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ABSTRACT Motility is required for many bacterial pathogens to reach and colonize
target sites. Vibrio cholerae traverses a thick mucus barrier coating the small intes-
tine to reach the underlying epithelium. We screened a transposon library in motility
medium containing mucin to identify factors that influence mucus transit. Lesions in
structural genes of the type VI secretion system (T6SS) were among those recovered.
Two-dimensional (2D) and 3D single-cell tracking was used to compare the motility
behaviors of wild-type cells and a mutant that collectively lacked three essential
T6SS structural genes (T6SS�). In the absence of mucin, wild-type and T6SS� cells
exhibited similar speeds and run-reverse-flick (RRF) swimming patterns, in which
forward-moving cells briefly backtrack before stochastically reorienting (flicking) in a
new direction upon resuming forward movement. We show that mucin induced
T6SS expression and activity in wild-type bacteria but significantly decreased their
swimming speed and flicking, yielding curvilinear or near-surface circular traces for
many cells. Conversely, mucin slowed T6SS� cells to a lesser extent, and many con-
tinued to flick and produce RRF-like traces. ΔcheY3 cells, which exclusively swim in
the forward direction and thus cannot flick, also produced curvilinear traces with or
without mucin present and, on occasion, near-surface circular traces in the presence
of mucin. The dependence of flicking on swimming speed suggested that mucin-
induced T6SS activity further decreased V. cholerae motility and thereby reduced
flicking probability during reverse-to-forward transitions. We propose that this en-
courages cells to continue on their current trajectory rather than reorienting, which
may benefit those tracking toward the epithelial surface.

IMPORTANCE V. cholerae deploys an arsenal of virulence factors as it attempts to
traverse a protective mucus layer and reach the epithelial surface of the distal small
intestine. The T6SS used to cull bacterial competition during infection is induced by
mucus. We show that this activity may serve an additional purpose by further de-
creasing motility in the presence of mucin, thereby reducing the probability of
speed-dependent, near-perpendicular directional changes. We posit that this encour-
ages cells to maintain course rather than change direction, which may aid those at-
tempting to reach and colonize the epithelial surface.
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Cholera is estimated to cause 3 million to 5 million cases of human infection and
over 100,000 deaths globally each year (https://www.cdc.gov/vibrio/index.html).

Hallmark symptoms are profuse diarrhea and vomiting. The rapid loss of body fluids (up
to 1 liter/h) leads to dehydration and shock that is fatal within hours if left untreated.
Infection occurs following the ingestion of Vibrio cholerae in contaminated food or
water. Although a high infectious dose of 1011 cells is required to cause infection in
healthy individuals, as few as 104 cells can cause disease when stomach acid is buffered.
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Surviving cells pass through the pyloric sphincter and colonize the distal small intestine
(1).

The epithelium of the digestive tract is covered with a viscous mucus layer com-
posed largely of the glycosylated peptide mucin (2), which helps maintain sterility by
embedding foreign particles and inhibiting bacterial attack of the underlying epithe-
lium (3). V. cholerae cells penetrate this mucus layer and proliferate on the epithelial
surface (1). The toxin-coregulated pilus mediates attachment and microcolony forma-
tion on the intestinal epithelium (4), and cholera toxin, a ribosylating enterotoxin,
causes the profuse watery diarrhea that is characteristic of cholera (5). During coloni-
zation, V. cholerae cells also employ a specialized weapon known as the type VI
secretion system (T6SS) to attack and kill neighboring bacterial and eukaryotic cells (6).
The T6SS functions similarly to a spear gun (6). It consists of a baseplate complex that
attaches to the inner membrane, a transmembrane complex that spans from the inner
membrane through the periplasm to the outer membrane, a contractile sheath, and an
inner tube tipped with a deliverable toxic payload. The complex is assembled in the
cytoplasm on the membrane-associated baseplate and can bridge the width of the cell
(7). ATP-dependent contraction of the sheath to nearly half its original length thrusts
the inner tube and tip into a target cell. The payload is usually a lethal effector
protein(s) that disrupts essential cellular activity such as peptidoglycan biosynthesis,
actin polymerization, membrane function, or DNA stability (8–11). If the targeted cell
produces the cognate immunity protein, the delivered effector(s) is inactivated and the
cell is protected. T6SS-mediated killing reduces microbial competition while promoting
nutrient acquisition and adaptation by horizontal gene transfer (12, 13). The T6SS has
been shown to be regulated by host-derived factors such as the signaling molecule
indole that is present at high concentrations in the intestines (14), bile salts that
solubilize dietary fats, and mucins that line the small intestine (15). Mucins and indole
activate T6SS-mediated killing, while bile salts repress it.

Chemotaxis is the biased movement of an organism in response to a chemical
stimulus (16). Bacteria use transmembrane chemoreceptors and signal transduction
systems to monitor the concentration of chemical signals in the immediate vicinity and
fine-tune their motility accordingly (17). This signaling network allows bacteria to
detect and move toward favorable signals (attractants) such as amino acids, carbohy-
drates, and other nutrients and away from unfavorable signals (repellents) such as
antibiotics and toxins. Most motile bacteria exhibit chemotaxis, and the underlying
mechanisms regulating the response are fairly well conserved (18). Chemotaxis is often
used by pathogenic bacteria to find suitable colonization sites (19), and colonization of
the small intestine by V. cholerae is dependent on its ability to chemotax (20). Mucin is
a chemoattractant for V. cholerae (15) and may act as a molecular beacon that primes
its colonization of the small intestine (21). Interestingly, disparate roles for motility and
chemotaxis in colonization have been reported. Motility is required for colonization of
the proximal but not distal small intestine (22). Additionally, motile but nonchemotactic
mutants with a counterclockwise (CCW) flagellar rotational bias that generates long
forward runs hypercolonize along the entire length of the small intestine, whereas
mutants biased toward clockwise (CW) flagellar rotation turn more frequently and are
attenuated (23, 24).

Vibrio species are motile by way of a single polar flagellum (25) and move using a
three-step run-reverse-flick (RRF) mechanism (26, 27). The direction of rotation of the
flagellum determines whether the cell is pushed or pulled. Switching from pushing to
pulling results in nearly 180° reversals. Directional changes centered at about 90° (flicks)
occur exclusively during reverse-to-forward transitions and result from buckling of the
flagellar hook upon resuming forward movement. Because a sufficient compressive
load is needed for buckling of the hook to occur, flicking is dependent on the
swimming speed of the cell (27). For Vibrio alginolyticus, the speed threshold for flicking
is �30 �m/s. At lower speeds, a two-step run-reverse (RR) swim pattern dominates (28).
The Na�-driven polar flagellar motor and RRF swimming pattern of vibrios are exquisite
adaptations for survival in vast and often nutrient-limited aquatic environments, where
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bacteria must either adjust their metabolism or locate favorable niches such as patches
of dissolved organic matter, sinking detritus, and animal hosts (29, 30). Vibrios can
attain speeds in excess of 60 �m/s (27, 28, 31–34), and backtracking during RRF motility
is proposed to be superior to tumbling in anisotropic aquatic environments by allowing
bacteria to rapidly return to an area of higher nutrient concentration when crisscrossing
fleeting filamentous nutrient plumes (29). Hence, this mechanism of motility is bene-
ficial for locating and maintaining contact with short-lived nutrient sources before they
are dissipated by water currents (30).

Given its crucial role in environmental survival and establishing infection, we sought
to identify factors that influence V. cholerae motility. We screened a transposon (Tn)
library in motility medium containing mucin for mutants exhibiting altered motility
relative to the parental strain. Mutants bearing insertions within components for the
T6SS were among those recovered. We constructed a T6SS deletion mutant (ΔMC) that
lacked three major T6SS structural components and assessed the impact on bacterial
motility. Competition assays and single-cell high-speed two-dimensional (2D) and 3D
motility tracking suggested that the T6SS was not active in a minimal medium
reflecting estuarine conditions and had little impact on V. cholerae motility behavior.
The addition of mucin stimulated T6SS expression and activity in wild-type cells but
decreased swimming speed and flicking. Either curvilinear or near-surface circular
motility traces were observed for many of them. ΔMC cells were quicker than wild-type
cells in the presence of mucin, and many continued to flick and produce RRF-like
motility traces, suggesting that the probability of flicking during reverse-to-forward
transitions was dependent on swimming speed. Cells lacking cheY3, which cannot
move in the reverse direction and consequently cannot flick, also produced curvilinear
traces whether or not mucin was present and, occasionally, near-surface circular
swimming patterns in the presence of mucin. These results suggested that T6SS
activity further decreased V. cholerae swimming motility in the presence of mucin,
thereby reducing the probability of flicking during reverse-to-forward transitions. We
propose that this may encourage cells to continue on their current course, which would
benefit those tracking toward the epithelial surface.

RESULTS
A mucus motility screen identifies T6SS genes. To identify factors that impact

mucus transit, we generated and screened a V. cholerae Tn library for mutants exhib-
iting altered (increased or decreased) motility relative to the wild type in the presence
of mucin. A total of 237 mutants were rescreened to confirm the phenotype, yielding
a final collection of 176 mutants. These mutants were pooled, and whole-genome
sequencing was used to identify the collective of Tn insertion sites.

Lesions in a number of genes previously reported to regulate motility were identi-
fied. These included insertions in the toxin-coregulated pilus (35), tfoX and tfoY (36), vieS
(37), cheA2 (38), flagellar genes (39), and several diguanylate cyclases (40). We turned
our attention to insertions that mapped to genes of the T6SS (Fig. 1). VipA and VipB
comprise the outer contractile sheath of the structure, and VasA forms part of the
baseplate complex (6). Hcp and VgrG-1 form the inner tube and the tip of the spear,
respectively. Deletion of vgrG-1 decreases Hcp secretion, a hallmark of T6SS function
(41), and VasH is a DNA-binding protein that regulates the expression of T6SS genes,
including hcp and vgrG-1 (42). VCA0106 is a putative membrane protein with multiple
Sel1-like repeats (SLRs) that is of unknown function; however, SLR proteins typically
serve as adaptor proteins for the assembly of macromolecular complexes (43). The
recovery of both regulatory and structural mutants of T6SS production suggested that
T6SS activity might influence motility in mucin-rich environments.

The T6SS decreases V. cholerae motility in mucin. To determine if the T6SS
impacted motility, we constructed a T6SS� mutant (ΔMC) that lacked the first three
genes (vipA, vipB, and hsiF) of the T6SS main cluster. VipA and VipB form the outer
sheath, and HsiF forms part of the baseplate complex. Their collective disruption was
anticipated to prevent a functional T6SS from being assembled or fired. Motility by
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ΔMC and the complemented strain (ΔMC-c) was assessed alongside the parental
wild-type strain in M9 motility medium. The motilities of the three strains were similar
(Fig. 2A and B). Since it has been demonstrated that V. cholerae pathogenesis correlates
with its penetration of intestinal mucin, and host mucins stimulate V. cholerae T6SS-
mediated killing (15, 21), the motility of the wild-type and ΔMC strains was also
assessed in M9 medium containing mucin (M9-mucin medium). Notably, motility by the

FIG 1 Organization of the T6SS loci. The main cluster (MC) and auxiliary clusters (AC-1, AC-2, and AC-3) are shown. Each gene is color-coded
according to its predicted role: light blue, outer sheath; dark blue, inner tube; beige, baseplate; light green, inner membrane complex; dark green,
adaptor proteins; light pink, spike tip proteins; orange, effector proteins; hot pink, protease; red, immunity proteins; dark gray, cap (PAAR) proteins;
light gray, regulator; white, unknown function. Bent black arrows mark promoters, and yellow triangles indicate transposon insertion sites.

FIG 2 T6SS activity decreases motility in the presence of mucin. (A) Motility of wild-type (WT), ΔMC, and
complemented (ΔMC-c) strains in M9 motility medium without (top) and with (bottom) 2% mucin. The images were
compiled from two identical plates (white line separator). (B) Quantitation of motility of the strains in panel A. (C)
PvipA expression in wild-type cells in M9 minimal medium alone or with 2% gelatin (gel) or 2% mucin (muc). (D)
Survival of prey E. coli bacteria following incubation with the indicated predator V. cholerae strain in M9 medium
alone or with 2% mucin. Plots show the means, and error bars represent the standard deviations. Statistically
significant differences between samples (P � 0.001 as determined by the Student t test [unpaired, two-tailed
distribution with two-sample, equal variance]) are indicated with an asterisk.
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ΔMC strain was twice that (P � 0.001) of the wild type but reverted to wild-type levels
following complementation. The addition of mucin also increased the expression of a
PvipAlacZ reporter 2-fold in wild-type cells (Fig. 2C), suggesting that mucin induced the
expression of the T6SS main cluster. To assess this, a killing assay using the wild type,
ΔMC, or ΔMC-c as the predator and Escherichia coli as the prey was performed. The
number of surviving E. coli cells recovered in M9 medium was the same (�108 CFU)
regardless of the competing predator (Fig. 2D). In the presence of mucin, similar
numbers of prey were recovered when competed with ΔMC; however, �1 log fewer E.
coli cells were recovered when challenged with the wild type or ΔMC-c as the predator.
These results suggested that V. cholerae motility was not compromised by the T6SS in
the absence of mucin, likely because the system was not active. However, mucin-
induced T6SS activity decreased motility.

T6SS activity alters single-cell motility behavior in mucin. To gain further insight
into the effect of T6SS activity on motility, single-cell bacterial trajectories were tracked
in 2D (z axis restricted) using high-speed, dark-field microscopy. Since the 2D behavior
of the ΔMC-c strain (see Fig. S1 in the supplemental material) was indistinguishable
from that of the wild type (Fig. 3B), subsequent analyses focused on the wild-type and
ΔMC strains. In M9 medium, wild-type and ΔMC cells exhibited similar RRF patterns of
alternating forward and reverse runs interrupted by flicks (Fig. 3B) and had similar
speed ranges and medians (53 �m/s and 55 �m/s for the wild type and ΔMC, respec-
tively) (Fig. 3C). The speeds of both wild-type and ΔMC cells deceased in M9-mucin
medium, but wild-type cells were slowed to a greater extent (median of 16 �m/s for the
wild type compared to 25 �m/s for ΔMC) (Fig. 3C). Curvilinear traces or a circular
pattern was observed for most (86%) wild-type cells in mucin, suggesting that flicking
when cells switched swimming direction was infrequent at speeds below �20 �m/s.
The traces of most (87%) ΔMC cells, although largely curvilinear, often included more
than one flick and resembled RRF-like patterns, suggesting that flicks were more
common during directional changes at speeds of �20 �m/s.

Because 2D motility assays constrain bacteria in a thin sample only a few microm-
eters thick, trajectory curvature stemming from hydrodynamic interactions between
the cell and the chamber surface may be introduced (44). To minimize such interac-
tions, 3D motility traces were captured at micrometer-scale resolution using high-
speed, time-lapse phase-contrast microscopy. Tracking of wild-type and ΔMC cells in
M9 medium revealed RRF-type swimming motility (Fig. 4A). The range of flick angles for
wild-type cells (77° to 178°; median, �120°) was greater than that for ΔMC cells (66° to
178°; median, �110°), but in both cases, the angles were centered around �90° and
163° (Fig. 4B). For both cell types, �75% of the angles between reverse and forward
vectors fell within the flick range (�90° � 30°). In M9-mucin medium, curvilinear (Fig.
4A, middle trace) or circular (bottom trace) motility patterns were observed for most
wild-type cells, and flicks were infrequent (only 9% of the angles between reverse and
forward vectors were in the flick range). Curvilinear traces were commonly observed for
cells in the bulk medium, whereas circular traces, which typically tracked downward,
occurred in the vicinity of the coverslip. Conversely, the traces of most ΔMC cells
tended to have an RRF-type profile in mucin, and flicks were observed at a higher
frequency (23% of the reverse-to-forward vector angles were in the flick range).
Although the average turn angle remained high (�130°), angles as low as 98° were
detected. A few (�3%) of the traces displayed a circular component. Based on the data,
the probability of a flick occurring during a reverse-to-forward transition was roughly
the same, about 3/4, for wild-type or ΔMC cells in the absence of mucin. In the presence
of mucin, the probability dropped to about 1/10 for wild-type cells and 1/4 for ΔMC
cells. Collectively, these results suggested that T6SS activity in the presence of mucin
further decreased swimming motility and reduced the probability of a flick occurring
during the reverse-to-forward transition.

Precluding flicks favors curvilinear and circular swimming. The data suggested
that a reduced probability of flicking gave rise to the curvilinear and circular swimming
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FIG 3 T6SS activity alters motility behavior in the presence of mucin. (A) V. cholerae swims using the
run-reverse-flick mechanism, where the direction of rotation of the polar flagellum (counterclockwise
[CCW] or clockwise [CW]) determines whether the cell is pushed or pulled. Switching from pushing to
pulling results in nearly 180° reversals, and flicks of 90° � 30° that reorient the cell (gray-shaded triangle)
result from buckling of the flagellar hook (red) upon resuming forward movement. A smaller deflection

(Continued on next page)
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patterns observed for wild-type cells in the presence of mucin. To investigate this
further, we monitored the swimming behavior of a cheY-null mutant in medium with
and without mucin. In V. cholerae, phosphorylated CheY interacts with the flagellar
motor to reverse its rotation (20). The genome codes for five CheY homologs, but only
one of these (CheY3) controls flagellar rotation, and its deletion locks cells in the CCW
state (45). Since these cells swim exclusively in the forward direction (46), flicking
should be nullified. Unlike wild-type cells, the ΔcheY3 strain did not appear to be motile
on M9 motility plates, regardless of whether or not mucin was present (Fig. 5A). The
ectopic expression of wild-type cheY3 in the mutant restored motility to wild-type
levels. However, dark-field microscopy revealed that ΔcheY3 cells were indeed highly
mobile in the absence of mucin (Fig. 5B). Cells moved exclusively in the forward
direction at up to 60 �m/s. Only long, sweeping curvilinear swimming traces were
observed in 2D, and flicks were not detected (Fig. 5B). The swimming speed decreased
to �21 �m/s in the presence of mucin, and curvilinear traces were observed, along with

FIG 3 Legend (Continued)
correlates with a larger flick angle. (B) 2D traces of wild-type and ΔMC cells in M9 medium without or
with 2% mucin (�muc). Different single-cell trajectories in x and y are indicated by different colors. Open
circles denote the start position for each trace, and green circles indicate flicks. Traces from a single
representative experiment are shown. (C) Quantitation of bacterial speed. A box-and-whisker plot shows
the minimum, first quartile, median, third quartile, maximum, and mean (marked with �) for the data
collected. Data from three stacks of three biological replicates were analyzed for each strain. Statistically
significant differences between samples (P � 0.05 as determined by the Student t test [unpaired,
two-tailed distribution with two-sample, equal variance]) are indicated with an asterisk.

FIG 4 T6SS activity reduces near-perpendicular reorientations in the presence of mucin. (A) 3D motility traces of wild-type (WT) and ΔMC cells in M9 medium
without or with 2% mucin. The middle and bottom panels for the wild type show the two trajectory types (curvilinear and circular) that were observed in
M9-mucin medium. Single representative 3D trajectories are shown for each. Solid points indicate flicks. (B) Quantitation of turn angles. A box-and-whisker plot
shows the minimum, first quartile, median, third quartile, and maximum for the data collected. A subset of representative data points is overlaid. Data from
three stacks of three biological replicates were analyzed for each strain. Statistically significant differences between samples (P � 0.05 as determined by the
Student t test [unpaired, two-tailed distribution with two-sample, equal variance]) are indicated with an asterisk.
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FIG 5 Motility behavior of V. cholerae ΔcheY3 in the absence and presence of mucin. (A) Motility of the
wild-type (WT), ΔcheY3, and complemented (ΔcheY3-c) strains in M9 motility medium without (left) and
with (right) 2% mucin. (B, left) CCW swimming by ΔcheY3 cells in M9 medium. Four successive dark-field
images are shown with time intervals (t0 [0-h time point] to t3) of 0.033 s between consecutive frames
(dotted lines), and cells moved up to 2 �m between successive frames (i.e., 60 �m/s). The arrow at the
top indicates the swim direction, and the arrowheads mark the polar flagellum, which appears blurred
because of its rapid rotation. (Right) 2D traces of ΔcheY3 cells in M9 medium without or with 2% mucin.
Different single-cell trajectories in x and y are indicated by different colors. Open circles denote the start
position for each trace. Traces from a single representative experiment are shown. (C) Curvilinear 3D
motility traces of ΔcheY3 cells in M9 medium without or with 2% mucin. The bottom panel shows the
near-surface circular trajectory that was also observed in M9-mucin medium. Single representative 3D
trajectories are shown for each. (D) Quantitation of turn angles. A box-and-whisker plot shows the
minimum, first quartile, median, third quartile, and maximum for the data collected. A subset of

(Continued on next page)
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traces exhibiting significant stretches of circular swimming behavior. Tracking ΔcheY
cells in 3D yielded similar overall swim patterns (Fig. 5C), with only curvilinear traces
observed in the absence of mucin (top trace). Curvilinear traces and, on occasion,
circular traces at the coverslip surface were observed in the presence of mucin (middle
and bottom traces, respectively). Only angles of �130° were detected for both patterns
under either condition (Fig. 5D). These results supported the notion that the curvilinear
and circular swimming patterns of wild-type cells in the presence of mucin were due
to a reduced tendency to flick relative to ΔMC cells when transitioning from reverse to
forward movement.

DISCUSSION

Despite marked differences between aquatic and human reservoirs, the bactericidal
action of the T6SS promotes V. cholerae survival during both inter- and intraspecies
competition (13, 47, 48). T6SS activity can be constitutive in some strains or regulated
by environmental and host-derived factors in others (15, 49–51). One such signal,
mucin, stimulates T6SS activity in clinical isolates (15). Here, we showed that the T6SS
activity of a V. cholerae clinical isolate also altered motility in a mucin-rich environment,
which we suggest may aid in colonization of the small intestine.

Motility is required for V. cholerae to effectively penetrate intestinal mucus and reach
the underlying epithelium of the small intestine (22, 23). Mucin, a chemoattractant for
V. cholerae, and intestinal bile, a chemorepellent, are proposed to direct and prime the
bacteria for intestinal colonization (15, 21). Only a few bacterial species are known to
successfully penetrate the mucus layer and reach the epithelial surface (52). Since
encounters between V. cholerae and host microbiota are anticipated to be infrequent
as it traverses the mucus layer, it is conceivable that increasing T6SS activity while
crossing a viscous 150-�m-thick physical barrier (22, 53) could serve an additional
purpose during mucus penetration. Host mucins play a key role in the distribution of
V. cholerae during infection. Although V. cholerae can be found along the length of the
small intestine, it preferentially colonizes the distal half (24, 54). Motility is dispensable
for colonization of the distal niche but is critical for colonization of the proximal region,
where the mucus layer is thickest (22) and to which V. cholerae is attracted (55). Bacteria
do not have significant inertia due to their small dimensions, and movement is driven
largely by the viscous forces of the surrounding fluid (44). For bacteria swimming in
aqueous environments, the Reynolds number, which correlates the inertia forces to the
viscous forces, is very small (on the order of �10�5 to 10�6) (56). Thus, bacteria cannot
“coast” and must continually input energy when swimming. The rotation of the helical
flagellum and the counterrotation of the cell body act on the surrounding fluid to
propel the cell, generating rotational streamlines and laminar flow that influence
overall movement (57). Hence, complex surface structures such as the T6SS could
potentially affect the trajectory of a swimming cell, particularly in viscous environments,
and V. cholerae may assemble up to five T6SS structures per cell (7, 58). Elegant
experiments analyzing the dynamics of T6SS production in V. cholerae revealed that the
sheath is assembled in the cytoplasm over 20 to 30 s, while sheath contraction takes
less than 5 ms (58). Once fired, ClpV-dependent disassembly of the contracted sheath
occurs in the attacking cell over 10 to 20 s. The spear tip and shaft are also disassem-
bled, although the time scale over which this happens is not known. Notably, the fate
of an ejected spear that fails to contact a neighboring cell is somewhat nebulous. The
presence of Hcp in the supernatant suggests that the shaft is released from the cell
surface, but it is not known if this happens en masse, if disassembly occurs, or if enzyme
input is needed to drive either event. Likewise, the time frame (milliseconds, seconds,
or minutes) over which such events might occur is also unknown. It is possible that

FIG 5 Legend (Continued)
representative data points is overlaid. Data from three biological replicates were analyzed for each strain.
Statistically significant differences between samples (P � 0.05 as determined by the Student t test
[unpaired, two-tailed distribution with two-sample, equal variance]) are indicated with an asterisk.
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T6SSs that fire but fail to contact a neighboring cell could remain on the surface
sufficiently long as to influence the motility pattern of the cell in viscous environments.
The effect could be substantial for fast-moving species such as vibrios that can attain
speeds of �60 �m s�1 in aqueous media, particularly when T6SS activity is known to
be constitutive or environmentally regulated, as shown for V. cholerae.

The T6SS lesions that we identified mapped to structural genes and a regulator,
vasH, that is required for the expression of the auxiliary genes hcp and vgrG-1 (42). Our
findings suggest that T6SS activity had a physical impact on swimming motility in the
presence of mucin. However, it is possible that the loss of VasH or structural compo-
nents of the T6SS complex could affect chemotactic behavior that manifests as altered
motility, although a chemotactic gradient was not applied in our studies. We posit that
mucin-induced T6SS activity altered the motility, rather than the chemotactic, behavior
of wild-type cells by further decreasing their swimming speed. Our data also suggested
that flicking by V. cholerae during the reverse-to-forward transition was infrequent
(�10%) below swimming speeds of �20 �m/s. This was in good agreement with a
previous report predicting a flick probability of only 8% for V. alginolyticus swimming
at this speed (27) and supports the notion that the probability of flicking during
reverse-to-forward transitions correlates with swimming speed in Vibrio species. Flicks
were infrequent in the curvilinear and circular traces of wild-type cells in the presence
of mucin. A shift toward RR motility during transitions at low speed encouraged
continued movement along the same trajectory in wild-type cells (curvilinear traces)
since each reversal typically resulted in a relatively small change in cell orientation.
Moreover, cells bearing a cheY3 deletion, which removed any contribution of flicking to
swimming behavior since the cell cannot swim in reverse and flicking occurs exclusively
during reverse-to-forward transitions, also produced curvilinear traces. Thus, reduced
flicking in the presence of mucin for wild-type cells relative to ΔMC cells likely explains
the difference in their motility traces.

Notably, V. cholerae cells that either lack or overexpress cheY3 are nonchemotactic,
but the former are forward biased and hypercolonize the small intestine, while the
latter are reverse biased and attenuated (22, 24). Similarly, Vibrio coralliilyticus nonche-
motactic mutants that were biased toward forward runs were hypervirulent in coral
infection assays, while a reverse-biased mutant was avirulent (59). Moreover, the
near-surface circular traces of wild-type and ΔcheY3 cells were reminiscent of the
orbiting patterns observed for V. cholerae and Vibrio vulnificus cells as they probed a
surface for colonization (60, 61). It is tempting to speculate that T6SS activity skews V.
cholerae RRF motility toward curvilinear and near-surface circular patterns in mucin-rich
environments to encourage cells to continue on their current trajectory rather than
reorienting, which may ultimately benefit cells attempting to reach and colonize the
epithelial surface.

MATERIALS AND METHODS
Strains and growth conditions. V. cholerae strain N16961, a clinical O1 El Tor isolate, was used. E.

coli S17.1�� was used for cloning, plasmid maintenance, and conjugation to V. cholerae. A rifampin-
resistant variant of E. coli MG1655 was used as the prey in T6SS kill assays. Luria-Bertani (LB) medium was
purchased from BD Difco. The following antibiotics and additives were purchased from Sigma and used
at the indicated concentrations: ampicillin at 100 �g ml�1, colistin (Col) at 12.5 �g ml�1, chloramphenicol
(Cm) at 2 �g ml�1 for V. cholerae and 25 �g ml�1 for E. coli, kanamycin (Kan) at 100 �g ml�1 for V.
cholerae and 25 �g ml�1 for E. coli, trimethoprim (Tp) at 10 �g ml�1, isopropyl-�-D-thiogalactopyranoside
(IPTG) at 100 �M, and 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal) at 20 �g/ml. M9 motility
medium contained KH2PO4 (22 mM), NaCl (100 mM), NH4Cl (20 mM), Na2HPO4 (50 mM), MgSO4 (2 mM),
agar (0.3%, wt/vol), sodium pyruvate (0.4%, wt/vol), and Casamino Acids (0.1%, wt/vol) at pH 7. Mucin
from porcine stomach was sterilized as previously described (62). Briefly, purified powder was soaked in
95% ethanol, and the solution was heated at 70°C for 24 h to evaporate the ethanol (62). It was then was
added to sterile M9 motility medium (2%, wt/vol) and gently stirred at 50°C for up to 48 h to dissolve the
mucin. For assays, strains were grown on selective plates overnight, and an isolated colony was
inoculated into freshly poured motility plates.

Transposon mutagenesis. A V. cholerae transposon mutagenesis library was generated by conju-
gation with E. coli S17.1�� that carried the mini-Tn10 delivery vector pNKTXI-SceI (63). Transconjugants
were selected on plates containing LB medium with Col and Kan (LB Col Kan plates). A QPixII colony
picker (Genetix) was used to transfer a total of 11,520 mutants to 96-well plates. Following growth with
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shaking at 30°C for 16 h, the QPixII instrument was used to inoculate approximately 2 �l of the culture
from each well into 245- by 245-mm plates (Corning) containing 200 ml of M9-mucin motility medium.
The plates were incubated for 12 h at 30°C. Mutants exhibiting altered (increased or decreased) motility
relative to wild-type controls were manually picked, grown overnight in 96-well plates containing fresh
medium, and rescreened in M9-mucin motility medium to confirm the phenotype. Motility mutants from
this second round of screening were individually grown in fresh LB Col Kan medium to an optical density
at 600 nm (OD600) of 1. Aliquots (50 �l) of each sample were pooled for genomic DNA isolation and
whole-genome sequencing at the Center for Genomics and Bioinformatics at Indiana University Bloom-
ington. Geneious (Biomatters) was used to map single-end 150-bp reads to the V. cholerae O1 N16961
reference genome (64) to identify Tn insertion sites.

Construction and complementation of the �MC and �cheY3 in-frame mutants. To construct the
ΔMC mutant, PCR fragments (see Table S2 in the supplemental material for primer sequences) that
included 1 kb upstream to the first 9 bp of vipA (primer pair VchΔvipA-1/VchΔvipA-TpK7-2) and the last
9 bp to 1 kb downstream of hsiF (primer pair VchΔhsiF-TpK7-3/VchΔhsiF-4) were amplified and fused to
a central trimethoprim antibiotic resistance cassette (primer pair TmR-F/TmR-R). The primers were
designed to include complementary 20-bp overhangs so that the PCR products could be fused using the
Gibson assembly kit (New England BioLabs [NEB]) to replace in-frame the vipA-hsiF region (i.e., the first
3 amino acids of VipA and the last 3 amino acids of HsiF are retained) with a trimethoprim marker while
leaving the native promoter intact. V. cholerae strains carrying the pMMB-TfoX expression plasmid (65)
were induced overnight in LB medium containing ampicillin and IPTG at 30°C. A 10-�l aliquot of cells was
added to 500 �l of Instant Ocean at 20 ppt (IO-20) containing IPTG and 25 �l of the Gibson assembly
reaction mixture. The transformation mixture was incubated statically overnight at 30°C. The next day,
1 ml of LB medium was added to the tube, and the cells were allowed to outgrow for 3 h before plating
on LB Tp plates. Allelic replacement of the target region was confirmed by PCR.

To complement the ΔMC strain, the 2,666-bp region spanning 200 bp upstream of vipA, which
included its promoter, to the hsiF stop codon was amplified (primer pair VchvipA-hsiF-F/VchvipA-hsiF-R)
and cloned by Gibson assembly into the multiple-cloning site (MCS) of the suicide vector pSW23T (66)
that included an internal 400-bp fragment of V. cholerae chromosomal �-galactosidase in its backbone
(pSW23T-lacZVc400) (67). The plasmid was conjugated to ΔMC cells for integration into chromosomal
lacZVc, and transconjugants were selected on LB Tp Cm X-Gal plates. White colonies were screened by
PCR for proper plasmid insertion. The same approach was used to generate and complement the ΔcheY3
strain, except that cheY3 was fused to Ptac and expression was induced with IPTG.

Construction of the PvipAlacZ reporter strain. To eliminate endogenous V. cholerae �-galactosidase
activity, a strain bearing a markerless deletion of the chromosomal lacZVc promoter was created using the
pRE112 sucrose counterselection plasmid (68). PCR fragments corresponding to 1 kb upstream (primer
pair VchΔPlacZ-1/VchΔPlacZ-2) and downstream (primer pair VchΔPlacZ-3/VchΔPlacZ-4) of the lacZVc pro-
moter region were amplified, fused, and cloned into the MCS of pRE112 by Gibson assembly. Colonies
were selected on LB Cm plates, and plasmids containing the correct insert were identified by PCR.
Following conjugation to V. cholerae, cointegrates were selected on LB Col Cm plates and then gridded
onto plates that lacked Cm but contained 20% sucrose for sacB counterselection. Promoter deletion
mutants were confirmed by PCR and were white on LB X-Gal plates.

The V. cholerae vipA promoter (PvipA) and E. coli lacZ (lacZEc) were amplified from the respective
genomic DNA (primer pairs VchPvipA-F/VchPvipA-R and EclacZ-F/EclacZ-R, respectively), fused, and inserted
by Gibson assembly into the MCS of pSW23T-lacZVc400. The plasmid with the correct insert was identified
by PCR and conjugated to V. cholerae for integration into chromosomal lacZVc. Cointegrates were
selected on LB Col Cm plates, and proper integration was confirmed by PCR.

�-Galactosidase assays. Bacteria were grown overnight at 30°C in LB medium. Eighty microliters of
the culture was transferred in triplicate into a 96-well flat-bottom microtiter plate, and 120 �l of reaction
mix (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 36 mM �-mercaptoethanol, 166 mg
ml�1 lysozyme, 1.1 mg/ml o-nitrophenyl-�-D-galactopyranoside [ONPG], and 6.7% PopCulture reagent
[Millipore]) was added to each well. Blank wells contained 80 �l LB medium. The plate was quickly
transferred to a BioTek Synergy HT1 microplate reader set to 30°C. OD600 and OD420 readings were taken
every 60 s for 30 min. The microtiter plate was shaken at 500 rpm (double orbital) between readings to
ensure proper mixing and sample lysis. The slope of OD420 readings over time (OD420 per minute) and
the initial OD600 reading were used to calculate Miller units as previously described (69), with the
following formula: Miller units � (5,000 	 OD420 min�1)/OD600. Data from three technical replicates of
three biological replicates were collected for all experiments. Plots show the means, and error bars
represent the standard deviations.

T6SS kill assay. Wild-type or ΔMC V. cholerae cells were used as the predator, and rifampin-resistant
E. coli MG1655 was used as the prey. Predator and prey strains were streaked onto fresh LB agar plates
and grown at 30°C (Vibrio) or 37°C (E. coli) overnight. Isolated colonies were inoculated into fresh medium
and grown with shaking overnight at the previous temperature. The strains were washed twice with an
equal volume of and resuspended to an OD600 of 1 in M9 or M9-mucin medium. The predator and prey
were mixed at a ratio of 10:1, and a 50-�l aliquot of the suspension was spotted on a filter (25 mm,
0.22-�m pore size; Millipore) that was placed on an M9 or M9-mucin plate. The spots were allowed to
dry for 10 min, and the plates were then incubated at 37°C for 4 h. The filter was then placed in a 50-ml
conical tube containing 5 ml of LB and vigorously vortexed for 30 s to resuspended the bacteria. Serial
10-fold dilutions were spotted on LB rifampin plates and incubated at 37°C overnight before counting
the surviving prey (expressed as total CFU).
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2D and 3D motility tracking. V. cholerae was grown overnight in LB Col at 30°C. An aliquot was
gently washed once in M9 medium (5 min at 4,000 	 g) and then diluted to an OD600 of 0.1 in fresh M9
or M9-mucin medium. A 7-�l aliquot was gently pipetted between a microscope slide and a 22- by
22-mm no. 1.5 coverslip that were separated by a single layer of parafilm on three edges. All four edges
of the chamber were quickly sealed with hot VALAP (Vaseline, lanolin, and paraffin), and the sample was
imaged immediately. Motility was recorded at 30 Hz by dark-field microscopy on an Olympus IX83
microscope equipped with a Hamamatsu electron microscopy charge-coupled-device (EM-CCD) camera
and a 20	 extralong-working-distance (ELWD) objective. A stack of at least 150 frames (100-ms exposure
time) was recorded for samples in M9 medium and twice that for samples in M9-mucin medium, and the
movement of 15 randomly selected motile cells per stack was traced using the MTrackJ plug-in (70) in
Fiji (71). Data from three stacks of three biological replicates were analyzed for each strain. At least 300
forward and backward swimming intervals were tracked for determining median and mean speeds
(displacement in micrometers between successive frames captured at 0.033-s intervals).

3D tracking data were captured as previously described (32). Briefly, tracking chambers were made
by layering three parafilm frames between a microscope slide and a 22- by 22-mm no. 1.5 coverslip. The
chamber was sealed by placing it in a 55°C dry oven for 10 min. A culture of bacteria grown overnight
was diluted into M9 or M9-mucin medium to an OD600 of 0.1 and flowed into the chamber at one edge
by capillary action. The edges of the unit were sealed with hot VALAP, and the samples were immediately
imaged on the above-mentioned microscope equipped with an Olympus long-working-distance (LWD)
air condenser (numerical aperture [NA], 0.55) and an Olympus LUCPLFLN LWD 40	 phase-contrast
objective (Ph2; NA, 0.6). The correction collar was set to 1.2. For each movie recording, frames were
acquired at a rate of 15 Hz and an exposure time of 5 ms with a Hamamatsu Orca-R2 camera (1,344 by
1,024 pixels). The objective was positioned so that the focus was �40 �m above the coverslip. The data
were saved as a stack of 16-bit tiff files of 225 images each (twice that for samples in M9-mucin medium).
Image stacks were background corrected and aligned to a 3D position reference library in Matlab using
a custom-written tracking program to analyze motility behavior (32). Each reorientation event (flicks and
reversals) identified by the program was manually confirmed based on the angle and swimming speed
between the corresponding vectors for �600 trajectories prior to statistical analysis. Trajectories with an
average speed of less than 10 �m/s or with a duration of less than 50 frames were ignored. Plots were
created using data from three stacks of three biological replicates for each strain. Traces from a single
representative experiment are shown.

SUPPLEMENTAL MATERIAL
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