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Vibrio cholerae causes human infection through ingestion of contaminated food and water, leading to the devastating diarrheal
disease cholera. V. cholerae forms matrix-encased aggregates, known as biofilms, in the native aquatic environment. While the
formation of V. cholerae biofilms has been well studied, little is known about the dispersal from biofilms, particularly upon en-
try into the host. In this study, we found that the exposure of mature biofilms to physiologic levels of the bile salt taurocholate, a
host signal for the virulence gene induction of V. cholerae, induces an increase in the number of detached cells with a concomi-
tant decrease in biofilm mass. Scanning electron microscopy micrographs of biofilms exposed to taurocholate revealed an al-
tered, perhaps degraded, appearance of the biofilm matrix. The inhibition of protein synthesis did not alter rates of detachment,
suggesting that V. cholerae undergoes a passive dispersal. Cell-free media from taurocholate-exposed biofilms contains a larger
amount of free polysaccharide, suggesting an abiotic degradation of biofilm matrix by taurocholate. Furthermore, we found that
V. cholerae is only able to induce virulence in response to taurocholate after exit from the biofilm. Thus, we propose a model in
which V. cholerae ingested as a biofilm has coopted the host-derived bile salt signal to detach from the biofilm and go on to acti-
vate virulence.

Vibrio cholerae is an aquatic bacterium that can cause the diar-
rheal disease cholera when ingested by humans. As the bacte-

ria transition from an aquatic environment to the human gut, they
encounter many host signals during passage to the primary site of
colonization, the small intestine. Pathology is caused predomi-
nantly by the enterotoxin cholera toxin (CT) (1). A toxin-coregu-
lated pilus (TCP) also is required for colonization (2). This type IV
pilus is important for bacterium-bacterium interactions and mi-
crocolony formation in the small intestine, although its functions
are not fully understood. The regulation of these two key virulence
factors is tightly controlled and activated in response to cues from
the host environment (reviewed in reference 3). In the small in-
testine, one of these host factors is bile. Bile is a heterogeneous
mixture, with the main constituents being bile salts, cholesterol-
derived amphipathic compounds that aid in digestion and limit
bacterial growth by disrupting membranes and proteins (4). Cer-
tain bile salts, particularly those with taurine or glycine conju-
gates, activate the virulence program of V. cholerae, resulting in
the expression of the two major virulence factors, CT and TCP, by
promoting the activation of upstream regulatory factors (5).

Bile salts affect the physiology of V. cholerae and other enteric
bacteria (4) and are antimicrobial due to their surfactant and de-
tergent properties (4). In response to bile salt exposure, V. cholerae
can induce active efflux, enhance motility, remodel outer mem-
brane protein composition, and promote biofilm formation (6–
9). Entrance into a biofilm state may aid in persistence in the
aquatic environment and is a multistep developmental process
(10–12). When V. cholerae encounters bile or other biofilm-in-
ducing conditions, it expresses a set of vibrio polysaccharide
(VPS) polysynthetic genes (vpsA-Q) that result in the production
of an exopolysaccharide that encases the bacterial aggregate (13).
In addition to this major biofilm matrix component, V. cholerae
also produces several proteins that stabilize the matrix (14). This
induction is regulated by the major regulators VpsT and VpsR (15,
16), which, in turn, are regulated by quorum sensing (17, 18). This

pathway can be exogenously activated by signals such as starvation
and bile (8).

Once they have entered a biofilm state of development, bacte-
ria may employ methods to actively exit from a biofilm. Strategies
may include egress by enhanced motility or repressed adherence
and targeting of matrix components for degradation by bacterially
produced enzymes and small molecules (19). Often, these systems
involve complex genetic regulatory mechanisms that cue dispersal
in response to internal and external cues, such as quorum sensing
and nutrient availability, respectively. For example, Escherichia
coli K-12 dispersion is controlled by the global regulator CsrA,
which modulates carbon utilization and can drive the bacteria into
a biofilm-repressive state (20). For Staphylococcus aureus, glucose
limitation promotes the expression of the arg system, the activa-
tion of which leads to extracellular protease production and ulti-
mately dispersion (21). The opportunistic pathogen Pseudomonas
aeruginosa can promote its own dispersal through the production
of surfactants that nonspecifically disrupt cell-cell and cell-biofilm
interactions, as well as a more explosive seeding dispersal in which
hollowed-out biofilm structures burst open to release highly mo-
tile planktonic cells (22, 23). P. aeruginosa-detached planktonic
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cells utilize a distinct regulatory profile compared to biofilm or
free-living planktonic cells, displaying enhanced virulence induc-
tion (22), once again highlighting the notion that biofilm-resident
or previously biofilm-resident cells are physiologically distinct
from their free-living planktonic counterparts.

In its natural aquatic environment, V. cholerae often is associ-
ated with chitinous surfaces and believed to be in a matrix-encased
biofilm (10, 12). V. cholerae may be more infectious when ingested
in this natural biofilm state, as a lower infectious dose is necessary
to cause disease with biofilms than with free-living planktonic
cells. Additionally, the incidence of cholera can be greatly reduced
by the filtration of contaminated water through a sari cloth to
remove the majority of copepod and biofilm-associated bacteria
(24). Evidence also suggests that biofilm-like aggregates from rice
water stool persist in the environment (25). The efficacy of bio-
film-initiated infection has been attributed to a concentrated in-
fectious dose as well as protection during gastric passage (17).
Even when biofilms are disrupted prior to infection, biofilm-de-
rived V. cholerae cells outcompete their free-living planktonic
counterparts (26). This observation highlights the importance of
understanding the early steps of infection in a more natural, bio-
film route, especially taking into consideration the physiologic
state of those biofilm-resident cells during this process. In this
study, we have demonstrated one mechanism by which V. cholerae
has coopted host signals to sequentially detach from biofilms and
induce virulence factor production.

MATERIALS AND METHODS
Bacterial strains and growth conditions. V. cholerae El Tor C6706 (27)
was used as the wild-type strain in this study. In-frame deletions were
constructed by cloning the regions flanking the target genes into suicide
vector pWM91, containing a sacB counterselectable maker (28). PvpsA-
lacZ transcriptional fusions were generated by cloning the vpsA promoter
into a plasmid containing a lacZ reporter (29). The transcriptional lux
reporter of the promoter region of tcpA has been described previously
(30). Strains were propagated in LB containing appropriate antibiotics at
37°C, unless otherwise noted.

Biofilm formation assays. Assays to quantify biofilms were performed
as previously described (17). A 1:100 dilution of overnight-grown culture
of V. cholerae was inoculated in LB broth into 10- by 75-mm borosilicate
glass tubes and incubated for 22 to 24 h at 22°C. Subsequently, the tubes
were rinsed three times with phosphate-buffered saline (PBS) and then
filled with crystal violet stain. After 5 min, excess stain was rinsed off with
deionized water. The biofilm-associated crystal violet was solubilized in
dimethylsulfoxide (DMSO), and the optical density at 570 nm (OD570) of
the resulting suspension was measured. All experiments were performed
at least three independent times, and samples were performed in tripli-
cate.

Biofilm detachment assays. Supernatants from mature biofilms were
aspirated. Biofilms on tubes were rinsed three times with PBS, and then
fresh medium premixed with the indicated compound was added gently
so as not to manually disrupt biofilm structure. After the indicated time,
biofilm-derived planktonic cells were drawn from the supernatant, seri-
ally diluted, and plated on LB agar plates with appropriate antibiotics for
enumeration. Remaining biofilms were quantified by crystal violet as de-
scribed above, or biofilm-resident cells were collected after manual dis-
ruption by vortexing in the presence of PBS and glass beads.

Microscopy to examine biofilm structures. For scanning electron mi-
croscopy (SEM), a 1:100 dilution of overnight-grown culture of wild-type
V. cholerae was inoculated into 5 ml of LB in 50-ml Falcon tubes contain-
ing 22- by 22-mm sterile glass coverslips. After 24 h, coverslips were
washed three times with PBS and then placed into 6-well plates with 2 ml
of fresh media alone or premixed with 1 mM taurocholate. Biofilms on

coverslips for SEM were fixed in 2.5% glutaraldehyde and 2.0% parafor-
maldehyde in 0.1 M cacodylate buffer, pH 7.4, overnight at 4°C. After
several buffer washes the samples were postfixed in 2.0% osmium tetrox-
ide for 1 h, washed again in buffer, and dehydrated in a graded ethanol
series. Samples were treated with several changes of hexamethyldisilazane
(HMDS) and then allowed to air dry prior to mounting and sputter coat-
ing with gold/palladium. SEM images were collected using a Philips XL20
scanning electron microscope.

Estimation of carbohydrate content. Supernatant from biofilm de-
tachment assays were sterilized through 0.2-�m-pore-size filters before
carbohydrate content was estimated using a modified phenol-sulfuric
acid method (31). Briefly, 50 �l of each sample was added to each well of
a 96-well microplate. To this, we mixed in 150 �l of concentrated sulfuric
acid, followed by 30 �l of 5% phenol in water. Plates were covered and
incubated for 10 min in a 90°C water bath. Plates were cooled at room
temperature and dried, and the resulting OD490 was measured. A standard
glucose curve generated during each independent experiment was used to
convert sample OD490 values to percent sugar. To reduce background
noise, M9 minimal media supplemented with 0.2% glycerol was used
during detachment, and biofilms were washed four times with PBS.

Beta-galactosidase assays. Biofilms of the V. cholerae �lacZ strain
containing the vpsA-lacZ reporter plasmid were allowed to form and were
disrupted as described above. Biofilm-associated and detached cells were
collected, washed, and resuspended in PBS to an OD600 of �0.2. Cultures
were assayed for ß-galactosidase activity, which was normalized against
the optical density at 600 nm and reported as Miller units as previously
described (32).

Measurement of virulence gene expression. V. cholerae strains con-
taining virulence promoter luxCDABE transcriptional fusions were used
for detachment assays. Luminescence was measured using a Bio-Tek Syn-
ergy HT spectrophotometer and normalized for growth against the
OD600. Luminescence expression is reported as light units/OD600 unit. V.
cholerae strains containing a constitutive Ptet-mCherry and inducible
PtcpA-gfp construct (30) were used for the detachment assay. Immediately
following detachment assay, data were collected on an LSR II flow cytom-
eter (BD Biosciences), and postcollection data were analyzed using FlowJo
version 9.7.5 (TreeStar).

RESULTS
The bile salt TC promotes detachment of mature biofilms in
vitro. To better understand the interplay between V. cholerae bio-
films and the host signal bile salts, we incubated V. cholerae under
biofilm-inducing conditions in the presence of various bile salts.
Modifications to the primary bile salt, cholate, include dehydroxy-
lation at the 7� position to form secondary bile acids, such as
deoxycholate, and covalent bonding with taurine or glycine to
form conjugated bile salts, such as taurocholate (TC) and glyco-
cholate (GC), respectively. Conjugated bile acids comprise the
bulk of bile salts in the gut, with all permutations of these modi-
fications being present (Fig. 1A) (33). As previously reported, V.
cholerae formed thicker biofilms in the presence of the bile salts
deoxycholate (DC) and cholate (CC) (8) (Fig. 1B). Surprisingly,
biofilm formation was reduced in the presence of TC (Fig. 1B).
Biofilm formation did not decrease when grown in the presence of
another conjugated bile salt, glycocholate (Fig. 1B). In the pres-
ence of DC and CC, V. cholerae biofilm formation is enhanced via
increased production of VPS (8). Therefore, we measured vpsA
expression during biofilm formation in the presence of other bile
salts. At 18 h, vpsA expression was increased when grown in the
presence of DC but was unaltered in the presence of TC (Fig. 1C),
suggesting that decreased VPS production was not the cause of
lower biofilm formation in the presence of TC.

We next considered whether cells were less capable of residing
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in the biofilm, perhaps detaching at a higher rate than attaching or
growing. To test this possibility, we performed detachment assays
to determine whether bile salts affect the rate at which cells exit the
biofilm. After 24 h of growth, V. cholerae forms robust biofilms
that display a characteristic pillar-and-tunnel architecture (11,
34). After washing away free-living cells, V. cholerae biofilms were
incubated with fresh media supplemented with various bile salts.
When biofilms were exposed to physiologic levels of TC (35), we
found that there was a decrease in biofilm mass compared to that
of biofilms incubated either with DC or without bile salts (Fig.
2A). Over this same time, we also observed an increase in the
number of biofilm-derived planktonic cells in the samples incu-
bated with TC (Fig. 2B). This enhanced dispersal was not observed
with CC, which shares structure with TC, but lacks a conjugated

taurine group, with another conjugated bile salt, GC, or with the
detergent Triton X-100 (TX) (Fig. 2C and D), indicating the spec-
ificity of the bile salt taurocholate to promote detachment. At the
concentrations shown in Fig. 2, the bile salts and detergent used do
not retard the growth of V. cholerae (data not shown).

Taurocholate alters V. cholerae biofilm matrix structure. To
further understand the nature of TC-enhanced dispersal, V. chol-
erae biofilms were imaged using scanning electron microscopy
following incubation with or without TC for 1 h (Fig. 3). At
�2,000 and �8,000 magnification, individual cells within the bio-
film matrix are clearly visible, as is a sheet-like substance (Fig. 3C
to F). Based on comparison to other previously published SEM
images of biofilms, the sheets seen in the images likely are biofilm
matrix (36–38). Visual analysis suggests that TC-exposed biofilms
have an altered appearance compared to unexposed biofilms, in
that there is less visible matrix and cells are less densely clustered.
This initial assessment supports our hypothesis that TC enhances
the dispersal of biofilms and prompted us to explore more quan-
titative measures. Thus, we explored two possibilities: one in
which active egress of biofilm-resident cells damages the biofilm
matrix or, conversely, one in which the biofilm matrix is physically
disturbed, freeing cells in the process.

V. cholerae TC-induced biofilm dispersal is passive. To un-
derstand how taurocholate affects V. cholerae biofilm matrix, we
first tested whether V. cholerae actively promotes its own dispersal
from the biofilm in response to bile salts, possibly disrupting the

FIG 1 Effects of bile salts on V. cholerae biofilm formation. (A) Structures of
select bile salts. Cholate can be dehyroxylated at the 7� position to form de-
oxycholate or conjugated with taurine to form taurocholate. (B) V. cholerae
was inoculated into glass tubes and allowed to form biofilms for 24 h at 22°C.
Biofilms of cultures grown in the presence of deoxycholate (DC), cholate
(CC), glycocholate (GC), or taurocholate (TC) were quantified with crystal
violet staining, and data are presented as OD570 values. (C) Expression of vpsA
during formation of WT V. cholerae biofilms in the presence of 1 mM DC and
TC for 18 h, as measured by the �-galactosidase assay. Data are means and
standard deviations (SD) from three independent experiments. NS, no signif-
icance; *, P � 0.05; **, P � 0.005; ***, P � 0.0005; ****, P � 0.0001.

FIG 2 Effect of taurocholate (TC) on detachment of mature V. cholerae bio-
films. (A) Remaining biofilm mass after detachment for the indicated time in
the presence of 1 mM taurocholate (TC) or 1 mM deoxycholate (DC), pre-
sented as fold change of OD570 over no bile salts added for the same incubation
period. (B) Biofilm-derived planktonic cells incubated in the presence of 1 mM
TC or 1 mM DC, presented as fold change of CFU/ml over samples with no bile
salts added for the same incubation period. (C and D) Remaining biofilm mass
(OD570; C) and detached cells (CFU/ml; D) following 2 h of exposure to TC,
DC, cholate (CC), glychocholate (GC), and 0.1% Triton X (TX). All bile salts
are at 1 mM final concentration. Data are means and SD from three indepen-
dent experiments. NS, no significance; ****, P � 0.0001.
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biofilm matrix during this process. To examine whether TC en-
hances the detachment of V. cholerae biofilms through the altered
production of VPS, we found that vpsA expression was not signif-
icantly altered in detached cells exposed to TC or DC compared to
unexposed cells (Fig. 4A). As TC stimulates the induction of the
virulence cascade in V. cholerae (5), we then asked whether the
detachment and expression of the virulence program were related.
We measured detachment in a �toxT mutant strain of V. cholerae
in which all virulence gene expression is abolished (39). Virulence
gene expression is not required for detachment, as the detachment
rate of the �toxT mutant biofilms did not differ significantly from
the wild type when exposed to TC (see Fig. S1A in the supplemen-
tal material). We then tested whether TC promotes detachment
through quorum-sensing pathways involving HapR. However,
the �hapR mutant strain displayed TC-enhanced detachment at
levels similar to that of the wild type (see Fig. S1B). Likewise, the
�hapR mutant strain grew thinner biofilms in the presence of TC
(data not shown). To test whether V. cholerae induces other pro-
teins to promote its own detachment in response to TC, we re-
peated detachment experiments in the presence of the protein
synthesis inhibitor chloramphenicol. At low levels, chloramphen-
icol can inhibit growth without causing cell death. Because bio-
films may display enhanced resistance to antibiotics, we con-
firmed that chloramphenicol is able to inhibit protein synthesis in

biofilm-resident cells (40). When biofilms of wild-type V. cholerae
harboring an arabinose-inducible green fluorescent protein
(GFP) (pBAD-gfp) construct were treated with arabinose and
chloramphenicol for 2 h, fluorescence induction was blocked
compared to treatment with arabinose only (see Fig. S2). We then
found that V. cholerae detachment was not significantly altered by
the addition of chloramphenicol in the presence or absence of TC
(Fig. 4B), suggesting that dispersal is not dependent on V. cholerae
proteins induced in response to TC. Taken together, these data
suggest that V. cholerae undergoes a passive dispersal.

Polysaccharide content is released during taurocholate
treatment of biofilms. In order to better understand the nature of
biofilm matrix alteration of TC-exposed biofilms, we first investi-
gated the main component of this matrix, VPS. Using the phenol-
sulfuric acid method, we estimated the polysaccharide content
released during detachment. Cell-free filtered supernatants from
biofilms exposed to TC contain a greater amount of carbohydrates
than those exposed to DC or left unexposed (Fig. 5). Because cells
may lyse during filtration, we tested whether lysed cell contents
contribute to carbohydrate content by filtering increasing concen-
trations of cells of both wild-type and �vpsA mutant strains of V.
cholerae, with the latter being unable to produce VPS. At all cell
concentrations, filtrates had no detectable polysaccharide content
compared to that of a blank medium control (see Fig. S3 in the
supplemental material). We considered the possibility of abiotic
degradation, either directly or indirectly resulting from TC expo-

FIG 3 Representative images of V. cholerae biofilms imaged using scanning
electron microscopy after 24 h of growth on a 55- by 55-mm glass coverslip
followed by 1 h of exposure to 1 mM TC (B, D, and F) or no TC (A, C, and E).
Images are at �250 (A and B), �2,000 (C and D), and �8,000 (E and F)
magnification.

FIG 4 V. cholerae response to TC during detachment. (A) Level of expression
of vpsA in detached cells, as measured with the �-galactosidase assay. Cells
were collected following 2 h of detachment. TC and DC were supplemented to
a final concentration of 1 mM. (B) Following growth for 24 h in biofilm-
inducing conditions, wild-type V. cholerae biofilms were incubated with the
protein synthesis inhibitor chloramphenicol (Cm) and TC for 2 h. Remaining
biofilm was quantified with CV staining. Data are means and SD from three
independent experiments. NS, no significance; **, P � 0.005; ****, P �
0.0001.
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sure, and sought to find a possible mechanism for such degrada-
tion. Calcium and other divalent cations stabilize exopolysaccha-
ride, and removal can cause the collapse of the biofilm (41).
Because some bile salts can chelate calcium and other divalent
cations, we questioned whether TC chelates Ca2	 to destabilize or
degrade the biofilm matrix (42). However, supplemental calcium
did not prevent TC-enhanced detachment (see Fig. S4). Due to the
specificity of the detachment phenomenon to taurocholate, we
looked more closely at the taurine side group of this bile salt.
Taurine alone is insufficient to enhance dispersal, as no significant
difference in biofilm formation and biofilm dispersal was seen
between biofilms incubated with and without taurine (see Fig. S5A
to C). We repeated experiments with another bile acid, taurode-
oxycholate (TDC), which also contains a conjugated taurine
group. Grown in the presence of TDC, V. cholerae formed thinner
biofilms and detached at an enhanced rate, similar to TC (see Fig.
S5A to C). Likewise, TDC-exposed biofilms have a greater poly-
saccharide content released from them than unexposed biofilms,
while no difference is seen for those biofilms exposed to taurine
(Fig. 5).

Detachment precedes induction of virulence program. It is
likely that biofilms or biofilm-like particles, rather than cells in a
planktonic state, serve as infectious agents for human infection by
V. cholerae. Presumably, cells must exit from these biofilms before
they can swim to sites of infection at the intestinal epithelium, as
highlighted by the importance of motility during infection (43).
Because TC may be the cue for this in vivo detachment and is also
a host-derived virulence inducer (5, 17), we investigated the rela-
tionship between biofilm dispersal and virulence induction upon
exposure to taurocholate. We first used a luminescence reporter to
test the overall population-level expression of the major virulence
determinant tcpA in cells from different states. Figure 6A shows
that tcpA expression was low for biofilm-resident cells and for
detached cells under noninducing conditions, as was expected.
Following incubation with TC, tcpA was robustly induced in cells
that had detached from biofilms, but expression remained low in
those cells remaining biofilm resident (Fig. 6A). We then used a
PtcpA-gfp reporter paired with flow cytometry to assess individual
cell levels of virulence gene expression (Fig. 6B). To track live cells,
this strain also harbors a constitutive Ptet-mCherry construct. As

seen in Fig. 6Bi and iii, tcpA expression is uniformly low in non-
inducing conditions (top right quadrant), with very few outliers.
In TC-exposed samples, the majority of the detached cell popula-
tion induces tcpA at least an order of magnitude above back-
ground levels (Fig. 6Biv, top right quadrant). In agreement with
population-level experiments, TC-exposed biofilm-resident cells
do not induce tcpA (Fig. 6Bii). Interestingly, the lack of induction
in this population also was uniform; that is, robust tcpA induction
was observed in very few, or perhaps none, of the biofilm-resident
cells. This result suggests that although biofilm-resident cells are
exposed to TC, they are unable to fully promote the expression of
their virulence program until they have exited the biofilm envi-
ronment. It is unclear whether detachment enhances the expres-
sion of virulence factors or merely enables it, as manually dis-
rupted biofilms also were able to induce tcpA in response to TC
(data not shown). The sequential nature of these events highlights

FIG 5 Carbohydrate content released from V. cholerae biofilms during incu-
bation with bile salts. To reduce growth and background from rich media,
biofilms were incubated in M9 minimal media with 0.2% glycerol for 2 h.
Medium was filter sterilized before the carbohydrate content was estimated by
the phenol-sulfuric acid method, and percent carbohydrate values were calcu-
lated by fitting to a standard glucose curve. For bile salts and taurine (TR), the
final concentration is 1 mM. Data are means and SD from three independent
experiments. NS, no significance; **, P � 0.005.

FIG 6 Virulence gene expression during TC-promoted biofilm detachment.
(A) Expression of major virulence factor tcpA in biofilm-resident cells and
detached cells as shown by a tcpA promoter-luciferase reporter fusion (PtcpA-
lux). Data are means and SD from three independent experiments. ****, P �
0.0001. RLU, relative light units. (B) Flow cytometry plot of V. cholerae har-
boring a plasmid with constitutive mCherry (Ptet-mCherry) and PtcpA-gfp, in
which mCherry indicates cells and GFP indicates tcpA expression. Average
percentages of GFP-positive cells from three independent experiments are
listed in each graph. (C) TC promotes both dispersal of individual cells from V.
cholerae biofilms as well as induction of virulence program in the small intes-
tine, synergistically enhancing colonization.
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the potential importance of detachment during natural infection
with V. cholerae biofilm particles.

DISCUSSION

Using the suckling mouse model of infection, the field has learned
a great deal about the physiologic and regulatory changes that V.
cholerae undergoes as it transitions from aquatic-resident to en-
teric pathogen. However, a majority of these studies have been
conducted with planktonic, free-swimming bacteria. Less is
known about the changes that biofilm-resident V. cholerae un-
dergo during this transition and while traversing through the gut.
Infection dynamics differ based on biofilm residence, as biofilm-
derived cells are able to colonize the small intestine more quickly
and to a higher bacterial burden than planktonic-grown cultures
(26). In this study, we have demonstrated that the host intestinal
signal, taurocholate, promotes detachment of V. cholerae from
mature biofilms in vitro. Additionally, this step precedes the in-
duction of virulence factors, also affected by bile salts. Careful
mouse animal model studies to determine the timing of virulence
factor production in vivo suggest that there is an early TCP induc-
tion phase that occurs within 2 h of inoculation, while cells are in
the lumen, without which CT induction does not occur. Our data
are consistent with this model, in that exit from biofilm and in-
duction of the major virulence factor, tcpA, occur within this time
frame (44). Bile salts are most concentrated where they empty into
the proximal small intestine and decrease in abundance in more
distal portions of the gut (35). Thus, V. cholerae likely will encoun-
ter high levels of TC upon entrance into the small intestine. The
idea that TC enhances detachment from V. cholerae biofilms in the
proximal small intestine is consistent with previous work indicat-
ing that disrupted biofilms were able to colonize the proximal
small intestine both more quickly and to a greater bacterial burden
(26).

All bile salts are surface active and can act as detergents. Be-
cause only taurine-conjugated bile salts enhance the detachment
of V. cholerae biofilms, it is likely that the mechanism of action is
not simply detergent or surfactant in nature. The requirement for
taurine conjugation hints at biochemistry at play that is unique to
this class of molecules. Taurine contains a sulfonic acid, which is
relatively rare among naturally occurring compounds. The most
simple sulfonic acid, sulfuric acid, has long been used to degrade
cellulose for industrial purposes, with recent studies describing
similar properties for other sulfonic acid-containing compounds
(45, 46). Work from the Wiredu group showed that out of an array
of sulfonic acid-containing compounds, those with hydrophobic
R groups were the most efficient at catalyzing the hydrolysis of
cellulose (45). Because taurocholate orients at interfaces, with the
sterol group along the interface, this hydrophobic side group may
be important to enable the acidic group to come in close enough
proximity with the carbohydrate and perhaps to position it prop-
erly (47). These observations could explain why taurine is insuffi-
cient to promote detachment without a hydrophobic R group and
why only TC and TDC can promote detachment. Further work is
needed to confirm or rule out this possibility, but we speculate
that TC and TDC enhance V. cholerae detachment through di-
rectly promoting hydrolysis of the VPS component of the biofilm
matrix. The role of a small molecule in disruption of biofilm ma-
trix is not unprecedented, as P. aeruginosa produces rhamnolipid,
a surfactant that, when highly expressed, can disrupt cell-matrix
interactions.

For many bacteria, dispersal is a means of accessing new niches
during different stages of their life cycle or in response to various
cues (19). P. aeruginosa active dispersal is orchestrated and
achieved through an explosive release of bacteria from a hol-
lowed-out shell in the biofilm. Chua et al. found not only that
these dispersed cells have a distinct gene expression signature
compared to both planktonic and biofilm cells but also that dis-
persion can specifically induce a hyperinfectious state that primes
the detached bacteria for further infection (22). Other studies
have highlighted the importance of hyperinfectivity gained during
host passage and biofilm residence for V. cholerae (48). For exam-
ple, V. cholerae strains that produce excess VPS exhibited lower
stochastic shedding of bacteria from biofilms, likely because cells
were more deeply embedded in the matrix. These trapped cells
were deficient in their ability to establish colonies in new locations
(49). Our findings suggest that the converse occurs as well: reduc-
tion of biofilm matrix, perhaps due to TC-mediated degradation,
frees cells and enables them to induce new genes and colonize
locations inaccessible to biofilm aggregates. Thus, we propose a
model (Fig. 6C) in which ingested biofilms encounter bile salts in
the proximal small intestine that degrade the biofilm matrix, per-
haps directly through hydrolysis. As they are freed, individual cells
are able to induce a virulence program in response to TC and go
on to their sites of infection. We are currently investigating
whether other phenotypes relevant to colonization are affected
during this detachment step.
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