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in Gram-negative bacteria, along with the 
AinSR and LuxP/QS systems, have been 
identified in V. fischeri but are not found in 
all the Vibrionaceae25. The V. harveyi and 
V. parahaemolyticus genomes encode three 
common systems that respond in an inde-
pendent manner to stimuli but con verge on a 
single regulatory protein, LuxO26. V. cholerae 
has an as-yet-uncharacterized system in 
addition to the LuxP/QS and CqsSA systems 
identified in V. harveyi, and V. vulnificus only 
has the LuxP/QS system. As well as encoding 
CqsSA and LuxS homologues, P. profundum 
seems to encode a new quorum-sensing sys-
tem, which has approximately 35% sequence 
identity with the LuxMN and AinSR systems 
of V. harveyi and V. fischeri, respectively. 
These quorum-sensing systems function 
as coordinate regulators of a wide range of 
phenotypes at different cell densities and 
mediate the response of the Vibrionaceae to 
environmental stress, as well as regulating 
such phenotypes as biofilm formation and 
virulence27–30.

Biofilm formation and phase variation 
have a crucial role in niche persistence of the 
Vibrio species in otherwise deleterious envi-
ronments31,32. Reversible phase variation 
between the rugose and smooth colony vari-
ants is important for the survival of Vibrio 
species in natural aquatic habitats. Epidemic 
strains of V. cholerae switch from the smooth 
to the rugose phase more frequently than 
environmental isolates, and this phase tran-
sition increases the resistance of the organ-
ism to osmotic, acid and oxidative stress, and 
enhances its capacity to form a biofilm33–36. 
Another adaptive advantage of biofilm for-
mation was shown by Matz and co-workers, 
who found that biofilms enable V. cholerae to 
survive protozoan grazing whereas free-
living V. cholerae were eliminated37. Gene 
clusters mediating biofilm formation have 
previously been identified in V. cholerae (eps) 
and V. fischeri (syp)36,38. Whereas the eps gene 
cluster is species-specific, homologues of 
the V. fischeri syp gene cluster are also found 
in V. parahaemolyticus, V. vulnificus and 
P. profundum, although the arrangement 
and content of this cluster can vary38.

Quorum sensing and biofilm formation 
are broad strategies for survival, however 
these bacteria have evolved more specific 
approaches to stress and survival. The 
cadBAC operon, which encodes a lysine 
decarboxylase, a lysine/cadaverine anti-
porter and a regulator, respectively, is an 
essential component in the acid-tolerance 
response39,40. The cadBAC operon is located 
on chromosome 1 of each of the Vibrio 
species but is absent from P. profundum. 

Another operon, sspABC, which is 
known to function as part of the acid-
tolerance response, is found on chromo-
some 1, as are multiple homologues of the 
heat-shock protein DnaK, in all the species 
examined. It is possible that as a result of 
its deep-sea niche, P. profundum does not 
require a robust acid-tolerance response 
in the same way as the other Vibrionaceae 
do. A copy of the gene encoding the 
GroEL heat-shock protein is located on 
each chromosome, with the exception of 
V. parahaemolyticus, which has only a single 
copy on chromosome 1. At least eight other 
heat-shock proteins are dispersed through-
out each of the genomes, indicating that 
this response is a major part of the survival 
mechanisms of these bacteria. 

All the Vibrionaceae encode several 
cold-shock proteins, however, P. profundum 
is unusual in that it encodes twice as many 
cold-shock proteins as the other species, 
which might aid the bacterium in its extreme 
environmental niche. A recent study by 
Smith and Oliver suggested that the natural 
role for haemolysin (vvhA) in V. vulnificus 
could be in osmoregulation and the cold-
shock response41. Homologues of the 
vvhA gene are found on all the sequenced 
Vibrionaceae genomes and therefore might 
have a similar role in these species.

Osmotic stress is an aquatic and host-
related stress and it presents a niche-specific 
challenge to each species. Many bacteria 
mediate their response to osmotic pressure 
through the synthesis and uptake of compati-
ble solutes (osmolytes). In particular, estua-
rine ecosystems, which are positioned at the 
interface between freshwater systems and 
the sea, present an additional challenge to 
their inhabitants, which must continually 
adapt to temporal and spatial fluctuations 
in salt concentration. V. cholerae, 
V. parahaemolyticus and V. fischeri all pos-
sess an ectABC operon that synthesizes 
ectoine, and a bcct gene responsible for the 
transport of betaine, choline and carnithine, 
which have all been shown to function as 
osmolytes in V. cholerae42,43 (FIG. 4). 

V. parahaemolyticus and V. fischeri pos-
sess an Escherichia coli-like proVWX operon 
encoding proteins responsible for the uptake 
and transport of proline and glycine betaine, 
which is also reported to be capable of the 
transport and uptake of ectoine in E. coli 
(FIG. 4). In V. fischeri, the ectABC and E. coli-
like proVWX operons are found on chromo-
somes 2 and 1, respectively, whereas in 
V. parahaemolyticus, the ectABC, bcct and 
E. coli-like proVWX genes are colocalized on 
chromosome 1 (FIG. 4). 

On chromosome 2 of V. parahaemolyticus, 
V. vulnificus and P. profundum, the betABI 
genes are located next to a Pseudomonas-like 
proVWX gene cluster (FIG. 4). The genomic 
diversity of the osmotolerance response in the 
Vibrio naceae is complemented by a coopera-
tivity phenomenon in microbial communi-
ties, whereby compatible solutes synthesized 
by a particular species are secreted into the 
close environment where they can be scav-
enged by other species42. The significance of 
the unique gene clustering in V. parahaemo-
lyticus has yet to be determined, but it sug-
gests an integral role for these genes in 
withstanding fluctuating salinity and niche 
adaptation of the species (FIG. 4).

Figure 1| Niche specialization of the 
Vibrionaceae. Although all Vibrionaceae are 
aquatic, they can be found in a wide range of 
niches. The four Vibrio species shown can colonize 
fish and marine invertebrates and can be associ-
ated with plankton and algae. Vibrio cholerae, 
Vibrio parahaemolyticus and Vibrio vulnificus infect 
humans. Vibrio fischeri colonizes the luminous 
organ of the squid Euprymna scolopes, forming a 
symbiotic relationship. Photobacterium profundum 
is a deep-sea piezophile.
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ToxR	undergoes	proteolysis	at	late	stationary	phase	in	a	pH	dependent	manner
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of V. harveyi and V. fischeri, respectively. 
These quorum-sensing systems function 
as coordinate regulators of a wide range of 
phenotypes at different cell densities and 
mediate the response of the Vibrionaceae to 
environmental stress, as well as regulating 
such phenotypes as biofilm formation and 
virulence27–30.

Biofilm formation and phase variation 
have a crucial role in niche persistence of the 
Vibrio species in otherwise deleterious envi-
ronments31,32. Reversible phase variation 
between the rugose and smooth colony vari-
ants is important for the survival of Vibrio 
species in natural aquatic habitats. Epidemic 
strains of V. cholerae switch from the smooth 
to the rugose phase more frequently than 
environmental isolates, and this phase tran-
sition increases the resistance of the organ-
ism to osmotic, acid and oxidative stress, and 
enhances its capacity to form a biofilm33–36. 
Another adaptive advantage of biofilm for-
mation was shown by Matz and co-workers, 
who found that biofilms enable V. cholerae to 
survive protozoan grazing whereas free-
living V. cholerae were eliminated37. Gene 
clusters mediating biofilm formation have 
previously been identified in V. cholerae (eps) 
and V. fischeri (syp)36,38. Whereas the eps gene 
cluster is species-specific, homologues of 
the V. fischeri syp gene cluster are also found 
in V. parahaemolyticus, V. vulnificus and 
P. profundum, although the arrangement 
and content of this cluster can vary38.

Quorum sensing and biofilm formation 
are broad strategies for survival, however 
these bacteria have evolved more specific 
approaches to stress and survival. The 
cadBAC operon, which encodes a lysine 
decarboxylase, a lysine/cadaverine anti-
porter and a regulator, respectively, is an 
essential component in the acid-tolerance 
response39,40. The cadBAC operon is located 
on chromosome 1 of each of the Vibrio 
species but is absent from P. profundum. 

Another operon, sspABC, which is 
known to function as part of the acid-
tolerance response, is found on chromo-
some 1, as are multiple homologues of the 
heat-shock protein DnaK, in all the species 
examined. It is possible that as a result of 
its deep-sea niche, P. profundum does not 
require a robust acid-tolerance response 
in the same way as the other Vibrionaceae 
do. A copy of the gene encoding the 
GroEL heat-shock protein is located on 
each chromosome, with the exception of 
V. parahaemolyticus, which has only a single 
copy on chromosome 1. At least eight other 
heat-shock proteins are dispersed through-
out each of the genomes, indicating that 
this response is a major part of the survival 
mechanisms of these bacteria. 

All the Vibrionaceae encode several 
cold-shock proteins, however, P. profundum 
is unusual in that it encodes twice as many 
cold-shock proteins as the other species, 
which might aid the bacterium in its extreme 
environmental niche. A recent study by 
Smith and Oliver suggested that the natural 
role for haemolysin (vvhA) in V. vulnificus 
could be in osmoregulation and the cold-
shock response41. Homologues of the 
vvhA gene are found on all the sequenced 
Vibrionaceae genomes and therefore might 
have a similar role in these species.

Osmotic stress is an aquatic and host-
related stress and it presents a niche-specific 
challenge to each species. Many bacteria 
mediate their response to osmotic pressure 
through the synthesis and uptake of compati-
ble solutes (osmolytes). In particular, estua-
rine ecosystems, which are positioned at the 
interface between freshwater systems and 
the sea, present an additional challenge to 
their inhabitants, which must continually 
adapt to temporal and spatial fluctuations 
in salt concentration. V. cholerae, 
V. parahaemolyticus and V. fischeri all pos-
sess an ectABC operon that synthesizes 
ectoine, and a bcct gene responsible for the 
transport of betaine, choline and carnithine, 
which have all been shown to function as 
osmolytes in V. cholerae42,43 (FIG. 4). 

V. parahaemolyticus and V. fischeri pos-
sess an Escherichia coli-like proVWX operon 
encoding proteins responsible for the uptake 
and transport of proline and glycine betaine, 
which is also reported to be capable of the 
transport and uptake of ectoine in E. coli 
(FIG. 4). In V. fischeri, the ectABC and E. coli-
like proVWX operons are found on chromo-
somes 2 and 1, respectively, whereas in 
V. parahaemolyticus, the ectABC, bcct and 
E. coli-like proVWX genes are colocalized on 
chromosome 1 (FIG. 4). 

On chromosome 2 of V. parahaemolyticus, 
V. vulnificus and P. profundum, the betABI 
genes are located next to a Pseudomonas-like 
proVWX gene cluster (FIG. 4). The genomic 
diversity of the osmotolerance response in the 
Vibrio naceae is complemented by a coopera-
tivity phenomenon in microbial communi-
ties, whereby compatible solutes synthesized 
by a particular species are secreted into the 
close environment where they can be scav-
enged by other species42. The significance of 
the unique gene clustering in V. parahaemo-
lyticus has yet to be determined, but it sug-
gests an integral role for these genes in 
withstanding fluctuating salinity and niche 
adaptation of the species (FIG. 4).

Figure 1| Niche specialization of the 
Vibrionaceae. Although all Vibrionaceae are 
aquatic, they can be found in a wide range of 
niches. The four Vibrio species shown can colonize 
fish and marine invertebrates and can be associ-
ated with plankton and algae. Vibrio cholerae, 
Vibrio parahaemolyticus and Vibrio vulnificus infect 
humans. Vibrio fischeri colonizes the luminous 
organ of the squid Euprymna scolopes, forming a 
symbiotic relationship. Photobacterium profundum 
is a deep-sea piezophile.
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