 
moves around. In the environment, the bacteria grow ei-
ther in a swimming form, using flagella to move actively 

in the water, or as an adherent form, forming biofilms on 
the surface of fish, shrimp, plankton, sediment, and so on 
(Figure 3) (Teschler et al., 2015). In order to form biofilms 
in the aquatic environment, they attach to the surface of 
aquatic organisms through the formation of mannose- 
sensitive hemagglutinin (MSHA) pili which are type IV 
pili. On entering the host and reaching the surface of 
the infected intestine, they shift to the latter state, where 
they lose motility; at the same time, they form toxin co- 
regulated pilus (TCP), which is required for colonization 
of the small intestine, as well as virulence factors such 
as cholerae toxin (CT), which causes electrolyte secretion 
(leakage) (Figure 4) and the characteristic cholera symp-
tom of diarrhea.

Several flagellar genes and chemotaxis- related genes 
are known to be involved in V.  cholerae pathogenicity. 

F I G U R E  3  Biofilm formation during the life cycle of Vibrio 
cholerae. In the aquatic environment, V. cholerae is present in two 
states: a highly motile planktonic state and an attached state on 
zooplankton, phytoplankton, carcasses, and sediment surfaces, the 
latter of which eventually forms a biofilm. Type IV pili, mannose- 
sensitive hemagglutinin (MSHA) pili, and flagella contribute to 
the initial attachment to living and non- living surfaces. Then, cells 
produce an extracellular matrix and polysaccharides that form 
mature biofilms. It is not clear whether there is loss of flagella 
and pili during biofilm formation. However, it has been reported 
that flagella are shed in the stationary phase. V. cholerae can 
infect humans from this aquatic environment and cause seasonal 
epidemics. When the bacteria colonize the intestine, aggregates of 
floating cells and biofilm- forming cells producing TCP pili have 
been observed. These are expelled as stool and can reinfect new 
humans or return to the aquatic environment. The figure was 
created based on a previous study by Teschler et al. (2015)
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Transcription factors, including AphA/B, TcpP/H, 
ToxR/S, and ToxT, have been shown to regulate the 
expression of CT and TCP (Reidl & Klose, 2002). ToxT 
plays a major role in expressing virulence factors in 
V.  cholerae and is a transcriptional activator that acti-
vates the promoter of ctxAB, which encodes CT, result-
ing in toxin production and pathogenicity (Champion 
et al., 1997; Skorupski & Taylor, 1997). ToxR and TcpP 
activate the expression of toxT (both inner membrane 
proteins with a DNA- binding domain in the cytoplas-
mic region) (Häse & Mekalanos, 1998). The induction of 
these genes is influenced by the external environment, 
such as temperature, pH, and sodium ion concentration. 
In addition to CT, ToxT activates the transcriptions of 
the tcp (toxin co- regulated pilus) gene cluster, includ-
ing tcpA, which encodes the main component of TCP, as 
well as the acf (accessory colonizing factor) gene clus-
ter (Brown & Taylor, 1995; Faruque et al., 1998). The 
expression of many virulence factors, such as CT (chol-
era toxin) and TCP pili, is coordinately regulated by the 
transcriptional regulator ToxR and its downstream ToxT 
(Figure 4). It has been found that the expression of viru-
lence factors such as CT, TCP pili, hemolysins, and bio-
films is upregulated in V. cholerae with loss of motility. 

In contrast, the expression of these virulence factors is 
downregulated in mutant strains with increased motil-
ity (Gardel & Mekalanos, 1996).

The above evidence suggests a common factor that 
controls the expression of flagellar proteins and virulence 
factors. In response to various physiological conditions, 
alternative σ factors that regulate the transcription of var-
ious genes in bacteria were considered. The σ factor used 
in normal growth is called σ70 because of its molecular 
weight of 70 kDa. The alternative σ- factor, σ54, regulates 
the expression of nitrogen assimilation genes, flagellar 
genes, and pili genes (Kustu et al., 1989). σ54- deficient 
strains of V. cholerae were generated, and the expression 
of virulence factors was examined (Klose & Mekalanos, 
1998). The production of CT and TCP pili was not affected. 
However, the flagellar formation was defective, and the 
mutation affected the expression of glutamine synthetase. 
In addition, colony formation ability of the σ54- deficient 
strain of V.  cholerae in an infant mouse model system 
was abolished. It was suggested that this defect in colony 
formation was not derived from the indirect effects of fla-
gellar defects and glutamine synthetase levels. However, 
how environmental signals regulate the sigma factor still 
remains unclear (Khan et al., 2020).

F I G U R E  4  Regulatory model of V. cholerae virulence factors. The membrane proteins TcpH/TcpP and ToxS/ToxR receive external 
environmental stimuli and positively regulate the transcription of toxT gene. The synthesized ToxT acts as a transcription factor and 
regulates the transcription of downstream virulence factors. The movement of sodium ions through the sodium- driven flagellum and 
respiratory chain seems to affect the transcription of toxT. Although not shown in the figure, there is a pathway in which the quorum signal 
is accepted by the sensor kinases CqsS and LuxQ, and influences the production of virulence factors by a multi- step signaling cascade 
through LuxO. The involvement of these very complex genes controls the regulation of the expression of virulence factors such as cholera 
toxin and TCP. The figure was created based on previous studies (Krukonis et al., 2000; Ramamurthy et al., 2020; Zhu et al., 2002)
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c- di- GMP appears to be a factor that links the expres-
sion of these pathogenic factors. Although there is no di-
rect evidence that c- di- GMP is involved in pathogenicity, 
it is known that proteins with GGDEF and EAL domains 
are involved in biofilm formation in Vibrio spp. (Boles & 
McCarter, 2002; Bomchil et al., 2003; Rashid et al., 2003). 
In this context, it was revealed that VieA, which is involved 
in the production of cholera toxin by the two- component 
regulatory system of Vibrio, negatively regulates the ex-
pression of the Vibrio polysaccharide (vps) genes, which 
are required for biofilm formation (Tischler & Camilli, 
2004). In addition, it was found that VieA has an EAL do-
main, and its degradation activity regulates the concentra-
tion of c- di- GMP, which in turn regulates gene expression 
(Dey et al., 2013; Tamayo et al., 2005).

5  |  BIOFILM FORMATION AND 
c-  di-  GMP IN VIBRIO  spp.

Biofilm formation occurs when V. cholerae changes from 
the swimming state using flagella to the adherent state 
using pili. The main constituents of biofilms are the extra-
cellular polysaccharide (VPS), and the vps- I (vpsU, vpsA-
 K, VC0916- 27) and vps- II (vpsL- Q, VC0934- 39) operons 

encode the genes required for VPS production. In addi-
tion to VPS, matrix proteins (RbmA, RbmC, and Bap1) are 
necessary for biofilm formation. The genes required for 
matrix protein synthesis are clustered between the vps- I 
and vps- II regions (Figure 5a) (Fong et al., 2010). The 
vps gene expression is regulated by VpsR, VpsT, or HapR 
(Fong & Yildiz, 2008) and other factors (Cheng et al., 
2018; Teschler et al., 2017). VpsR is a σ54- dependent tran-
scriptional regulator that contains an AAA- type ATPase 
domain and a DNA- binding domain. HapR is a member 
of the TetR family that binds to DNA and represses tran-
scription. As mentioned in Section 3, VpsT is a protein 
composed of an N- terminal receiver (REC) domain and a 
C- terminal helix- turn- helix (HTH) domain that mediates 
DNA binding and is a phosphorylated effector protein of 
the LuxR and CsgD families of two- component regulatory 
systems. The dimerization of VpsT on binding of c- di- GMP 
has a more substantial effect on transcription than phos-
phorylation by upstream kinases (Krasteva et al., 2010). 
It has been found that VpsR regulates the expression of 
another transcription factor, TfoY, which is regulated in a 
c- di- GMP- dependent manner (Pursley et al., 2018). Using 
an in vitro system, it has been shown that VpsR acts on 
the promoters of the vps genes to regulate their expression 
depending on σ70 RNA polymerase and c- di- GMP (Hsieh 

F I G U R E  5  Gene regulation of 
biofilm formation. (a) Biofilm- forming 
genes of V. cholerae. rbm gene cluster 
encoding matrix proteins are located 
between vps- I and vps- II clusters of genes 
(Fong et al., 2010). (b) Regulation of 
biofilm formation in V. cholerae. VpsT and 
VpsR are the major direct transcriptional 
regulators of polysaccharide synthesis, 
required for biofilm formation (Teschler 
et al., 2015). (c) Regulation of biofilm 
formation in V. parahaemolyticus. 
Transcription factors homologous to 
the V. cholerae regulatory proteins are 
involved, but the regulatory mechanism 
is slightly different (Yildiz & Visick, 
2009). The arrow ends represent positive 
regulation, and the black circle ends 
represent negative regulation

(a)

(b)

(c)



   | 163Genes to CellsHOMMA and KOJIMA

et al., 2018). VpsR also regulates the production of matrix 
proteins and further regulates the expression of genes (eps 
genes), which are required for the secretion of proteins of 
the type II secretion apparatus out of the bacterium in a 
c- di- GMP- dependent manner (Sloup et al., 2017). The pro-
moter regions of the eps genes have been shown to have 
two promoters, σE and σ70 dependent ones (Zielke et al., 
2014). Furthermore, cAMP is also involved in biofilm for-
mation, depending on the concentration of c- di- GMP.

As described above, biofilm formation is regulated in 
a very complex manner in V. cholerae. In V. parahaemo-
lyticus, a well- known pathogenic bacterium of Vibrio, the 
major component of biofilms is the extracellular polysac-
charide, and the genes required for its synthesis are named 
cps (capsular polysaccharide) and are clustered together 
at one locus (Yildiz & Visick, 2009). The region contains 
the genes necessary to synthesize polysaccharides, and 
the composition of genes is slightly different from that of 
V. cholerae. The composition of the VPS of V. cholerae is 
glucose (52.6%), galactose (37.0%), N- acetylglucosamine 
(5.1%), mannose (3.8%), and xylose (1.5%), and that of 
V. parahaemolyticus is glucose (34.6%), galactose (27.8%), 
fucose (21.3%), N- acetylglucosamine (13.9%), arabinose 
(1.0%), mannose (0.7%), and N- acetylgalactosamine (0.6%) 
(Enos- Berlage & McCarter, 2000; Yildiz & Schoolnik, 
1999). In terms of gene regulation, similar transcriptional 
regulators (OpaR, CpsR, CpsS) are involved in V. cholerae 
and V. parahaemolyticus. However, the regulatory mech-
anisms seem to be slightly different among the species 
(Yildiz & Visick, 2009) (Figure 5c). OpaR, which is a ho-
mologue of LuxR in V. harvery (McCarter, 1998), is also 
recognized as the master regulator of quorum sensing, 
and approximately 11 transcription factors controlled by 
OpaR have been identified (Kernell Burke et al., 2015). 
OpaR also regulates the c- di- GMP concentration (Zhang 
et al., 2021). It seems that very complicated regulation is 
present in the different Vibrio species.

6  |  TWO TYPES OF FLAGELLA IN 
VIBRIO  spp.

V. parahaemolyticus and its close relative, V. alginolyticus, 
have two functionally distinct types of flagella: a single 
polar flagellum and multiple lateral flagella (McCarter, 
2004). V. cholerae has one polar flagellum, whereas V. fis-
cheri has multiple polar flagella. The energy source of 
flagellar motility in the polar and lateral flagella was inves-
tigated, and it was found that Na+ motive force drives the 
polar flagellum, whereas H+ motive force drives the lat-
eral flagellum (Atsumi et al., 1992; Kawagishi et al., 1995). 
The polar flagellum is expressed constitutively, whereas 
the lateral flagellum is expressed under highly viscous 

conditions, suggesting that Vibrio spp. senses an increase 
in viscosity. Experiments using phenamil (a derivative 
of amiloride, a sodium channel inhibitor), an inhibitor 
of the Na+- driven motor of the polar flagellum, showed 
a correlation between decreased polar flagellar rotation 
and expression of the lateral flagellar genes. This suggests 
that polar flagella act as mechanical sensors and regulate 
the expression of lateral flagellar genes (Kawagishi et al., 
1996).

Although this phenomenon was discovered more than 
30  years ago, it is still unclear how the polar flagellum 
senses viscosity. For V. cholerae, it has been reported that 
polar flagellar movement influences the control of biofilm 
formation. Lack of flagellar filament protein increases 
the concentration of c- di- GMP in cells, and loss of MotY, 
which is essential for the motor function of the polar fla-
gellum, suppresses the increase in c- di- GMP (Wu et al., 
2020). The mechanism by which the polar flagellar gene 
regulates c- di- GMP levels remains unclear. In V.  para-
haemolyticus, ScrABC has been reported to regulate the 
expression of the lateral flagellum and biofilm formation 
(Boles & McCarter, 2002). ScrC is a membrane protein 
with a cytoplasmic region containing a GGDEF- EAL do-
main, has c- di- GMP degradation and synthesis activities, 
and regulates c- di- GMP levels upon signaling (Trimble & 
McCarter, 2011). The S signal, a pheromone signal that 
helps communicate between cells in co- culture to regu-
late surface colonization, is produced by the pyridoxal- 
phosphate- dependent aminotransferase of ScrA and is 
sensed by SscL (VPA1462) and SscS (VPA1492), homolo-
gous methyl- accepting chemotaxis proteins (Lamb et al., 
2019). It has been shown that SscS is expressed as part of 
the lateral flagellar gene system, with the scrABC operon 
responsible for S signal production (Gode- Potratz et al., 
2011). The genes, scrJ (VPA1115), scrL (VPA1069), and 
lafV (VPA1547), which encode proteins that contribute 
to the Scr network, have been identified (Kimbrough & 
McCarter, 2021). ScrJ and ScrL are tetratricopeptide re-
peat (TPR)- coupled GGDEF proteins. LafV, which is en-
coded by the last gene in the lateral flagellar operon and 
contains a degenerate phosphodiesterase (EAL) domain, 
represses the transcription of multiple genes in the sur-
face sensing regulon in the presence of LafK, the primary 
swarming regulator.

Recently, a study of P. aeruginosa provided a clue to the 
mechanism of c- di- GMP regulation in the flagellar system 
(Baker et al., 2019). P. aeruginosa has two types of flagellar 
stator complexes, MotA/MotB and MotC/MotD. The sta-
tor of MotC/MotD enables the flagellum to perform mi-
gratory movements such as crawling on the surface under 
highly viscous conditions. It has been shown that FlgZ, 
which has a PilZ domain and is homologous to E.  coli 
YcgR, affects this migratory movement and interacts with 
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MotC (Baker et al., 2016). When MotC/MotD was knocked 
down, the c- di- GMP levels decreased; on the other hand, 
when MotC/D was overexpressed, the c- di- GMP levels 
increased and biofilm formation was induced. It has also 
been found that MotC acts on the transmembrane region 
of SadC, a membrane protein with a GGDEF motif in its 
C- terminal cytoplasmic region (Baker et al., 2019). Based 
on this evidence, a model was presented in which the 
MotC/MotD stator complex interacts with SadC, a DGC, 
to increase the c- di- GMP synthesis activity (Figure 6). It 
is likely that the PomA/PomB stator complex of Vibrio 
spp. may interact with a membrane protein with c- di- 
GMP degradation and synthesis activity to alter c- di- GMP 
concentrations.

7  |  FLAGELLAR FORMATION IN 
VIBRIO  spp.

As mentioned above, flagella motility is not necessary 
for the growth of Vibrio spp. under nutrient- rich culture 
conditions. In the laboratory environment, flagellum- 
deficient strains grow exactly as wild- type strains. The cost 
of flagellar maintenance is very high. In Shigella, which 
causes dysentery and is very closely related to E. coli or 
Salmonella, the flagellar genes are thought to have been 
lost as they are no longer needed (Tominaga et al., 2005). 
The flagellum is composed of more than 20 structural pro-
teins, and more than 50  genes encode and regulate the 
expression of these flagellar structural proteins. To mini-
mize the maintenance cost, flagellar gene expression is 
tightly regulated when not needed (Chevance & Hughes, 
2008; Terashima et al., 2008).

In V. parahaemolyticus and V. cholerae, flagellar gene 
expression regulation of polar flagellar genes has been 
postulated (Echazarreta & Klose, 2019; McCarter, 2004; 
Syed et al., 2009). In V. cholerae, the transcriptional reg-
ulation of the operon was modeled by dividing the op-
eron into four classes according to the order of expression 
(Figure 7a) (Correa et al., 2000; Prouty et al., 2001). Motor 
genes such as motAB and motY, and the flagellin- coding 
genes flaB, flaC, flaD, flaE, and the flgM operon which 
encodes a putative anti- σ factor, have σ28- type promoter 
sequences and are expressed depending on σ28 encoded 
by the fliA gene. In contrast, flaA, which encodes core 
flagellin; motX, which encodes a motor protein; and struc-
tural genes of the hook, basal flagellar bodies, or hook- 
associated proteins (HAPs) are expressed depending on 
FlrC and σ54. The flrA gene is transcribed first, and its 
product, FlrA, causes transcription of the class II operon 
with σ54. The phosphate transfer from FlrB to FlrC acti-
vates FlrC in the two- component system. The binding of 
c- di- GMP to FlrA has been reported to inhibit the binding 
of FlrA to the flrBC operon, thus preventing transcription 
and flagellar formation (Srivastava et al., 2013). Similar 
regulation of flagellar gene expression by c- di- GMP has 
been observed in P. aeruginosa, and the function of FleQ, 
a homolog of FlrA with approximately 50% homology, 
has been well studied. FleQ is classified as an AAA+- type 
ATPase and a master regulator of the polar flagellar genes 
in P. aeruginosa, as described in Section 3.

The polar flagellar genes of V.  parahaemolyticus are 
also regulated by transcriptional control similar to that of 
V. cholerae (although the genes are named differently) (Kim 
& McCarter, 2000; McCarter, 2001). Transcriptional regu-
lation of the lateral flagellar genes in V. parahaemolyticus 

F I G U R E  6  Model for the involvement of flagellar stators in c- di- GMP levels. Interactions between the DGC membrane protein SadC 
(green) and the stator complex in the ΔmotCD mutant strain (a), the wild- type strain (b), the strain expressing MotAB from a multicopy 
plasmid (c), and the ΔmotAB mutant strain (d). The MotA/MotB stator complexes are shown in blue, and the MotC/MotD stator complexes 
are shown in red. The effector FlgZ can interact with MotC when in the c- di- GMP bound state. The figure was adapted from a previously 
published paper (Baker et al., 2019)
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was also analyzed and found to be hierarchically regulated 
(Figure 7b). Interestingly, the master regulator of the lat-
eral flagellar genes in V. parahaemolyticus is the σ54 type. 
However, the downstream regulator is similar to the σ28 
type of E. coli (Figure 7c) (Stewart & McCarter, 2003). In 
V. campbellii, a marine bacterium belonging to the harveyi 

clade that shares similar free- living and pathogenic life cy-
cles to other members of the Vibrionaceae (Urbanczyk et al., 
2013), the flagellar genes are involved in the pathogenesis 
of infection caused by this microorganism, and inhibition 
of motility significantly decreases host mortality during in-
fection (Petersen et al., 2021; Yang & Defoirdt, 2015). While 

F I G U R E  7  Flagellar genes. The genes 
of the sodium ion- driven polar flagella of 
V. cholerae (a), the proton- driven lateral 
flagella of V. parahaemolyticus (b), and 
the proton- driven peritrichous flagella of 
E. coli (c) and their gene configurations 
are shown. The arrows above the gene 
names indicate the transcription units, 
and the numbers at the beginning indicate 
the order of the transcription hierarchy
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V. campbellii encodes the genes for flagella and chemotaxis, 
and these genes are conserved in other Vibrio species, the 
expression and function of these genes have not been char-
acterized. In addition, the V.  campbellii genome encodes 
genes that are homologous to V.  parahaemolyticus lateral 
flagellar genes for swarming motility. However, only a few 
strains express these genes with little phenotypic or genetic 
characterization (Allen & Baumann, 1971; Shinoda et al., 
1992). It has been shown that the regulatory hierarchy of 
V. campbellii transcription of the flagellar and chemotaxis 
genes is similar to that of other Vibrio spp.; however, some 
differences have been observed in the roles of σ54- dependent 
regulators (Petersen et al., 2021). These differences might 
have been adapted to the living environment of Vibrio spp.

8  |  THE ACCELERATOR AND 
BRAKE OF FLAGELLAR MOTOR 
ROTATION INFLUENCED BY c-  di- 
GMP

When the growth environment suddenly changes, the 
load applied to the bacterium changes significantly, 
which affects the migration pathways. To respond to such 
changes in the external environment, the ability to ad-
just the flagellar motor's rotation speed that controls the 
bacterium's movement is very important. For example, 
the motor needs to generate more torque (accelerate) to 
drive the rotor under a heavy load. Indeed, recent stud-
ies have shown that cells respond to upshifts in load by 
increasing the number of stator units surrounding the 
rotor (Lele et al., 2013; Pourjaberi et al., 2017; Terahara 
et al., 2017; Tipping et al., 2013). Approximately 10  sta-
tor units are incorporated to generate high torque at high 
loads. Few stator units are assembled to rotate the motor 
around the rotor at low loads. Therefore, the stator unit 
acts as a load sensor and adjusts the rotation speed to ex-
ternal load changes. The speed of the motor in response to 
environmental changes is also adjusted when the physi-
ological state of the cell changes from a swimming state 
to an adherent state during biofilm formation (Baker & 
O'Toole, 2017). High levels of intracellular c- di- GMP have 
been shown to promote surface attachment and biofilm 
formation (Hengge, 2009; Jenal et al., 2017).

In E. coli, it has been reported that deletion of the DGC- 
encoding gene, yhjH, and increasing the concentration of 
intracellular c- di- GMP decreases the swimming speed of 
the bacteria, while deletion of a PDE- synthesizing gene 
and decreasing the concentration of c- di- GMP increases 
the swimming speed (Ko & Park, 2000). The inhibitory ef-
fect of c- di- GMP was partially suppressed by a mutant of 
YcgR, a protein with a PilZ domain and a binding site for 
c- di- GMP, suggesting that YcgR suppresses the rotational 

speed of the E. coli flagellar motor in response to the con-
centration of c- di- GMP. It has been reported that YcgR, 
activated by c- di- GMP, binds specifically to the rotator pro-
teins FliM and FliG (Fang & Gomelsky, 2010; Paul et al., 
2010) or the stator MotA (Boehm et al., 2010) (Figure 8). 
Biochemical approaches have confirmed the interaction 
between YcgR and MotA in the cytoplasmic region, with 
the C- terminal domain of YcgR interacting with MotA. 
In contrast, the N- terminal domain interacts with FliG 
(Hou et al., 2020). It is known that bacteria attach to the 
cell surface under starvation conditions to form multicel-
lular populations. Under these conditions, high c- di- GMP 
concentration strengthens surface adhesion, favoring bio-
film formation. Furthermore, deletion of ycgR reduces cell 
adhesion, suggesting that ycgR, a gene that suppresses fla-
gellar motility, also plays a role in promoting biofilm forma-
tion (Fang & Gomelsky, 2010). V. cholerae has several PilZ 
domain proteins. It has been reported that c- di- GMP binds 
to PlzD, and the overexpression of PlzD in wild- type strains 
on minimal medium reduces motility (Pratt et al., 2007). 
In V. alginolyticus, it has also been reported that motility is 
significantly inhibited when PlzD is expressed under oli-
gotrophic conditions (Kojima et al., 2019). In V. cholerae, 
PlzC was found to promote biofilm formation only when 
c- di- GMP was at high concentrations. PlzB was found to 
promote biofilm formation regardless of the concentration 
of c- di- GMP (Conner et al., 2017). Both proteins are known 
to have a PilZ domain; however, it is not clear how they 
affect motility and biofilm formation. In particular, the 
mechanism of rotation inhibition of the Na+- driven motor 
is similar to that of the H+- driven motor described above.

9  |  FLAGELLAR GENES AND 
BIOFILM FORMATION

The relationship between flagellar gene deficiency and 
biofilm formation has been investigated in various stud-
ies. The biofilm formation response differs between se-
rotype strains of O139 and O1(El Tol) in V. cholerae. It 
has been reported that strain O139 produces rugose col-
onies depending on the expression of the vps gene when 
the flagellar genes are deleted (Watnick et al., 2001). 
It has also been reported that the expression of CdgD 
DGC is regulated by the flagellar gene expression sys-
tem (Syed et al., 2009). Thus, it seems that the flagellar 
gene regulatory system also regulates the expression of 
virulence factors of V. cholerae via CdgD. Deleting the 
flaA gene, a major flagellin gene in strain O139, causes 
the formation of rugose colonies. Furthermore, defects 
in the pomA or motX gene, a stator- related gene of the 
flagellar motor, result in smooth colonies (Lauriano 
et al., 2004). This phenomenon is a result of changes 
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in vpsR gene expression due to pomA or motX gene 
deletion. CdgA, CdgL, and CdgO were found to be in-
volved in this phenomenon in a comprehensive study, 

in which 28 genes of DGCs in V. cholerae were mutated 
and their contribution to vp gene expression was inves-
tigated (Wu et al., 2020). It has been shown that CdgA 

F I G U R E  8  Model for inhibition of 
the motor rotation by c- di- GMP- binding 
protein. The concentration of c- di- GMP is 
altered by the synthesis and degradation 
of various enzymes in E. coli, and the 
binding of c- di- GMP to YcgR inhibits the 
motor (Boehm et al., 2010). (a) Flagellar 
basal body structure and periplasmic 
stator units (MotA/MotB) spanning the 
envelope (inner and outer membranes) of 
E. coli. YcgR, a c- di- GMP- binding protein, 
interacts with the stator and rotor in a c- 
di- GMP- dependent manner. (b) c- di- GMP 
is synthesized by four different DGCs 
(DgcE, DgcN, DgcO, and DgcQ) and 
hydrolyzed by the PDE, PdeH, to linear 
di- GMP (pGpG)

YcgR
MotAFliG

c-di-GMP

(a)

(b)

F I G U R E  9  Model of signal 
transduction during flagellum- dependent 
biofilm formation. The constitutive 
genes of the polar flagellum and biofilm- 
forming genes are regulated by c- di- GMP 
signaling. The arrow ends represent 
positive regulation, and the black circle 
ends represent negative regulation. The 
figure was adapted from a previously 
published paper (Wu et al., 2020)
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alone has a strong effect on colony morphology and 
is involved in rugose colony formation (Beyhan et al., 
2007). The flaA gene deletion increases intracellular c- 
di- GMP levels. These three proteins, CdgA, CdgL, and 
CdgO, seem to be responsible for increasing c- di- GMP 
levels. Since c- di- GMP regulates flagellar and vps genes' 
expression, this makes it a very complex response regu-
lation (Figure 9).

10  |  CONCLUSION

Regulation by c- di- GMP is complex owing to the involve-
ment of many factors. How changes in the concentration 
of c- di- GMP in flagellar mutants affect biofilm forma-
tion has not yet been revealed. However, recent studies 
have revealed that flagellar gene products interact with 
genes involved in the synthesis and degradation of c- di- 
GMP and regulate their activity. It has also been shown 
that the flagellar stator protein regulates the activity of 
membrane- bound c- di- GMP synthesis and degradation 
proteins. In 2020, the structure of the flagellar stator, an 
energy- conversion complex in the motor, was reported, 
and a major breakthrough for the mechanism of the force 
generation of flagellar motor is expected in this field. The 
role of viscosity and flagellar rotation as dynamometer 
and their involvement in gene expression will soon be 
clear in subsequent studies.

ACKNOWLEDGMENT
This work was supported in part by JSPS KAKENHI Grant 
Number 20H03220 (to M.H.).

CONFLICT OF INTEREST
The authors declare that there are no conflicts of interest.

ORCID
Michio Homma   https://orcid.org/0000-0002-5371-001X 
Seiji Kojima   https://orcid.org/0000-0002-5582-8935 

REFERENCES
Allen, R. D., & Baumann, P. (1971). Structure and arrangement of 

flagella in species of the genus Beneckea and Photobacterium 
fischeri. Journal of Bacteriology, 107, 295– 302.

Amikam, D., & Galperin, M. Y. (2006). PilZ domain is part of the 
bacterial c- di- GMP binding protein. Bioinformatics, 22, 3– 6. 
https://doi.org/10.1093/bioin forma tics/bti739

Atsumi, T., McCarter, L., & Imae, Y. (1992). Polar and lateral 
flagellar motors of marine Vibrio are driven by differ-
ent ion- motive forces. Nature, 355, 182– 184. https://doi.
org/10.1038/355182a0

Baker, A. E., Diepold, A., Kuchma, S. L., Scott, J. E., Ha, D. G., Orazi, 
G., Armitage, J. P., & O'Toole, G. A. (2016). PilZ domain protein 

FlgZ mediates cyclic di- GMP- dependent swarming motility 
control in Pseudomonas aeruginosa. Journal of Bacteriology, 
198, 1837– 1846. https://doi.org/10.1128/JB.00196 - 16

Baker, A. E., & O'Toole, G. A. (2017). Bacteria, rev your engines: Stator 
dynamics regulate flagellar motility. Journal of Bacteriology, 
199, e00088- 00017. https://doi.org/10.1128/JB.00088 - 17

Baker, A. E., Webster, S. S., Diepold, A., Kuchma, S. L., Bordeleau, E., 
Armitage, J. P., & O'Toole, G. A. (2019). F flagellar stators stimu-
late c- di- GMP production by Pseudomonas aeruginosa. Journal 
of Bacteriology, 201, e00741- 00718. https://doi.org/10.1128/
JB.00741 - 18

Baraquet, C., & Harwood, C. S. (2013). Cyclic diguanosine mono-
phosphate represses bacterial flagella synthesis by interacting 
with the Walker A motif of the enhancer- binding protein FleQ. 
Proceedings of the National Academy of Sciences of the United 
States of America, 110, 18478– 18483. https://doi.org/10.1073/
pnas.13189 72110

Benach, J., Swaminathan, S. S., Tamayo, R., Handelman, S. K., 
Folta- Stogniew, E., Ramos, J. E., Forouhar, F., Neely, H., 
Seetharaman, J., Camilli, A., & Hunt, J. F. (2007). The struc-
tural basis of cyclic diguanylate signal transduction by PilZ do-
mains. EMBO Journal, 26, 5153– 5166. https://doi.org/10.1038/
sj.emboj.7601918

Beyhan, S., Bilecen, K., Salama, S. R., Casper- Lindley, C., & Yildiz, 
F. H. (2007). Regulation of rugosity and biofilm formation 
in Vibrio cholerae: Comparison of VpsT and VpsR regulons 
and epistasis analysis of vpsT, vpsR, and hapR. Journal of 
Bacteriology, 189, 388– 402.

Boehm, A., Kaiser, M., Li, H., Spangler, C., Kasper, C. A., Ackermann, 
M., Kaever, V., Sourjik, V., Roth, V., & Jenal, U. (2010). Second 
messenger- mediated adjustment of bacterial swimming veloc-
ity. Cell, 141, 107– 116. https://doi.org/10.1016/j.cell.2010.01.018

Boles, B. R., & McCarter, L. L. (2002). Vibrio parahaemolyticus 
scrABC, a novel operon affecting swarming and capsular poly-
saccharide regulation. Journal of Bacteriology, 184, 5946– 5954.

Bomchil, N., Watnick, P., & Kolter, R. (2003). Identification and 
characterization of a Vibrio cholerae gene, mbaA, involved in 
maintenance of biofilm architecture. Journal of Bacteriology, 
185, 1384– 1390.

Brown, R. C., & Taylor, R. K. (1995). Organization of tcp, acf, and toxT 
genes within a ToxT- dependent operon. Molecular Microbiology, 
16, 425– 439. https://doi.org/10.1111/j.1365- 2958.1995.tb024 08.x

Champion, G. A., Neely, M. N., Brennan, M. A., & DiRita, V. J. (1997). 
A branch in the ToxR regulatory cascade of Vibrio cholerae re-
vealed by characterization of toxT mutant strains. Molecular 
Microbiology, 23, 323– 331.

Cheng, A. T., Zamorano- Sanchez, D., Teschler, J. K., Wu, D., & Yildiz, 
F. H. (2018). NtrC Adds a in new node to the complex regula-
tory network of biofilm formation and vps expression Vibrio 
cholerae. Journal of Bacteriology, 200, e00025- 18.

Chevance, F. F., & Hughes, K. T. (2008). Coordinating assem-
bly of a bacterial macromolecular machine. Nature Reviews 
Microbiology, 6, 455– 465. https://doi.org/10.1038/nrmic ro1887

Chou, S. H., & Galperin, M. Y. (2016). Diversity of cyclic di- GMP- 
binding proteins and mechanisms. Journal of Bacteriology, 198, 
32– 46. https://doi.org/10.1128/JB.00333 - 15

Christen, M., Christen, B., Folcher, M., Schauerte, A., & Jenal, U. 
(2005). Identification and characterization of a cyclic di- GMP- 
specific phosphodiesterase and its allosteric control by GTP. 

https://orcid.org/0000-0002-5371-001X
https://orcid.org/0000-0002-5371-001X
https://orcid.org/0000-0002-5582-8935
https://orcid.org/0000-0002-5582-8935
https://doi.org/10.1093/bioinformatics/bti739
https://doi.org/10.1038/355182a0
https://doi.org/10.1038/355182a0
https://doi.org/10.1128/JB.00196-16
https://doi.org/10.1128/JB.00088-17
https://doi.org/10.1128/JB.00741-18
https://doi.org/10.1128/JB.00741-18
https://doi.org/10.1073/pnas.1318972110
https://doi.org/10.1073/pnas.1318972110
https://doi.org/10.1038/sj.emboj.7601918
https://doi.org/10.1038/sj.emboj.7601918
https://doi.org/10.1016/j.cell.2010.01.018
https://doi.org/10.1111/j.1365-2958.1995.tb02408.x
https://doi.org/10.1038/nrmicro1887
https://doi.org/10.1128/JB.00333-15


   | 169Genes to CellsHOMMA and KOJIMA

Journal of Biological Chemistry, 280, 30829– 30837. https://doi.
org/10.1074/jbc.M5044 29200

Conner, J. G., Zamorano- Sanchez, D., Park, J. H., Sondermann, H., & 
Yildiz, F. H. (2017). The ins and outs of cyclic di- GMP signaling 
in Vibrio cholerae. Current Opinion in Microbiology, 36, 20– 29. 
https://doi.org/10.1016/j.mib.2017.01.002

Correa, N. E., Lauriano, C. M., McGee, R., & Klose, K. E. (2000). 
Phosphorylation of the flagellar regulatory protein FlrC is nec-
essary for Vibrio cholerae motility and enhanced colonization. 
Molecular Microbiology, 35, 743– 755.

Dey, A. K., Bhagat, A., & Chowdhury, R. (2013). Host cell contact in-
duces expression of virulence factors and VieA, a cyclic di- GMP 
phosphodiesterase, in Vibrio cholerae. Journal of Bacteriology, 
195, 2004– 2010. https://doi.org/10.1128/JB.02127 - 12

Echazarreta, M. A., & Klose, K. E. (2019). Vibrio flagellar synthesis. 
Frontiers in Cellular and Infection Microbiology, 9, 131. https://
doi.org/10.3389/fcimb.2019.00131

Enos- Berlage, J. L., & McCarter, L. L. (2000). Relation of capsular 
polysaccharide production and colonial cell organization to 
colony morphology in Vibrio parahaemolyticus. Journal of 
Bacteriology, 182, 5513– 5520.

Fang, X., & Gomelsky, M. (2010). A post- translational, c- di- 
GMP- dependent mechanism regulating flagellar motil-
ity. Molecular Microbiology, 76, 1295– 1305. https://doi.
org/10.1111/j.1365- 2958.2010.07179.x

Faruque, S. M., Albert, M. J., & Mekalanos, J. J. (1998). Epidemiology, 
genetics, and ecology of toxigenic Vibrio cholerae. Microbiology 
and Molecular Biology Reviews, 62, 1301– 1314.

Fong, J. C. N., Syed, K. A., Klose, K. E., & Yildiz, F. H. (2010). Role 
of Vibrio polysaccharide (vps) genes in VPS production, biofilm 
formation and Vibrio cholerae pathogenesis. Microbiology, 156, 
2757– 2769. https://doi.org/10.1099/mic.0.04019 6- 0

Fong, J. C., & Yildiz, F. H. (2008). Interplay between cyclic AMP- 
cyclic AMP receptor protein and cyclic di- GMP signaling in 
Vibrio cholerae biofilm formation. Journal of Bacteriology, 190, 
6646– 6659.

Gancedo, J. M. (2013). Biological roles of cAMP: Variations on a 
theme in the different kingdoms of life. Biological Reviews of 
the Cambridge Philosophical Society, 88, 645– 668. https://doi.
org/10.1111/brv.12020

Gardel, C. L., & Mekalanos, J. J. (1996). Alterations in Vibrio cholerae 
motility phenotypes correlate with changes in virulence factor 
expression. Infection and Immunity, 64, 2246– 2255. https://doi.
org/10.1128/iai.64.6.2246- 2255.1996

Gode- Potratz, C. J., Kustusch, R. J., Breheny, P. J., Weiss, D. S., & 
McCarter, L. L. (2011). Surface sensing in Vibrio parahaemo-
lyticus triggers a programme of gene expression that promotes 
colonization and virulence. Molecular Microbiology, 79, 240– 
263. https://doi.org/10.1111/j.1365- 2958.2010.07445.x

Häse, C. C., & Mekalanos, J. J. (1998). TcpP protein is a positive 
regulator of virulence gene expression in Vibrio cholerae. 
Proceedings of the National Academy of Sciences of the United 
States of America, 95, 730– 734. https://doi.org/10.1073/
pnas.95.2.730

Hecht, G. B., & Newton, A. (1995). Identification of a novel response 
regulator required for the swarmer- to- stalked- cell transition in 
Caulobacter crescentus. Journal of Bacteriology, 177, 6223– 6229. 
https://doi.org/10.1128/jb.177.21.6223- 6229.1995

Hengge, R. (2009). Principles of c- di- GMP signalling in bacte-
ria. Nature Reviews Microbiology, 7, 263– 273. https://doi.
org/10.1038/nrmic ro2109

Hengge, R. (2020). Linking bacterial growth, survival, and multi-
cellularity -  small signaling molecules as triggers and driv-
ers. Current Opinion in Microbiology, 55, 57– 66. https://doi.
org/10.1016/j.mib.2020.02.007

Hickman, J. W., & Harwood, C. S. (2008). Identification of FleQ from 
Pseudomonas aeruginosa as a c- di- GMP- responsive transcrip-
tion factor. Molecular Microbiology, 69, 376– 389.

Hou, Y. J., Yang, W. S., Hong, Y., Zhang, Y., Wang, D. C., & Li, D. 
F. (2020). Structural insights into the mechanism of c- di- 
GMP- bound YcgR regulating flagellar motility in Escherichia 
coli. Journal of Biological Chemistry, 295, 808– 821. https://doi.
org/10.1016/S0021 - 9258(17)49937 - 6

Hsieh, M. L., Hinton, D. M., & Waters, C. M. (2018). VpsR and cyclic 
di- GMP together drive transcription initiation to activate bio-
film formation in Vibrio cholerae. Nucleic Acids Research, 46, 
8876– 8887. https://doi.org/10.1093/nar/gky606

Jenal, U., Reinders, A., & Lori, C. (2017). Cyclic di- GMP: Second 
messenger extraordinaire. Nature Reviews Microbiology, 15, 
271– 284. https://doi.org/10.1038/nrmic ro.2016.190

Kawagishi, I., Imagawa, M., Imae, Y., McCarter, L., & Homma, M. 
(1996). The sodium- driven polar flagellar motor of marine 
Vibrio as the mechanosensor that regulates lateral flagellar ex-
pression. Molecular Microbiology, 20, 693– 699.

Kawagishi, I., Maekawa, Y., Atsumi, T., Homma, M., & Imae, Y. 
(1995). Isolation of the polar and lateral flagellum- defective 
mutants in Vibrio alginolyticus and identification of their flagel-
lar driving energy sources. Journal of Bacteriology, 177, 5158– 
5160. https://doi.org/10.1128/jb.177.17.5158- 5160.1995

Kernell Burke, A., Guthrie, L. T., Modise, T., Cormier, G., Jensen, 
R. V., McCarter, L. L., & Stevens, A. M. (2015). OpaR controls 
a network of downstream transcription factors in Vibrio para-
haemolyticus BB22OP. PLoS One, 10, e0121863.

Khan, F., Tabassum, N., Anand, R., & Kim, Y. M. (2020). Motility 
of Vibrio spp.: Regulation and controlling strategies. Applied 
Microbiology and Biotechnology, 104, 8187– 8208. https://doi.
org/10.1007/s0025 3- 020- 10794 - 7

Kim, Y. K., & McCarter, L. L. (2000). Analysis of the polar flagellar 
gene system of Vibrio parahaemolyticus. Journal of Bacteriology, 
182, 3693– 3704.

Kimbrough, J. H., & McCarter, L. L. (2021). Identification of three 
new GGDEF and EAL domain- containing proteins participat-
ing in the Scr Surface colonization regulatory network in Vibrio 
parahaemolyticus. Journal of Bacteriology, 203, e00409- 20. 
https://doi.org/10.1128/JB.00409 - 20

Klose, K. E., & Mekalanos, J. J. (1998). Distinct roles of an alternative 
s factor during both free- swimming and colonizing phases of 
the Vibrio cholerae pathogenic cycle. Molecular Microbiology, 28, 
501– 520.

Ko, M., & Park, C. (2000). Two novel flagellar components and H- NS 
are involved in the motor function of Escherichia coli. Journal 
of Molecular Biology, 303, 371– 382.

Kojima, S., Yoneda, T., Morimoto, W., & Homma, M. (2019). Effect of 
PlzD, a YcgR homologue of c- di- GMP- binding protein, on polar 
flagellar motility in Vibrio alginolyticus. Journal of Biochemistry, 
166, 77– 88. https://doi.org/10.1093/jb/mvz014

https://doi.org/10.1074/jbc.M504429200
https://doi.org/10.1074/jbc.M504429200
https://doi.org/10.1016/j.mib.2017.01.002
https://doi.org/10.1128/JB.02127-12
https://doi.org/10.3389/fcimb.2019.00131
https://doi.org/10.3389/fcimb.2019.00131
https://doi.org/10.1111/j.1365-2958.2010.07179.x
https://doi.org/10.1111/j.1365-2958.2010.07179.x
https://doi.org/10.1099/mic.0.040196-0
https://doi.org/10.1111/brv.12020
https://doi.org/10.1111/brv.12020
https://doi.org/10.1128/iai.64.6.2246-2255.1996
https://doi.org/10.1128/iai.64.6.2246-2255.1996
https://doi.org/10.1111/j.1365-2958.2010.07445.x
https://doi.org/10.1073/pnas.95.2.730
https://doi.org/10.1073/pnas.95.2.730
https://doi.org/10.1128/jb.177.21.6223-6229.1995
https://doi.org/10.1038/nrmicro2109
https://doi.org/10.1038/nrmicro2109
https://doi.org/10.1016/j.mib.2020.02.007
https://doi.org/10.1016/j.mib.2020.02.007
https://doi.org/10.1016/S0021-9258(17)49937-6
https://doi.org/10.1016/S0021-9258(17)49937-6
https://doi.org/10.1093/nar/gky606
https://doi.org/10.1038/nrmicro.2016.190
https://doi.org/10.1128/jb.177.17.5158-5160.1995
https://doi.org/10.1007/s00253-020-10794-7
https://doi.org/10.1007/s00253-020-10794-7
https://doi.org/10.1128/JB.00409-20
https://doi.org/10.1093/jb/mvz014


170 |   Genes to Cells HOMMA and KOJIMA

Krasteva, P. V., Fong, J. C., Shikuma, N. J., Beyhan, S., Navarro, M. V., 
Yildiz, F. H., & Sondermann, H. (2010). Vibrio cholerae VpsT 
regulates matrix production and motility by directly sensing cy-
clic di- GMP. Science, 327, 866– 868.

Krukonis, E. S., Yu, R. R., & Dirita, V. J. (2000). The Vibrio chol-
erae ToxR/TcpP/ToxT virulence cascade: Distinct roles for 
two membrane- localized transcriptional activators on a sin-
gle promoter. Molecular Microbiology, 38, 67– 84. https://doi.
org/10.1046/j.1365- 2958.2000.02111.x

Kustu, S., Santero, E., Keener, J., Popham, D., & Weiss, D. (1989). 
Expression of sigma54 (ntrA)- dependent genes is probably 
united by a common mechanism. Microbiological Reviews, 53, 
367– 376. https://doi.org/10.1128/mr.53.3.367- 376.1989

Lamb, E., Trimble, M. J., & McCarter, L. L. (2019). Cell- cell commu-
nication, chemotaxis and recruitment in Vibrio parahaemolyti-
cus. Molecular Microbiology, 112, 99– 113.

Lauriano, C. M., Ghosh, C., Correa, N. E., & Klose, K. E. (2004). 
The sodium- driven flagellar motor controls exopolysaccha-
ride expression in Vibrio cholerae. Journal of Bacteriology, 186, 
4864– 4874.

Lele, P. P., Hosu, B. G., & Berg, H. C. (2013). Dynamics of mech-
anosensing in the bacterial flagellar motor. Proceedings of the 
National Academy of Sciences of the United States of America, 
110, 11839– 11844. https://doi.org/10.1073/pnas.13058 85110

Matsuyama, B. Y., Krasteva, P. V., Baraquet, C., Harwood, C. S., 
Sondermann, H., & Navarro, M. V. (2016). Mechanistic insights into 
c- di- GMP- dependent control of the biofilm regulator FleQ from 
Pseudomonas aeruginosa. Proceedings of the National Academy of 
Sciences of the United States of America, 113, E209– 218.

McCarter, L. L. (1998). OpaR, a homolog of Vibrio harveyi LuxR, 
controls opacity of Vibrio parahaemolyticus. Journal of 
Bacteriology, 180, 3166– 3173.

McCarter, L. L. (2001). Polar flagellar motility of the Vibrionaceae. 
Microbiology and Molecular Biology Reviews, 65, 445– 462.

McCarter, L. L. (2004). Dual flagellar systems enable motility under 
different circumstances. Journal of Molecular Microbiology and 
Biotechnology, 7, 18– 29. https://doi.org/10.1159/00007 7866

Nieto, V., Partridge, J. D., Severin, G. B., Lai, R. Z., Waters, C. M., 
Parkinson, J. S., & Harshey, R. M. (2020). Under Elevated c- 
di- GMP in Escherichia coli, YcgR alters flagellar motor bias 
and speed sequentially, with additional negative control of 
the flagellar regulon via the adaptor protein RssB. Journal of 
Bacteriology, 202, e00578- 00519.

Opoku- Temeng, C., Zhou, J., Zheng, Y., Su, J., & Sintim, H. O. (2016). 
Cyclic dinucleotide (c- di- GMP, c- di- AMP, and cGAMP) sig-
nalings have come of age to be inhibited by small molecules. 
Chemical Communications (Cambridge, England), 52, 9327– 
9342. https://doi.org/10.1039/C6CC0 3439J

Paul, K., Nieto, V., Carlquist, W. C., Blair, D. F., & Harshey, R. M. 
(2010). The c- di- GMP binding protein YcgR controls flagellar 
motor direction and speed to affect chemotaxis by a “backstop 
brake” mechanism. Molecular Cell, 38, 128– 139. https://doi.
org/10.1016/j.molcel.2010.03.001

Paul, R., Weiser, S., Amiot, N. C., Chan, C., Schirmer, T., Giese, B., & 
Jenal, U. (2004). Cell cycle- dependent dynamic localization of 
a bacterial response regulator with a novel di- guanylate cyclase 
output domain. Genes & Development, 18, 715– 727. https://doi.
org/10.1101/gad.289504

Petersen, B. D., Liu, M. S., Podicheti, R., Yang, A. Y., Simpson, C. 
A., Hemmerich, C., Rusch, D. B., & van Kessel, J. C. (2021). 
The polar flagellar transcriptional regulatory network in Vibrio 
campbellii deviates from canonical Vibrio species. Journal of 
Bacteriology, 203, e00276- 21.

Pourjaberi, S. N. S., Terahara, N., Namba, K., & Minamino, T. (2017). 
The role of a cytoplasmic loop of MotA in load- dependent as-
sembly and disassembly dynamics of the MotA/B stator com-
plex in the bacterial flagellar motor. Molecular Microbiology, 
106, 646– 658. https://doi.org/10.1111/mmi.13843

Pratt, J. T., Tamayo, R., Tischler, A. D., & Camilli, A. (2007). PilZ do-
main proteins bind cyclic diguanylate and regulate diverse pro-
cesses in Vibrio cholerae. Journal of Biological Chemistry, 282, 
12860– 12870. https://doi.org/10.1074/jbc.M6115 93200

Prouty, M. G., Correa, N. E., & Klose, K. E. (2001). The novel σ54-  and 
σ28- dependent flagellar gene transcription hierarchy of Vibrio 
cholerae. Molecular Microbiology, 39, 1595– 1609.

Pursley, B. R., Maiden, M. M., Hsieh, M. L., Fernandez, N. L., Severin, 
G. B., & Waters, C. M. (2018). Cyclic di- GMP Regulates TfoY in 
Vibrio cholerae to control motility by both transcriptional and 
posttranscriptional mechanisms. Journal of Bacteriology, 200, 
e00578- 17. https://doi.org/10.1128/JB.00578 - 17

Ramamurthy, T., Nandy, R. K., Mukhopadhyay, A. K., Dutta, S., 
Mutreja, A., Okamoto, K., Miyoshi, S. I., Nair, G. B., & Ghosh, 
A. (2020). Virulence regulation and innate host response in 
the pathogenicity of Vibrio cholerae. Frontiers in Cellular and 
Infection Microbiology, 10, 572096. https://doi.org/10.3389/
fcimb.2020.572096

Rashid, M. H., Rajanna, C., Ali, A., & Karaolis, D. K. (2003). 
Identification of genes involved in the switch between the 
smooth and rugose phenotypes of Vibrio cholerae. FEMS 
Microbiology Letters, 227, 113– 119.

Reidl, J., & Klose, K. E. (2002). Vibrio cholerae and cholera: Out of 
the water and into the host. FEMS Microbiology Reviews, 26, 
125– 139.

Romling, U., & Amikam, D. (2006). Cyclic di- GMP as a second mes-
senger. Current Opinion in Microbiology, 9, 218– 228. https://
doi.org/10.1016/j.mib.2006.02.010

Ross, P., Aloni, Y., Weinhouse, C., Michaeli, D., Weinberger- Ohana, 
P., Meyer, R., & Benziman, M. (1985). An unusual guanyl oligo-
nucleotide regulates cellulose synthesis in Acetobacter xylinum. 
FEBS Letters, 186, 191– 196.

Ross, P., Weinhouse, H., Aloni, Y., Michaeli, D., Weinberger- 
Ohana, P., Mayer, R., Braun, S., de Vroom, E., van der 
Marel, G. A., van Boom, J. H., & Benziman, M. (1987). 
Regulation of cellulose synthesis in Acetobacter xylinum 
by cyclic diguanylic acid. Nature, 325, 279– 281. https://doi.
org/10.1038/325279a0

Ryan, R. P., Fouhy, Y., Lucey, J. F., Crossman, L. C., Spiro, S., He, Y. 
W., Zhang, L. H., Heeb, S., Camara, M., Williams, P., & Dow, 
J. M. (2006). Cell- cell signaling in Xanthomonas campestris in-
volves an HD- GYP domain protein that functions in cyclic di- 
GMP turnover. Proceedings of the National Academy of Sciences 
of the United States of America, 103, 6712– 6717. https://doi.
org/10.1073/pnas.06003 45103

Ryjenkov, D. A., Simm, R., Romling, U., & Gomelsky, M. (2006). 
The PilZ domain is a receptor for the second messenger c- 
di- GMP: The PilZ domain protein YcgR controls motility in 

https://doi.org/10.1046/j.1365-2958.2000.02111.x
https://doi.org/10.1046/j.1365-2958.2000.02111.x
https://doi.org/10.1128/mr.53.3.367-376.1989
https://doi.org/10.1073/pnas.1305885110
https://doi.org/10.1159/000077866
https://doi.org/10.1039/C6CC03439J
https://doi.org/10.1016/j.molcel.2010.03.001
https://doi.org/10.1016/j.molcel.2010.03.001
https://doi.org/10.1101/gad.289504
https://doi.org/10.1101/gad.289504
https://doi.org/10.1111/mmi.13843
https://doi.org/10.1074/jbc.M611593200
https://doi.org/10.1128/JB.00578-17
https://doi.org/10.3389/fcimb.2020.572096
https://doi.org/10.3389/fcimb.2020.572096
https://doi.org/10.1016/j.mib.2006.02.010
https://doi.org/10.1016/j.mib.2006.02.010
https://doi.org/10.1038/325279a0
https://doi.org/10.1038/325279a0
https://doi.org/10.1073/pnas.0600345103
https://doi.org/10.1073/pnas.0600345103


   | 171Genes to CellsHOMMA and KOJIMA

enterobacteria. Journal of Biological Chemistry, 281, 30310– 
30314. https://doi.org/10.1074/jbc.C6001 79200

Ryjenkov, D. A., Tarutina, M., Moskvin, O. V., & Gomelsky, M. 
(2005). Cyclic diguanylate is a ubiquitous signaling molecule 
in bacteria: insights into biochemistry of the GGDEF protein 
domain. Journal of Bacteriology, 187, 1792– 1798. https://doi.
org/10.1128/JB.187.5.1792- 1798.2005

Schirmer, T., & Jenal, U. (2009). Structural and mechanistic determi-
nants of c- di- GMP signalling. Nature Reviews Microbiology, 7, 
724– 735. https://doi.org/10.1038/nrmic ro2203

Schmidt, A. J., Ryjenkov, D. A., & Gomelsky, M. (2005). The ubiq-
uitous protein domain EAL is a cyclic diguanylate- specific 
phosphodiesterase: Enzymatically active and inactive EAL 
domains. Journal of Bacteriology, 187, 4774– 4781. https://doi.
org/10.1128/JB.187.14.4774- 4781.2005

Shinoda, S., Yakiyama, I., Yasui, S., Kim, Y. M., Ono, B., & Nakagami, 
S. (1992). Lateral flagella of vibrios: Serological classification 
and genetical similarity. Microbiology and Immunology, 36, 
303– 309. https://doi.org/10.1111/j.1348- 0421.1992.tb016 67.x

Skorupski, K., & Taylor, R. K. (1997). Control of the ToxR virulence 
regulon in Vibrio cholerae by environmental stimuli. Molecular 
Microbiology, 25, 1003– 1009.

Sloup, R. E., Konal, A. E., Severin, G. B., Korir, M. L., Bagdasarian, 
M. M., Bagdasarian, M., & Waters, C. M. (2017). Cyclic di- GMP 
and VpsR induce the expression of type II secretion in Vibrio 
cholerae. Journal of Bacteriology, 199, e00106- 17. https://doi.
org/10.1128/JB.00106 - 17

Srivastava, D., Hsieh, M. L., Khataokar, A., Neiditch, M. B., & Waters, 
C. M. (2013). Cyclic di- GMP inhibits Vibrio cholerae motility 
by repressing induction of transcription and inducing extracel-
lular polysaccharide production. Molecular Microbiology, 90, 
1262– 1276.

Stewart, B. J., & McCarter, L. L. (2003). Lateral flagellar gene sys-
tem of Vibrio parahaemolyticus. Journal of Bacteriology, 185, 
4508– 4518.

Syed, K. A., Beyhan, S., Correa, N., Queen, J., Liu, J., Peng, F., 
Satchell, K. J., Yildiz, F., & Klose, K. E. (2009). The Vibrio chol-
erae flagellar regulatory hierarchy controls expression of viru-
lence factors. Journal of Bacteriology, 191, 6555– 6570.

Tamayo, R., Tischler, A. D., & Camilli, A. (2005). The EAL do-
main protein VieA is a cyclic diguanylate phosphodiesterase. 
Journal of Biological Chemistry, 280, 33324– 33330. https://doi.
org/10.1074/jbc.M5065 00200

Terahara, N., Noguchi, Y., Nakamura, S., Kami- Ike, N., Ito, M., 
Namba, K., & Minamino, T. (2017). Load-  and polysaccharide- 
dependent activation of the Na+- type MotPS stator in the 
Bacillus subtilis flagellar motor. Scientific Reports, 7, 46081. 
https://doi.org/10.1038/srep4 6081

Terashima, H., Kojima, S., & Homma, M. (2008). Flagellar mo-
tility in bacteria structure and function of flagellar motor. 
International Review of Cell and Molecular Biology, 270, 39– 85.

Teschler, J. K., Cheng, A. T., & Yildiz, F. H. (2017). The two- 
component signal transduction system VxrAB positively regu-
lates Vibrio cholerae biofilm formation. Journal of Bacteriology, 
199, e00139– 17. https://doi.org/10.1128/JB.00139 - 17

Teschler, J. K., Zamorano- Sanchez, D., Utada, A. S., Warner, C. J., 
Wong, G. C., Linington, R. G., & Yildiz, F. H. (2015). Living 
in the matrix: Assembly and control of Vibrio cholerae 

biofilms. Nature Reviews Microbiology, 13, 255– 268. https://doi.
org/10.1038/nrmic ro3433

Tipping, M. J., Delalez, N. J., Lim, R., Berry, R. M., & Armitage, J. P. 
(2013). Load- dependent assembly of the bacterial flagellar motor. 
MBio, 4, e00551- 13. https://doi.org/10.1128/mBio.00551 - 13

Tischler, A. D., & Camilli, A. (2004). Cyclic diguanylate (c- 
di- GMP) regulates Vibrio cholerae biofilm formation. 
Molecular Microbiology, 53, 857– 869. https://doi.org/10.1111/ 
j.1365- 2958.2004.04155.x

Tominaga, A., Lan, R., & Reeves, P. R. (2005). Evolutionary changes 
of the flhDC flagellar master operon in Shigella strains. Journal 
of Bacteriology, 187, 4295– 4302.

Trimble, M. J., & McCarter, L. L. (2011). Bis- (3'- 5’)- cyclic dimeric 
GMP- linked quorum sensing controls swarming in Vibrio par-
ahaemolyticus. Proceedings of the National Academy of Sciences 
of the United States of America, 108, 18079– 18084. https://doi.
org/10.1073/pnas.11137 90108

Urbanczyk, H., Ogura, Y., & Hayashi, T. (2013). Taxonomic revi-
sion of Harveyi clade bacteria (family Vibrionaceae) based on 
analysis of whole genome sequences. International Journal 
of Systematic and Evolutionary Microbiology, 63, 2742– 2751. 
https://doi.org/10.1099/ijs.0.05111 0- 0

Watnick, P. I., Lauriano, C. M., Klose, K. E., Croal, L., & Kolter, 
R. (2001). The absence of a flagellum leads to altered colony 
morphology, biofilm development and virulence in Vibrio chol-
erae O139. Molecular Microbiology, 39, 223– 235. https://doi.
org/10.1046/j.1365- 2958.2001.02195.x

Weinhouse, H., Sapir, S., Amikam, D., Shilo, Y., Volman, G., Ohana, 
P., & Benziman, M. (1997). c- di- GMP- binding protein, a new 
factor regulating cellulose synthesis in Acetobacter xylinum. 
FEBS Letters, 416, 207– 211.

Wu, D. C., Zamorano- Sanchez, D., Pagliai, F. A., Park, J. H., 
Floyd, K. A., Lee, C. K., Kitts, G., Rose, C. B., Bilotta, E. M., 
Wong, G. C. L., & Yildiz, F. H. (2020). Reciprocal c- di- GMP 
signaling: Incomplete flagellum biogenesis triggers c- di- 
GMP signaling pathways that promote biofilm formation. 
PLoS Genetics, 16, e1008703. https://doi.org/10.1371/journ 
al.pgen.1008703

Xiao, Y., Chen, H., Nie, L., He, M., Peng, Q., Zhu, W., Nie, H., 
Chen, W., & Huang, Q. (2021). Identification of c- di- GMP/
FleQ- regulated new target genes, including cyaA, encod-
ing adenylate cyclase, in Pseudomonas putida. mSystems, 6, 
e00295- 21.

Yang, Q., & Defoirdt, T. (2015). Quorum sensing positively regulates 
flagellar motility in pathogenic Vibrio harveyi. Environmental 
Microbiology, 17, 960– 968.

Yildiz, F. H., & Schoolnik, G. K. (1999). Vibrio cholerae O1 El Tor: 
Identification of a gene cluster required for the rugose colony 
type, exopolysaccharide production, chlorine resistance, and 
biofilm formation. Proceedings of the National Academy of 
Sciences of the United States of America, 96, 4028– 4033. https://
doi.org/10.1073/pnas.96.7.4028

Yildiz, F. H., & Visick, K. L. (2009). Vibrio biofilms: So much the 
same yet so different. Trends in Microbiology, 17, 109– 118. 
https://doi.org/10.1016/j.tim.2008.12.004

Zhang, Y., Qiu, Y., Gao, H., Sun, J., Li, X., Zhang, M., Xue, X., Yang, 
W., Ni, B., Hu, L., Yin, Z., Lu, R., & Zhou, D. (2021). OpaR con-
trols the metabolism of c- di- GMP in Vibrio parahaemolyticus. 

https://doi.org/10.1074/jbc.C600179200
https://doi.org/10.1128/JB.187.5.1792-1798.2005
https://doi.org/10.1128/JB.187.5.1792-1798.2005
https://doi.org/10.1038/nrmicro2203
https://doi.org/10.1128/JB.187.14.4774-4781.2005
https://doi.org/10.1128/JB.187.14.4774-4781.2005
https://doi.org/10.1111/j.1348-0421.1992.tb01667.x
https://doi.org/10.1128/JB.00106-17
https://doi.org/10.1128/JB.00106-17
https://doi.org/10.1074/jbc.M506500200
https://doi.org/10.1074/jbc.M506500200
https://doi.org/10.1038/srep46081
https://doi.org/10.1128/JB.00139-17
https://doi.org/10.1038/nrmicro3433
https://doi.org/10.1038/nrmicro3433
https://doi.org/10.1128/mBio.00551-13
https://doi.org/10.1111/j.1365-2958.2004.04155.x
https://doi.org/10.1111/j.1365-2958.2004.04155.x
https://doi.org/10.1073/pnas.1113790108
https://doi.org/10.1073/pnas.1113790108
https://doi.org/10.1099/ijs.0.051110-0
https://doi.org/10.1046/j.1365-2958.2001.02195.x
https://doi.org/10.1046/j.1365-2958.2001.02195.x
https://doi.org/10.1371/journal.pgen.1008703
https://doi.org/10.1371/journal.pgen.1008703
https://doi.org/10.1073/pnas.96.7.4028
https://doi.org/10.1073/pnas.96.7.4028
https://doi.org/10.1016/j.tim.2008.12.004


172 |   Genes to Cells HOMMA and KOJIMA

Frontiers in Microbiology, 12, 676436. https://doi.org/10.3389/
fmicb.2021.676436

Zhu, J., Miller, M. B., Vance, R. E., Dziejman, M., Bassler, B. L., & 
Mekalanos, J. J. (2002). Quorum- sensing regulators control 
virulence gene expression in Vibrio cholerae. Proceedings of the 
National Academy of Sciences of the United States of America, 
99, 3129– 3134. https://doi.org/10.1073/pnas.05269 4299

Zielke, R. A., Simmons, R. S., Park, B. R., Nonogaki, M., Emerson, 
S., & Sikora, A. E. (2014). The type II secretion pathway in 
Vibrio cholerae is characterized by growth phase- dependent 

expression of exoprotein genes and is positively regulated by 
σE. Infection and Immunity, 82, 2788– 2801.

How to cite this article: Homma, M., & Kojima, 
S. (2022). Roles of the second messenger c- di- GMP 
in bacteria: Focusing on the topics of flagellar 
regulation and Vibrio spp.. Genes to Cells, 27, 
157– 172. https://doi.org/10.1111/gtc.12921

https://doi.org/10.3389/fmicb.2021.676436
https://doi.org/10.3389/fmicb.2021.676436
https://doi.org/10.1073/pnas.052694299
https://doi.org/10.1111/gtc.12921

