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ABSTRACT Vibrio parahaemolyticus is a seafood-borne pathogen that poses a great
threat to public health worldwide. It is found in either a planktonic cell or a biofilm
form in the natural environment. The cps locus has been the only extensively studied
polysaccharide biosynthesis gene cluster involved in biofilm formation for this bacte-
rium. In this study, we found that an additional polysaccharide biosynthesis locus,
scv, is also necessary for biofilm maturation. The scv locus is composed of two oper-
ons, and a loss of their expression leads to a defective biofilm phenotype. The tran-
scription of the scv locus is under the control of a sigma 54-dependent response
regulator, ScvE. In contrast, the quorum-sensing regulator AphA stimulates the
expression of the cps locus and the scvABCD operon found in the scv locus.
Bioinformatic analyses demonstrated that scv loci are divergent and widely distrib-
uted among 28 genera, including 26 belonging to the Gammaproteobacteria and 2
within the Alphaproteobacteria. We also determined that all scv locus-positive species
are water-dwelling. Some strains of Aeromonas, Aliivibrio salmonicida, Pseudomonas
anguilliseptica, Vibrio breoganii, and Vibrio scophthalmi probably acquired scv loci
through insertion sequences and/or integrase-mediated horizontal gene transfer.
Gene duplication and fusion were also detected in some scv homologs. Together,
our results suggest that the genome of V. parahaemolyticus harbors two distinct
polysaccharide biosynthesis loci, which may play a role in fine-tuning biofilm devel-
opment, and that scv loci likely evolved by horizontal gene transfer, gene loss, gene
duplication, and fragment fusion.

IMPORTANCE Polysaccharides are the major component of biofilms, which provide
survival advantages for bacteria in aquatic environments. The seafood-borne patho-
gen V. parahaemolyticus possesses a functionally uncharacterized polysaccharide bio-
synthesis locus, scv. We demonstrated that the scv locus is important for biofilm mat-
uration and that scv expression is positively regulated by ScvE. Strains from 148
aquatic bacterial species possess scv homolog loci. These bacterial species belong to
28 genera, most of which belong to the Gammaproteobacteria class. The evolution
and diversification of scv loci are likely driven by horizontal gene transfer, gene loss,
gene duplication, and fragment fusion. Our results provide new insights into the
function and evolution of this widespread polysaccharide biosynthesis locus.
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Vibrios are biofilm-forming bacteria that are widespread in aquatic environments.
Biofilm encapsulation protects Vibrio species from predators and enhances their

resistance to harsh environmental conditions, including pH shifts, antimicrobials, and
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oxidative stress. Conversely, Vibrio in the planktonic cell form is often recovered from
seawater, indicating a flexible lifestyle (1–3). In addition to being the primary biofilm
component, polysaccharides are beneficial for the survival and adaptation of Vibrio
species. For example, polysaccharides enable Vibrio cholerae to resist attack by the
type VI secretion system (T6SS) and are vital for intestinal colonization (4, 5).

Vibrio parahaemolyticus is often reported to infect human beings through seafood
consumption. V. parahaemolyticus is persistent during seafood processing and storage,
likely due to the biofilms that it forms (6, 7). Therefore, the mechanism of V. parahae-
molyticus biofilm formation has attracted considerable interest in recent decades.
Chromosome II of V. parahaemolyticus pandemic strain RIMD2210633 harbors a poly-
saccharide synthesis gene cluster, cps, which is essential for producing biofilms and is
regulated by quorum sensing (QS) (8). At a low cell density, ScrA produces a small
amount of an unknown compound, which binds to ScrB. The compound-ScrB complex
then activates ScrC to synthesize cyclic di-GMP (c-di-GMP). CpsQ, a downstream c-di-
GMP-activated regulator, stimulates the expression of the cps locus (8). The master QS
regulator AphA is also expressed at a low cell density and indirectly stimulates the pro-
duction of c-di-GMP (9). At a high cell density, a master QS regulator, OpaR, is
expressed. The loss of aphA but not opaR renders the bacteria less virulent and reduces
biofilm formation after 24 h of growth (10, 11). ScrO, a CpsQ homolog regulator, and
H-NS can also activate the expression of cpsA (12, 13).

V. parahaemolyticus possesses a second polysaccharide biosynthesis gene cluster,
which shows low homology to the syp locus in Aliivibrio fischeri (14). However, the
function and regulation of this second polysaccharide biosynthesis gene cluster during
biofilm development are unclear. In Aliivibrio fischeri, the syp locus consists of 18 genes.
It is essential for both biofilm formation and colonization of squid. syp locus transcrip-
tion is likely directly activated by phosphorylated SypG, which is a sigma 54-dependent
response regulator (14, 15). Further studies show that SypF, RscS, and HahK are the
activators of SypG (16–18). The syp locus could also be homologous to the rbd locus in
Vibrio vulnificus (19). A functional syp-like locus was also detected in Vibrio diabolicus
(20). Therefore, we hypothesize that the second polysaccharide biosynthesis gene clus-
ter in V. parahaemolyticus, a homolog of the syp locus, now referred to as scv (syp-like
locus in V. parahaemolyticus), could be important for biofilm formation. The transcrip-
tion of the scv locus could be regulated by ScvE, the ortholog of SypG. To validate this
hypothesis, we constructed genetically modified strains to study their biofilm develop-
ment, polysaccharide biosynthesis, and gene expression. We also analyzed scv-homolo-
gous loci in silico to probe the probable mechanism for the evolution of this polysac-
charide biosynthesis gene cluster.

RESULTS AND DISCUSSION
The scv locus is essential for biofilm formation. Homolog genes associated with

the syp locus were observed in V. parahaemolyticus in 2005, and the deletion of the
ortholog of sypQ (referred to here as scvN) resulted in a biofilm formation defect (14,
21). However, both the function of the scv gene cluster in biofilm development and
the regulatory mechanism for scv locus transcription are largely unknown. Through
bioinformatic analysis, we found that in the genome of V. parahaemolyticus pandemic
strain RIMD2210633, the scv locus consists of 15 genes located on chromosome I,
which show 33% to 67% homology to their corresponding orthologs. No orthologs of
SypE-, SypF-, or SypM-encoding genes were observed in this gene cluster (see Table S1
in the supplemental material). To further characterize the locus, we asked if the scv
locus genes are organized into operons in strain RIMD2210633. Reverse transcription-
PCR (RT-PCR) showed that scvA, scvB, scvC, and scvD are in one operon, while the other
scv genes are in a different operon (Fig. 1A). These results indicate that the genetic or-
ganization of the scv locus differs from those of syp and rbd, consisting of 18 and 17
genes, respectively, both organized into four operons (14, 20). Furthermore, the func-
tion and regulation of gene expression for the syp, rbd, and scv loci could differ. For
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example, unlike the transcription levels of the syp and rbd loci, which were very low
(14, 19), the expression of the scv locus was easily detectable under laboratory condi-
tions (Fig. 1A).

Next, to determine if the scv locus was involved in biofilm formation, we constructed
DscvA, DscvJ, and DscvO strains and compared their biofilms to those of the DcpsA and
wild-type (WT) strains. The results showed that although the DscvA, DscvJ, DscvO, and
DcpsA strains produced similar amounts of biofilm, they all produced about 60% less
biofilm than the WT strain. Further incubations of the WT and DscvO strains did not sig-
nificantly increase biofilms (Fig. S1). In addition, the deletion of scvO in the DcpsA strain
further decreased biofilm formation by approximately 50% compared with the DscvO
and DcpsA strains (Fig. 1B). WT cells formed rugose and opaque colonies on Congo red
agar, while colonies of the DcpsA strain were smooth and cloudy, and those of the
DcpsA DscvO strain appeared transparent. The morphologies of DscvA, DscvJ, and
DscvO cells developed on Congo red agar were similar but differed from those of
DcpsA, DcpsA DscvO, and WT cells (Fig. 1C). These results indicate that the cps locus and
the scv locus are two primary loci essential for biofilm formation in V. parahaemolyticus
and that these loci have distinct roles in colony formation. As the biofilm production
and morphologies of the DscvA, DscvJ, and DscvO strains were similar, while the biofilm
production of the DcpsA DscvO strain was nearly completely lost (;90% less than that
of the WT), we selected the DscvO strain as the representative scv knockout mutant in
the following assays.

The scv locus is required for the production of polysaccharide. To determine
whether defective biofilm formation is due to the reduction in polysaccharide produc-
tion in mutants, real-time surface-enhanced Raman spectroscopy (SERS) was used to
quantify the chemical characteristics of WT, DscvO, and DcpsA biofilms. Our results
showed that the intensities ranged from 1,050 to 1,150 cm21 for the DscvO and DcpsA
strains, while WT intensities of 560 to 620 cm21 were the highest. Intensities from

FIG 1 The scv locus is important for biofilm formation by the production of polysaccharide. (A) Schematic representation of the scv locus. Each gene in the
scv cluster is marked with a different-colored open arrow, and the regions amplified for RT-PCR analysis are indicated below. One hundred nanograms of
cDNA was used as the template for each reaction. For the mock reaction, no reverse transcriptase was added and was used as a control against genomic
contamination of RNA preparations. (B) Biofilm formation of the WT, DscvA, DscvJ, DscvO, DcpsA, and DscvO DcpsA strains after 24 h of incubation at 30°C.
The biofilm was stained with crystal violet. (C) Colony morphologies of the WT, DscvA, DscvJ, DscvO, DcpsA, and DscvO DcpsA strains on Congo red plates.
(D) SERS analysis of WT, DscvO, and DcpsA biofilms. a.u., arbitrary units. Statistical comparisons were performed by a t test. ***, P , 0.001.
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1,050 to 1,150 cm21 in the DscvO and DcpsA strains were similar, while a slightly higher
band between 560 and 620 cm21 was detected in the DcpsA strain (Fig. 1D). Because
peaks of Raman spectra in the ranges of 560 to 582 cm21 and 1,090 to 1,095 cm21 rep-
resent C-O-C glycosidic rings from polysaccharides (22), these results indicated that
similar to the cps locus, the scv locus is also involved in the biosynthesis of polysaccha-
ride. Because Raman spectra cannot differentiate the detailed chemical compositions
of polysaccharides synthesized by the scv and cps loci, further studies are needed to
characterize the biochemical properties of the polysaccharides synthesized by these
loci. Furthermore, given that (i) the loss of scvN caused a complete inability to synthe-
size poly-N-acetylglucosamine in V. parahaemolyticus (21), (ii) many bacteria produce
this chemical at low levels (23), and (iii) a Raman band at 1,445 cm21 represents poly-
N-acetylglucosamine, which we and other researchers did not detect in biofilms of V.
parahaemolyticus (22, 24), we concluded that poly-N-acetylglucosamine is likely a very
small fraction of the polysaccharide synthesized by the scv locus, while the cps locus is
not involved in producing poly-N-acetylglucosamine. Therefore, it is likely that the scv
and cps loci synthesize structurally different polysaccharides.

The scv locus contributes to mature biofilm formation. Having established that
the scv locus is essential for biofilm formation, we questioned if the contribution of the
scv locus to biofilm composition is distinct from that of the cps locus. We used confocal
laser scanning microscopy (CLSM) and scanning electron microscopy (SEM) to compare
the DscvO biofilm with those of the DcpsA and WT strains. The results showed that the
WT strain produced thick, densely packed, robust biofilms, while biofilms of the DscvO
and DcpsA strains were thin and nonmature. In the DcpsA biofilm, many single cells
were observed, while in the DscvO biofilm, cells formed clumps, which were only
loosely bound together (Fig. 2A and B). These results indicated that both the cps and
scv loci are required for mature biofilm formation and have different roles in forming
the biofilm structure.

ScvE positively regulates scv locus transcription. Given that (i) SypG and RbdG are
functional (14, 19) and (ii) SypG, RbdG, and ScvE are homologous proteins, we hypothe-
sized that ScvE regulates biofilm development. First, we constructed the DscvE strain.
Biofilm formation assays showed that the WT strain produced about 2-fold more biofilm
than the DscvE strain. The complementary DscvE::pScvE strain produced a level of biofilm

FIG 2 SEM and CLSM images of biofilms formed by V. parahaemolyticus strains. (A) CLSM images of WT, DscvO,
and DcpsA biofilms. Cells were stained with SYTO-9. (B) SEM images of WT, DscvO, and DcpsA biofilms.
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similar to that of the WT (Fig. 3A). As ScvE possesses the receiver (REC) domain, to test
whether the conserved aspartate residue in the REC domain (Asp53) has any role in bio-
film formation, the DscvE::pScvED53A strain was generated. We found that its biofilm for-
mation ability was similar to that of the DscvE strain (Fig. 3A). Real-time quantitative
reverse transcription-PCR (qRT-PCR) results showed that in the DscvE strain, the transcrip-
tion levels of scvO and scvD dropped about 70% and 60%, respectively, compared with
those of the WT. However, scvE did not significantly affect cpsA expression; instead, aphA
regulated the transcription of both cpsA and scvD and not scvO. Moreover, in the DscvE::
pScvE strain, scvO expression was upregulated, while the expression level of scvD
remained as low as that in the DscvE::pScvED53A strain (Fig. 3B to D). The failure of the
DscvE::pScvE strain to stimulate the transcription of scvD may be due to the polar effect
from the scvABCD operon since scvD is a downstream gene in this operon and could be
less affected by scvA promoter-dependent regulation. These results indicate that scvE pos-
itively regulates the transcription of the scvABCD and scvEFGHIJKLMNO operons, while the
QS regulator AphA modulates the expression of the cps locus and the scvABCD operon.

The scv locus is insensitive to low temperatures and calcium levels. Considering
that low temperatures and high calcium levels can promote biofilm formation in V.
cholerae, which increases its adaptivity in response to environmental stresses (25, 26),
we analyzed the role of the cps and scv loci in biofilm development under different
temperatures and calcium concentrations. We found that low temperatures enhanced

FIG 3 ScvE stimulates the expression of the scv locus. (A) Biofilm formation of the WT, DscvE, DscvE::pScvE, and
DscvE::pScvED53A strains after 24 h of incubation at 30°C. The biofilm was stained with crystal violet. (B) ScvE
controls the expression of scvO. (C) ScvE and AphA stimulate the transcription of scvD. (D) AphA positively
regulates the transcription of cpsA. Statistical comparisons were performed by a t test. *, P , 0.05; **, P , 0.01;
***, P , 0.001; ns, not significant (P . 0.05).
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the biofilm formation of the WT and DscvO strains but not that of the DcpsA strain
(Fig. 4A). Various calcium levels did not affect the biofilm formation of the WT (Fig. 4B).
Likely, the scv locus is not responsive to low temperature or calcium, whereas low tem-
perature stimulates biofilm formation via the cps locus in V. parahaemolyticus. Finding
out which environmental signals trigger the expression of the scv locus will shed light
on the mechanisms by which V. parahaemolyticus fine-tunes biofilm development.

scv loci are divergent and widespread among 28 genera. Given that scv loci pos-
sessed by two taxa, V. parahaemolyticus and Aliivibrio fischeri, are functional, we investi-
gated the broader prevalence of the scv loci. We utilized the sequences for ScvC, ScvL,
and ScvO as queries in PSI-BLAST. The results showed that in addition to Vibrio, several
other genera also contain orthologs of ScvC, ScvL, and/or ScvO, including Aeromonas,
Agaribacterium, Agarivorans, Aliivibrio, Alteromonas, Elstera, Endozoicomonas, Enterovibrio,
and Marinagarivorans. Next, the genomes of all the bacterial species with orthologs were
downloaded from the NCBI database and reannotated using RAST. scv orthologs were
detected in the genomes of 148 bacterial species, which are affiliated with 28 genera in
eight orders, including Aeromonadales, Alteromonadales, Cellvibrionales, Chromatiales,
Oceanospirillales, Pseudomonadales, Rhodospirillales, and Vibrionales. All other genera
belong to the Gammaproteobacteria, except for Elstera and Terasakiella, which are mem-
bers of the Alphaproteobacteria (Fig. 5). All scv-positive strains are water-dwelling, and the
majority are Vibrio species (62 species). Given that the syp locus is important for Aliivibrio
fischeri to colonize squid, its natural host, and that scvN is indispensable for V. parahaemoly-
ticus to colonize fish (14, 21), scv locus-positive bacterial species likely express these loci to
colonize aquatic hosts. In addition, it is noteworthy that only a few species possess the scv
locus in some genera, such as Shewanella corallii, Shewanella sp. SNU WT4, Oceanospirillum
multiglobuliferum, Oceanospirillum sanctuarii, and Pseudomonas anguilliseptica. In the ge-
nome sequences of Aeromonas allosaccharophila strain FDAARGOS_933, Aeromonas popoffii
strain CIP105493, Aeromonas sobria strain CECT4245, Aliivibrio salmonicida strain VS224,
Pseudomonas anguilliseptica strain DSM12111, Vibrio breoganii strain FF50, and Vibrio scoph-
thalmi strain VS-12, insertion sequence elements and/or integrases are detectable upstream
and downstream of the scv loci, indicating that these strains acquired scv gene clusters by
insertion sequences and/or integrase-mediated horizontal gene transfer (Fig. 6).

Previous studies suggested that surface polysaccharide synthesis loci are hot spots
shaped by selection forces in Enterobacteriales and some pathogenic bacteria. These
selection forces can drive the structural diversification of polysaccharide biosynthesis
gene clusters (27, 28). Consistent with this viewpoint, we found that scv loci are highly di-
vergent. For instance, all scv locus-positive Aeromonas and Endozoicomonas species do
not possess an ortholog of scvB, a putative OmpA-encoding gene, while all scv locus-posi-
tive Marinomonas, Photobacterium, and Psychromonas species do (see Table S4 in the

FIG 4 Impact of temperature and calcium on V. parahaemolyticus biofilm formation. (A) Biofilm formation of the WT, DscvO, and DcpsA strains at different
temperatures after 24 h of incubation. (B) Biofilm formation of the WT under different calcium levels in HIS medium after 24 h of incubation at 30°C. The
biofilm was stained with crystal violet. Statistical comparisons were performed by a t test. **, P , 0.01; ***, P , 0.001; ns, not significant (P . 0.05).
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supplemental material). Structural differences in the scv gene clusters are also frequently
detected among species of the same genus. For example, the orthologs of sypF were not
observed in the scv loci of 38 Vibrio species but were present in 24 other scv locus-positive
Vibrio species. Fifty-three Vibrio species possess an ortholog of sypM, while 9 species,
including V. parahaemolyticus, V. diabolicus, V. alginolyticus, V. azureus, V. campbellii, V.
hyugaensis, V. jasicida, V. owensii, and V. rotiferianus, do not. Similarly, orthologs of scvG
and/or scvI are absent from some scv locus-positive vibrios, while 11 other strains do not
possess orthologs of sypF, scvG, scvI, or scvK. Interestingly, in V. comitans strain
NBRC102076, V. panuliri strain JCM19500, and V. superstes strain G3-29, the physical dis-
tance among genes annotated as being members of the scv loci ranges from ;15 kb to
;1,612 kb (Fig. 7 and Table S5). This suggests that extensive fragment recombination
may occur during the evolution of scv loci in these Vibrio species. In addition, it is worth
noting that all scv locus-positive Vibrio species possess an ortholog of scvN (Table S5), and
scvN is involved in poly-N-acetylglucosamine biosynthesis in V. parahaemolyticus (21). All
scv locus-positive Vibrio species likely produce poly-N-acetylglucosamine as a component
of the polysaccharides.

The genetic differences in scv loci can also be caused by gene duplication and domain
rearrangement. For instance, orthologs of scvH are duplicated in several species such as
Thalassomonas viridans, Thalassomonas actiniarum, Shewanella corallii, Shewanella

FIG 5 Distribution of scv loci in diverse species. The maximum likelihood phylogenetic tree was built using rpoB sequences (MEGA X). Numbers at the
nodes are percent bootstrap values based on 500 replicates. Thermus was used as an outgroup. Sequences from the same genus are marked with the
same color. Each symbol represents one bacterial species. Elstera litoralis Dia-1, Enterovibrio coralii CAIM 912, Pseudomonas anguilliseptica DSM 12111, and
Thalassolituus sp. HI0120 were not included in the phylogenetic analysis since their complete rpoB sequences are not available.
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sp. SNU WT4, Pseudomonas anguilliseptica, and 29 Vibrio species. Agarivorans spe-
cies have three scvN paralogs (Table S4). Moreover, in most scv locus-positive spe-
cies, sypM encodes a single hexapeptide transferase domain, and scvI encodes a sin-
gle polysaccharide biosynthesis domain. However, orthologs of sypM encode

FIG 6 An insertion sequence and/or integrase is detectable upstream and downstream of the scv loci in the same bacterial species. Each ortholog gene in
the scv locus is marked with an arrow of a different color. The same-colored arrows indicate orthologous genes. Insertion sequences were identified using
IS Finder. ORFs, open reading frames.
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duplicated hexapeptide transferase domains in Pseudomonas anguilliseptica, Thalassomonas
actiniarum, Thalassotalea sp. M1531, Aeromonas enteropelogenes, Aeromonas taiwanensis,
Agaribacterium haliotis, Aliagarivorans marinus, Bowmanella sp. JS7-9, and 19 Vibrio species
(Fig. S2A and Tables S4 and S5). Orthologs of scvI encode two polysaccharide biosynthesis
domains in Alteromonas sediminis, Endozoicomonas elysicola, Endozoicomonas numa-
zuensis, Glaciecola sp. HTCC2999, and Thalassotalea sp. M1531 (Fig. S2B). Intriguingly,
orthologs of scvN and scvO likely fuse into one gene in some strains of Alteromonas sedimi-
nis,Marinagarivorans algicola, Photobacterium, Agarivorans, and Pseudoalteromonas (Fig. S2C
and Table S4), while orthologs of scvF and scvG likely fuse into one gene in Agaribacterium
haliotis (Fig. S2D).

Conclusions. In summary, we revealed that the scv locus synthesizes the biofilm-
related polysaccharide, which is structurally and functionally different from that syn-
thesized by the cps locus. The polysaccharide synthesized by the cps locus dramati-
cally affects multicellular aggregation, while the scv locus has a modest impact on
biofilm formation. In addition, scvE can regulate the transcription of the scvABCD and
scvEFGHIJKLMNO operons, while aphA stimulates the expression of only the first op-
eron in the scv locus. Moreover, scv homolog loci are divergent and found in a large
number of diverse aquatic bacterial species. Horizontal gene transfer, gene loss, gene
duplication, and fragment fusion are the likely driving forces behind the evolution of
scv loci. Our results provide new insights into the function and evolution of this wide-
spread polysaccharide biosynthesis locus.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. V. parahaemolyticus strains were cultured in heart infu-

sion medium (Difco) supplemented with 0.5% sodium chloride (HIS medium) at 30°C unless otherwise
mentioned, and Escherichia coli strains were cultured in Luria-Bertani (LB) medium at 37°C. Culture
media were supplemented with chloramphenicol at final concentrations of 5 mg/mL for V. parahaemoly-
ticus and 25 mg/mL for E. coli or 1 mM isopropyl b-D-thiogalactoside (IPTG) if necessary.

Congo red plates were prepared using HIS medium supplemented with 10 mL/L Congo red and
5 mL/L Coomassie blue G-250. Two microliters of the cultures grown overnight were spotted onto the
Congo red plates and incubated at 30°C for 3 days. The pictures shown are from one of at least three in-
dependent experiments.

FIG 7 Genetic structures of the scv loci among Vibrio species. Each orthologous gene in the scv locus is marked with an arrow of a different color. The
same-colored arrows indicate orthologous genes. Abbreviations of species names: Vpa, V. parahaemolyticus; Vv, V. vulnificus; Vat, V. atlanticus; Vfo, V. fortis.
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Strain construction. The knockout mutant was obtained using the pDM4 vector as previously
described (29). Briefly, ;800-bp upstream and downstream fragments of the target gene were ampli-
fied, and the first-round products were used as the templates in the second-round PCR. Next, the PCR
product was inserted into the suicide vector pDM4. The recombinant was transformed into E. coli S17-1
lpir and then conjugated with V. parahaemolyticus. The mutant was selected and confirmed by PCR. For
obtaining the DscvE::pScvE strain, the entire coding region of scvE with an N-terminal ribosome binding
site was amplified, inserted into pMMB207, and then transconjugated into the DscvE strain. Site-directed
mutagenesis was performed using a GeneArt site-directed mutagenesis kit (Thermo) according to the
manufacturer’s instructions. The primers used are listed in Table S3 in the supplemental material.

Microplate biofilm formation assay. V. parahaemolyticus strains grown overnight were diluted 1:50
into HIS broth and incubated at 30°C at 200 rpm for 2 h, the culture was then adjusted to an optical den-
sity at 600 nm (OD600) of 0.05, and 200 mL bacterial cells was added to wells of 96-well microplates (8
wells per strain). Following incubation of the bacterium at 100 rpm for 24 h, the OD600 of each well was
recorded using a microplate reader. After the decantation of the planktonic cells in each well, the wells
were washed twice with phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4), 220 mL crystal violet (0.1%, wt/vol) was then added to each well, and the wells were
stained at room temperature for 20 min. The crystal violet was then decanted out, each well was washed
3 times with PBS, and 220 mL 100% ethanol was added. The OD595 of each well was measured using a
microplate reader. The relative ability for biofilm formation was calculated based on the OD595/OD600.
Three independent experiments were performed.

CLSM, SEM, and SERS. For CLSM analysis, V. parahaemolyticus strains grown overnight were diluted
1:50 into HIS broth and incubated at 30°C at 200 rpm for 2 h, the culture was then adjusted to an OD600 of
0.05, and 2 mL bacterial cells was added to each well, in which a submerged glass coverslip was present, in
24-well microplates. Following incubation of the microplates at 30°C at 100 rpm for 24 h, the coverslip was
removed and rinsed once with PBS. Next, 10 mL 1� SYTO-9 (cell permeable, 485/535 nm; Thermo) was
dropped onto the coverslip, and the coverslip was stained for 15 min. The biofilms were observed using an
Olympus FV 1000 single-photon laser scanning microscope with a 20� lens objective.

For SEM analysis, the biofilm grown on a glass coverslip was obtained as mentioned above. The bio-
film was washed once with 200 mL PBS and fixed with 100 mL 2.5% (vol/vol) glutaraldehyde. After dehy-
dration and coating with copper, the biofilms were observed by SEM (JSM-6390LV; JEOL).

For SERS analysis, the biofilm was grown on a glass coverslip as described above. Next, the spectra
of macromolecules in biofilms were scanned at 400 to 1,800 cm21 using a SERS system (LabRam HR
Evolution; Horiba, France) equipped with a 50� lens objective. LabSpec6 software was used to analyze
the Raman data, and Origin2018 was then used for image processing.

Pictures shown for CLSM, SEM, and SERS are from one of three independent experiments.
RT-PCR and RT-qPCR assays. V. parahaemolyticus strains grown overnight were diluted 1:100 into

HIS broth, ;10-mL cultures were incubated in borosilicate glass tubes at 30°C at 100 rpm for 24 h, and a
2-mL culture was then centrifuged to extract the RNAs using TRIzol (Invitrogen). Residual DNA was
removed using DNase (Turbo DNase; Ambion) according to the manufacturer’s instructions. For RT-PCR
assays, a Superscript one-step RT-PCR system (Invitrogen) was used according to the manufacturer’s
instructions. The pictures shown are from one of three independent experiments.

For qRT-PCR assays, RNAs were collected as mentioned above. TB Green fast qPCR (quantitative PCR)
mix (TaKaRa) was used according to the manufacturer’s instructions. rpoA was used as an internal con-
trol for normalization. The results were analyzed using the comparative threshold cycle method. The
data were the averages from three independent experiments.

Bioinformatic analysis. Sequences of ScvC, ScvL, and ScvO were used as queries to run the PSI-BLAST
program (February 2020). Phylogenetic analysis was performed using MEGA X (30). RAST was used to anno-
tate genomes (31). IS Finder (https://www-is.biotoul.fr/blast.php) was used to identify insertion sequences.
SMART (http://smart.embl-heidelberg.de/) was used to identify and annotate protein domains.

Statistical analysis. Statistical analysis was performed using Prism (version 5.0; GraphPad Software)
with unpaired two-tailed Student’s t test (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, not significant
[P . 0.05]).

Data availability. Genomic sequences of bacterial species used in this study were downloaded from
the NCBI database. The annotated genomes are available at https://figshare.com/articles/journal
_contribution/Genomes_of_scv_loci_positive_bacteria_species_annotated_using_RAST_/17871989.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.2 MB.
FIG S2, TIF file, 0.2 MB.
TABLE S1, DOCX file, 0.02 MB.
TABLE S2, DOCX file, 0.02 MB.
TABLE S3, DOCX file, 0.02 MB.
TABLE S4, XLSX file, 0.02 MB.
TABLE S5, XLSX file, 0.01 MB.

Liu et al.

March/April 2022 Volume 7 Issue 2 e01226-21 msystems.asm.org 10

https://www-is.biotoul.fr/blast.php
http://smart.embl-heidelberg.de/
https://figshare.com/articles/journal_contribution/Genomes_of_scv_loci_positive_bacteria_species_annotated_using_RAST_/17871989
https://figshare.com/articles/journal_contribution/Genomes_of_scv_loci_positive_bacteria_species_annotated_using_RAST_/17871989
https://msystems.asm.org


ACKNOWLEDGMENTS
This work was supported by the National Key Research Program of China

(2020YFC1806803), Fundamental Research Funds for the Central Universities
(2662021JC012), National Natural Science Foundation of China grant 81702051, and
the Wuhan Applied Foundational Frontier Project (2019020701011469).

We thank LetPub for its linguistic assistance during the preparation of the manuscript.

REFERENCES
1. Le Roux F, Zouine M, Chakroun N, Binesse J, Saulnier D, Bouchier C,

Zidane N, Ma L, Rusniok C, Lajus A, Buchrieser C, Médigue C, Polz MF,
Mazel D. 2009. Genome sequence of Vibrio splendidus: an abundant
planctonic marine species with a large genotypic diversity. Environ Micro-
biol 11:1959–1970. https://doi.org/10.1111/j.1462-2920.2009.01918.x.

2. Sultana M, Nusrin S, Hasan NA, Sadique A, Ahmed KU, Islam A, Hossain A,
Longini I, Nizam A, Huq A, Siddique AK, Sack DA, Sack RB, Colwell RR,
Alam M. 2018. Biofilms comprise a component of the annual cycle of
Vibrio cholerae in the Bay of Bengal Estuary. mBio 9:e00483-18. https://doi
.org/10.1128/mBio.00483-18.

3. Takemura AF, Chien DM, Polz MF. 2014. Associations and dynamics of
Vibrionaceae in the environment, from the genus to the population level.
Front Microbiol 5:38. https://doi.org/10.3389/fmicb.2014.00038.

4. Nesper J, Schild S, Lauriano CM, Kraiss A, Klose KE, Reidl J. 2002. Role of
Vibrio cholerae O139 surface polysaccharides in intestinal colonization.
Infect Immun 70:5990–5996. https://doi.org/10.1128/IAI.70.11.5990
-5996.2002.

5. Toska J, Ho BT, Mekalanos JJ. 2018. Exopolysaccharide protects Vibrio chol-
erae from exogenous attacks by the type 6 secretion system. Proc Natl Acad
Sci U S A 115:7997–8002. https://doi.org/10.1073/pnas.1808469115.

6. Ashrafudoulla M, Mizan MFR, Park SH, Ha S-D. 2021. Current and future
perspectives for controlling Vibrio biofilms in the seafood industry: a com-
prehensive review. Crit Rev Food Sci Nutr 61:1827–1851. https://doi.org/
10.1080/10408398.2020.1767031.

7. Nair GB, Ramamurthy T, Bhattacharya SK, Dutta B, Takeda Y, Sack DA.
2007. Global dissemination of Vibrio parahaemolyticus serotype O3:K6
and its serovariants. Clin Microbiol Rev 20:39–48. https://doi.org/10.1128/
CMR.00025-06.

8. Srivastava D, Waters CM. 2012. A tangled web: regulatory connections
between quorum sensing and cyclic di-GMP. J Bacteriol 194:4485–4493.
https://doi.org/10.1128/JB.00379-12.

9. Huang Q, Zhang Y, Hu X, Wang L, Yang R, Zhong Q, Zhou D, Li X. 2014.
AphA is an activator of c-di-GMP synthesis and biofilm formation in Vibrio
parahaemolyticus. Wei Sheng Wu Xue Bao 54:525–531.

10. Kalburge SS, Carpenter MR, Rozovsky S, Boyd EF. 2017. Quorum sensing
regulators are required for metabolic fitness in Vibrio parahaemolyticus.
Infect Immun 85:e00930-16. https://doi.org/10.1128/IAI.00930-16.

11. Wang L, Ling Y, Jiang H, Qiu Y, Qiu J, Chen H, Yang R, Zhou D. 2013. AphA
is required for biofilm formation, motility, and virulence in pandemic
Vibrio parahaemolyticus. Int J Food Microbiol 160:245–251. https://doi
.org/10.1016/j.ijfoodmicro.2012.11.004.

12. Kimbrough JH, Cribbs JT, McCarter LL. 2020. Homologous c-di-GMP-binding
Scr transcription factors orchestrate biofilm development in Vibrio parahae-
molyticus. J Bacteriol 202:e00723-19. https://doi.org/10.1128/JB.00723-19.

13. Zhang L, Weng Y, Wu Y, Wang X, Yin Z, Yang H, Yang W, Zhang Y. 2018.
H-NS is an activator of exopolysaccharide biosynthesis genes transcrip-
tion in Vibrio parahaemolyticus. Microb Pathog 116:164–167. https://doi
.org/10.1016/j.micpath.2018.01.025.

14. Yip ES, Grublesky BT, Hussa EA, Visick KL. 2005. A novel, conserved cluster
of genes promotes symbiotic colonization and sigma-dependent biofilm
formation by Vibrio fischeri. Mol Microbiol 57:1485–1498. https://doi.org/
10.1111/j.1365-2958.2005.04784.x.

15. Shibata S, Yip ES, Quirke KP, Ondrey JM, Visick KL. 2012. Roles of the struc-
tural symbiosis polysaccharide (syp) genes in host colonization, biofilm
formation, and polysaccharide biosynthesis in Vibrio fischeri. J Bacteriol
194:6736–6747. https://doi.org/10.1128/JB.00707-12.

16. Darnell CL, Hussa EA, Visick KL. 2008. The putative hybrid sensor kinase
SypF coordinates biofilm formation in Vibrio fischeri by acting upstream

of two response regulators, SypG and VpsR. J Bacteriol 190:4941–4950.
https://doi.org/10.1128/JB.00197-08.

17. Hussa EA, Darnell CL, Visick KL. 2008. RscS functions upstream of SypG to
control the syp locus and biofilm formation in Vibrio fischeri. J Bacteriol
190:4576–4583. https://doi.org/10.1128/JB.00130-08.

18. Tischler AH, Lie L, Thompson CM, Visick KL. 2018. Discovery of calcium as
a biofilm-promoting signal for Vibrio fischeri reveals new phenotypes and
underlying regulatory complexity. J Bacteriol 200:e00016-18. https://doi
.org/10.1128/JB.00016-18.

19. Guo Y, Rowe-Magnus DA. 2011. Overlapping and unique contributions of
two conserved polysaccharide loci in governing distinct survival pheno-
types in Vibrio vulnificus. Environ Microbiol 13:2888–2990. https://doi.org/
10.1111/j.1462-2920.2011.02564.x.

20. Goudenège D, Boursicot V, Versigny T, Bonnetot S, Ratiskol J, Sinquin C,
LaPointe G, Le Rous F, Delbarre-Ladrat C. 2014. Genome sequence of
Vibrio diabolicus and identification of the exopolysaccharide HE800 bio-
synthesis locus. Appl Microbiol Biotechnol 98:10165–10176. https://doi
.org/10.1007/s00253-014-6086-8.

21. Ye L, Zheng X, Zheng H. 2014. Effect of sypQ gene on poly-N-acetylglucos-
amine biosynthesis in Vibrio parahaemolyticus and its role in infection pro-
cess. Glycobiology 24:351–358. https://doi.org/10.1093/glycob/cwu001.

22. Tan L, Zhao F, Han Q, Zhao A, Malakar PK, Liu H, Pan Y, Zhao Y. 2018. High
correlation between structure development and chemical variation dur-
ing biofilm formation by Vibrio parahaemolyticus. Front Microbiol 9:1881.
https://doi.org/10.3389/fmicb.2018.01881.

23. Cywes-Bentley C, Skurnik D, Zaidi T, Roux D, Deoliveira RB, Garrett WS, Lu X,
O’Malley J, Kinzel K, Zaidi T, Rey A, Perrin C, Fichorova RN, Kayatani AKK,
Maira-Litràn T, Gening ML, Tsvetkov YE, Nifantiev NE, Bakaletz LO, Pelton SI,
Golenbock DT, Pier GB. 2013. Antibody to a conserved antigenic target is
protective against diverse prokaryotic and eukaryotic pathogens. Proc Natl
Acad Sci U S A 110:E2209–E2218. https://doi.org/10.1073/pnas.1303573110.

24. Pruss A, Kwiatkowski P, Łopusiewicz Ł, Masiuk H, Sobolewski P, Fijałkowski
K, Sienkiewicz M, Smolak A, Giedrys-Kalemba S, Dołęgowska B. 2021. Evalua-
tion of chemical changes in laboratory-induced colistin-resistant Klebsiella
pneumoniae. Int J Mol Sci 22:7104. https://doi.org/10.3390/ijms22137104.

25. Bilecen K, Yildiz FH. 2009. Identification of a calcium-controlled negative
regulatory system affecting Vibrio cholerae biofilm formation. EnvironMicro-
biol 11:2015–2029. https://doi.org/10.1111/j.1462-2920.2009.01923.x.

26. Townsley L, Yildiz FH. 2015. Temperature affects c-di-GMP signalling and
biofilm formation in Vibrio cholerae. Environ Microbiol 17:4290–4305.
https://doi.org/10.1111/1462-2920.12799.

27. Holt KE, Lassalle F, Wyres KL, Wick R, Mostowy RJ. 2020. Diversity and evo-
lution of surface polysaccharide synthesis loci in Enterobacteriales. ISME J
14:1713–1730. https://doi.org/10.1038/s41396-020-0628-0.

28. Mostowy RJ, Holt KE. 2018. Diversity-generating machines: genetics of
bacterial sugar-coating. Trends Microbiol 26:1008–1021. https://doi.org/
10.1016/j.tim.2018.06.006.

29. Liu M, Yang S, Zheng C, Luo X, Bei W, Cai P. 2018. Binding to type I colla-
gen is essential for the infectivity of Vibrio parahaemolyticus to host cells.
Cell Microbiol 20:e12856. https://doi.org/10.1111/cmi.12856.

30. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: molecular ev-
olutionary genetics analysis across computing platforms. Mol Biol Evol
35:1547–1549. https://doi.org/10.1093/molbev/msy096.

31. Overbeek R, Olson R, Pusch GD, Olsen GJ, Davis JJ, Disz T, Edwards RA,
Gerdes S, Parrello B, Shukla M, Vonstein V, Wattam AR, Xia F, Stevens R.
2014. The SEED and the rapid annotation of microbial genomes using
subsystems technology (RAST). Nucleic Acids Res 42:D206–D214. https://
doi.org/10.1093/nar/gkt1226.

A Polysaccharide Biosynthesis Locus

March/April 2022 Volume 7 Issue 2 e01226-21 msystems.asm.org 11

https://doi.org/10.1111/j.1462-2920.2009.01918.x
https://doi.org/10.1128/mBio.00483-18
https://doi.org/10.1128/mBio.00483-18
https://doi.org/10.3389/fmicb.2014.00038
https://doi.org/10.1128/IAI.70.11.5990-5996.2002
https://doi.org/10.1128/IAI.70.11.5990-5996.2002
https://doi.org/10.1073/pnas.1808469115
https://doi.org/10.1080/10408398.2020.1767031
https://doi.org/10.1080/10408398.2020.1767031
https://doi.org/10.1128/CMR.00025-06
https://doi.org/10.1128/CMR.00025-06
https://doi.org/10.1128/JB.00379-12
https://doi.org/10.1128/IAI.00930-16
https://doi.org/10.1016/j.ijfoodmicro.2012.11.004
https://doi.org/10.1016/j.ijfoodmicro.2012.11.004
https://doi.org/10.1128/JB.00723-19
https://doi.org/10.1016/j.micpath.2018.01.025
https://doi.org/10.1016/j.micpath.2018.01.025
https://doi.org/10.1111/j.1365-2958.2005.04784.x
https://doi.org/10.1111/j.1365-2958.2005.04784.x
https://doi.org/10.1128/JB.00707-12
https://doi.org/10.1128/JB.00197-08
https://doi.org/10.1128/JB.00130-08
https://doi.org/10.1128/JB.00016-18
https://doi.org/10.1128/JB.00016-18
https://doi.org/10.1111/j.1462-2920.2011.02564.x
https://doi.org/10.1111/j.1462-2920.2011.02564.x
https://doi.org/10.1007/s00253-014-6086-8
https://doi.org/10.1007/s00253-014-6086-8
https://doi.org/10.1093/glycob/cwu001
https://doi.org/10.3389/fmicb.2018.01881
https://doi.org/10.1073/pnas.1303573110
https://doi.org/10.3390/ijms22137104
https://doi.org/10.1111/j.1462-2920.2009.01923.x
https://doi.org/10.1111/1462-2920.12799
https://doi.org/10.1038/s41396-020-0628-0
https://doi.org/10.1016/j.tim.2018.06.006
https://doi.org/10.1016/j.tim.2018.06.006
https://doi.org/10.1111/cmi.12856
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/nar/gkt1226
https://doi.org/10.1093/nar/gkt1226
https://msystems.asm.org

	RESULTS AND DISCUSSION
	The scv locus is essential for biofilm formation.
	The scv locus is required for the production of polysaccharide.
	The scv locus contributes to mature biofilm formation.
	ScvE positively regulates scv locus transcription.
	The scv locus is insensitive to low temperatures and calcium levels.
	scv loci are divergent and widespread among 28 genera.
	Conclusions.

	MATERIALS AND METHODS
	Bacterial strains and growth conditions.
	Strain construction.
	Microplate biofilm formation assay.
	CLSM, SEM, and SERS.
	RT-PCR and RT-qPCR assays.
	Bioinformatic analysis.
	Statistical analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

