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Flow Directs Surface-Attached Bacteria to Twitch Upstream

Yi Shen,™* Albert Siryaporn,** Sigolene Lecuyer,® Zemer Gitai,* and Howard A. Stone'*

TDepartment of Mechanical and Aerospace Engineering and *Department of Molecular Biology, Princeton University, Princeton, New Jersey;
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ABSTRACT Bacteria inhabit a wide variety of environments in which fluid flow is present, including healthcare and food pro-
cessing settings and the vasculature of animals and plants. The motility of bacteria on surfaces in the presence of flow has not
been well characterized. Here we focus on Pseudomonas aeruginosa, an opportunistic human pathogen that thrives in flow
conditions such as in catheters and respiratory tracts. We investigate the effects of flow on P. aeruginosa cells and describe
a mechanism in which surface shear stress orients surface-attached P. aeruginosa cells along the flow direction, causing cells
to migrate against the flow direction while pivoting in a zig-zag motion. This upstream movement is due to the retraction of type IV
pili by the ATPase motors PilT and PilU and results from the effects of flow on the polar localization of type IV pili. This directed
upstream motility could be beneficial in environments where flow is present, allowing bacteria to colonize environments that

cannot be reached by other surface-attached bacteria.

INTRODUCTION

Bacteria have evolved a number of motility mechanisms
that enable movement in liquid environments and on solid
or semisolid surfaces. In addition, bacteria colonize surfaces
to form biofilms, which are found in natural settings and in
many medically relevant and food-handling environments.
A distinguishing feature of these settings is the presence
of fluid motion. Although flagellar-driven swimming in
liquid environments has been characterized extensively
(1-5), far less is known about surface motility in these envi-
ronments. For example, despite being crucial for funda-
mental aspects of bacterial physiology such as biofilm
formation and pathogenesis, the ability of surface motility
mechanisms to establish persistent motion has been seldom
studied (6-8). A few studies did demonstrate that such
persistent directed motion can occur in the plant pathogen
Xylella fastidiosa (9) and the aquatic parasite Mycoplasma
mobile (10,11) in environments where fluid flow is present.
In particular, these cells migrate on surfaces against the
direction of a fluid flow. This upstream movement is
hypothesized to result from the aggregate effects of the
bacterial motility machinery and the forces from the fluid
flow (9). However, the mechanism, generality, and biolog-
ical significance of such upstream motility remain unclear.
Here we characterize the effect of flow on the surface move-
ment of the ubiquitous human pathogen Pseudomonas
aeruginosa.

P. aeruginosa is a pathogen with significant relevance to
human health and disease. In particular, it forms robust bio-
films and is found in environments where flow is present,
such as in catheter tubes (12), intravenous lines, and the
human lung and circulatory system (13). P. aeruginosa cells
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move on surfaces (14-16) through the extension and retrac-
tion of type IV pili (17,18), which are localized to the
cell poles. The physiological significance of the polar local-
ization of these pili has remained unclear. Several character-
istic motions on surfaces have been observed in the absence
of flow, including persistent crawls and random walks
(19,20). Here we find that flow orients P. aeruginosa and
causes a subpopulation of cells to migrate against the flow
direction via a mechanism that requires retraction of type
IV pili. The ability to migrate upstream could be beneficial,
enabling P. aeruginosa to colonize environments that are
inaccessible to other human pathogens that lack this surface
motility.

MATERIALS AND METHODS
Strains and growth conditions

Strains were grown overnight at 37°C on LB agar plates (Sigma-Aldrich,
St. Louis, MO). Colonies were inoculated in tryptone broth (10 g of Bacto
Tryptone per liter of water; BD, Franklin Lakes, NJ), grown with aeration at
37°C to an optical density at 600 nm (ODggg) of ~1, diluted 1:10, and
loaded into microfluidic devices. To test the motility of strains in the
absence of glucose, cultures were grown in minimal medium A (21) with
0.2% glucose to an ODg of 1, diluted 1:10 into fresh minimal medium
A lacking glucose, and loaded into microfluidic devices. P. aeruginosa
strains PA14, PA14 pilC::Tn5 (22), PA14 figK::Tn5 (22), PA14 pilU::-
MAR2xT7 (23), PA14 pilT::MAR2xT7 (23), PA14 cheA::MAR2xT7
(23), PA14 chpA:MAR2xT7 (23), PA14-GFP (24), and AFS19 (PA14 Apil-
TU::aacCl) (see Materials and Methods in the Supporting Material) were
used in this study.

Construction of microfluidic devices

Microfluidic devices were fabricated using soft lithography techniques (25).
Polydimethylsiloxane (PDMS) channels were fabricated using the Sylgard
184 silicone elastomer kit (Dow Corning, Midland, MI) with cross-linker at
a concentration of 10%. PDMS was poured onto molds created using soft
lithography, cured, sealed onto cover glass (VWR, Radnor, PA), and stored
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at room temperature. The resulting microfluidic channels were straight with
dimensions of 3-cm in length, 400-um in width, and 30-um in height.

Surface-shear stress assays

Microfluidic channels were injected with bacterial cultures using 1-mL
syringes, given ~15 min for cells to adhere to the cover-glass surface and
flushed with fresh medium using a syringe pump (Harvard Apparatus,
Holliston, MA). Channels were placed on an inverted microscope and
imaged at room temperature. The shear stress at the cover-glass surface
was approximated using the equation

60u
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where Q is the flow rate; u is the viscosity of the bacterial solution, which is
approximately equal to that of water for the concentration of bacteria used
in these experiments; and w and % are the width and height of the channel,
respectively. We applied flow rates of 0.5-30 uL/min which corresponds to
~0.1-10 Pa of surface shear stress.

Phase contrast and fluorescence microscopy

Microfluidic devices were imaged at room temperature through the cover
glass using a model No. DMI4000 B inverted microscope, model No.
HCX PL FLUOTAR PH2 40x/0.6 NA or 63x/0.7 NA objectives, and
a model No. DFC 360FX camera (all by Leica Microsystems, Buffalo
Grove, IL). Time-lapse movies of cells were produced by acquiring
phase-contrast images at the cover-glass surface every 1-2 min for 10—
16 h unless indicated otherwise. For the experiments shown in Fig. 4 D,
images were acquired every 0.5-1 s for ~15 min.

To measure cell adhesion to the surface, cells were stained using Cy3
mono-reactive dye (GE Healthcare, Piscataway, NJ) as described in Skerker
and Berg (18), resuspended in minimal medium A, loaded into microfluidic
channels, and imaged using differential interference contrast (DIC) and
total internal reflection fluorescence (TIRF) microscopy using a model
No. Ti-E microscope (Nikon Instruments, Melville, NY), 100x/1.49 NA
APO TIRF objective (Nikon Instruments), a 100-mW 532-nm diode laser
(ChangChun Dragon Lasers, ChangChun, JiLin, China), 552-nm LP
dichroic (Semrock, Rochester, NY), 607/70 nm emission filter (Semrock),
and a Clara camera (Andor Technology, South Windsor, CT).

Cell displacement, velocity, and orientation
analysis

The displacement, velocity, and orientation of individual cells were
computed using our own software written in MATLAB (The MathWorks,
Natick, MA). Approximately 5000-20,000 cells were analyzed in each
experiment unless otherwise noted. Cell positions and orientations were
computed from cell masks constructed from cell boundaries, which were
determined by applying Sobel or Canny edge-detection algorithms or an
image-thresholding algorithm (26) with phase-contrast images. Cell posi-
tion and orientation measurements were refined by inverting phase-contrast
images corresponding to the cell masks, subtracting by the average back-
ground pixel value, and computing first- and second-order image moments
from grayscale values. Cell displacement was measured as the change in
position of a cell from its nearest-neighbor cell in the previous image. Cells
that shared the same nearest neighbor from the previous image were
excluded from the analysis. The cell velocity was computed as the quotient
of the displacement and the time interval between the previous image.
Displacements in the same direction as the flow were taken to be positive
and those in the opposite direction as the flow were taken to be negative.
The upstream speed reported in Fig. 1 E is the average of all the negative
velocities measured during 10-15 h experiments.
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FIGURE 1 Surface-attached P. aeruginosa migrate against the flow
direction. (A) Schematic of the microfluidic device used to study motility
of P. aeruginosa under flow conditions. Cells and media are flowed through
the inlet. Cells on the cover-glass surface in the microfluidic channel are
imaged on an inverted microscope. (B) Image of the microfluidic-channel
cross section. The straight channel is ~400-um wide and 30-um high. (C)
Time-lapse images of cells under flow (surface shear stress ~1.3 Pa).
Four different types of motion are observed. Cells slide in the same direc-
tion as the flow (dashed circle), are stationary (four-arc circle), detach from
the surface (two-arc circle), or move in the opposite direction (solid circle)
of the flow (scale bar: 20 um). (D) Fraction of the total surface-attached cell
population that moves more than two, or up to 15 cell-body lengths over
a 15 h time period, as a function of surface shear stress. (E) Average speed
of upstream migrating cells as a function of shear stress (see Materials and
Methods for description of analysis). (Data points) Average of at least three
independent experiments in panel D and of at least two independent exper-
iments in panel E. (Error bars) Standard deviation.

Flow reversal

Liquid tryptone broth cultures were inoculated, grown to an ODg of ~1,
diluted 1:10, and loaded into microfluidic channels. After 15 min, fresh
medium containing 1-um microtracer particles (Fluoresbrite Polychromatic
Micron Microspheres, Polysciences, Warrington, PA) was flowed into the
channel. Surface-attached cells and beads that passed within the plane of
focus were imaged at 1-2 min intervals in time-lapse movies using
phase-contrast microscopy as described above. Surface-attached cells that
migrated upstream were identified. After 1 h of flow, image acquisition
was increased to 50-ms intervals and the flow direction of the syringe
pump was reversed. The point at which flow reversal occurred was deter-
mined by measuring bead velocities, which were quantified using the
cell-velocity algorithm described above.

RESULTS

We constructed a microfluidic device to continuously image
the movements of surface-attached P. aeruginosa cells
under different surface shear stresses and growth conditions
(Fig. 1 A, and see Materials and Methods). The channel is
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straight from the inlet to outlet and has a rectangular cross
section that is 400-um wide and 30-um high (Fig. 1 B). We
varied the flow rates in our device from 0.5 to 30 uL/min so
that surface-attached cells experience shear stresses ranging
from 0.1 to 10 Pa (see Materials and Methods), which are
stresses typically found in catheter tubes and animal vascula-
ture (27-29). Under these conditions, cells exhibited at least
four different types of motion: 1), smooth sliding along the
surface in the same direction as the flow; 2), jerky, upstream
migration along the surface in the opposite direction to the
flow; 3), attachment to the surface without any movement;
and 4), detachment from the surface (Fig. 1 C, and see
Movie S1 in the Supporting Material). We observed little
or no sustained motion in the direction perpendicular to the
flow. Cells that migrate in the direction opposite to the flow
typically moved at a rate of ~0.5-1 um/min, which corre-
sponds to 15-30 cell-body lengths/h. These speeds are
comparable to mean speeds previously reported for pilus-
dependent twitching motility of P. aeruginosa (20).

Motivated by the observation of cell movement in the
opposite direction to the flow (motion Type 2 above), we
tested the hypothesis that the fluid flow directs cells
upstream by examining how shear stress affects the number
of cells that migrate upstream and discovered a significant
differential effect on cell subpopulations. We found that
the total number of cells on the surface decreased as we
increased surface shear stress. However, the relative fraction
of the surface population that moved upstream was largely
unchanged with increasing surface shear stress (see Fig. S1
in the Supporting Material). Over the course of a 15-h exper-
iment, we observed that the fraction of the population that
moved upstream at least two body lengths increased with
flow rate and reached a maximum at a flow rate correspond-
ing to a surface shear stress of 0.5 Pa (Fig. 1 D, top panel).
This effect is even more pronounced for cells that move
upstream by at least 15 body lengths (Fig. 1 D, bottom panel).
Shear stress thus stimulates persistent upstream migration up
to 0.5 Pa. These results are consistent with a previous report
showing that shear stress promotes P. aeruginosa adhesion to
surfaces (over shorter timescales) (30). We also examined the
effects of surface shear stress on upstream migration speeds
and found that speeds were largely unchanged for shear
stresses in the range of 0.1-3 Pa, but dropped at a critical
threshold of 7 Pa (Fig. 1 E).

The jerky nature of the upstream migration is reminiscent
of twitching motility, in which motion is driven by the
extension and retraction of type IV pili (17,18). Further-
more, type IV pili are required for upstream movement in
X. fastidiosa (9), though it remains unclear whether the
role of pili in this case is to mediate adhesion of the cell
with the surface, to generate the upstream driving force,
or to perform both of these functions. We therefore exam-
ined the dependence of surface motility in flow using pilC™
mutants, which are defective in the production of type IV
pili (22), and pilT ", pilU ", and pilTU  mutants, which
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produce type IV pili but are impaired in twitching motility
due to the absence of the pilus retraction motors. Upstream
migration was still observed in the single-retraction motor
(pilT ™ and pilU ™) mutants.

However, no upstream migration was observed for either
the pilus production (pilC~) or double (pilTU ) mutants
(Fig. 2 A, and see Fig. S2 and Movie S2 in the Supporting
Material). In addition, pilTU cells detached from the
surface far less frequently than wild-type cells. In time-lapse
experiments where fresh medium was flowed continuously
through the channel, the number of pilTU™ cells on the
surface increased with time (due to growth) and nearly satu-
rated the surface after 10 h. In contrast, the density of wild-
type cells at the surface was sparse and constant during this
period (see Fig. S3). This observation suggests that pilus
retraction promotes release of cells from the surface.
Together, these data show that upstream migration requires
retraction of type IV pili by the PilT or PilU motors.
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FIGURE 2 P aeruginosa cells migrate upstream on a surface by retract-
ing type IV pili. (A) Velocity distributions for wild-type cells and pilTU
cells, which lack motors to retract pili, under a flow corresponding to
a surface shear stress of 0.5 Pa. Negative velocities indicate upstream move-
ment. (B) Average cell velocities for motile wild-type, pilTU ", and flgK
cells under a flow corresponding to a surface shear stress of 0.5 Pa (see
additional Materials and Methods in the Supporting Material). (Bars)
Average of at least two independent experiments. (Error bars) Standard
deviation. (C) An upstream migrating cell stands up and flips about the
upstream-facing pole after flow reversal. Flow velocity was measured using
microtracer particles. Flow direction is indicated (arrows) above phase
contrast images, which correspond approximately to their placement along
the horizontal time axis. A schematic depicting cell reorientation during
flow reversal appears at the top. (D) An upstream migrating cell adheres
to the surface at the upstream-facing pole. Composite DIC and TIRF
images of fluorescently labeled cell bodies (see Materials and Methods,
scale bar: 2 um) (fop) and schematic (bottom). (Yellow highlighting in
the schematic) Portion of the cell that adheres to the surface.
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We observed upstream migration in figK cells, which are
defective in the production of flagella, demonstrating that
this motion does not require flagella (Fig. 2 B) and is not
directly related to the flagella-based mechanism of upstream
swimming in fluid environments (4,5,31). Furthermore, the
motion is unlikely due to chemotaxis because chemical
gradients are negligible for the flow rates used in these
experiments. To support this conclusion, we performed
experiments with cheA (see Movie S1) and chpA (data not
shown) mutants, which lack chemoreceptors, and experi-
ments using a minimal media that lacks glucose (see
Movie S1). In all of these cases, we continued to observe
upstream migration.

To rationalize the upstream direction of surface migra-
tion, we note that type IV pili are localized at the poles of
the bacteria (22,32). Thus, the flow should cause any cells
attached to the surface by type IV pili to pivot about the
pole and align cells along the flow direction with type IV
pili at the forward-facing pole (Fig. 2 C). Any subsequent
pilus retraction leads to upstream movement. In support of
this model, we found that reversing the flow direction causes
upstream-migrating cells to flip about the upstream-facing
cell pole (Fig. 2 C). In contrast, pilC~ cells are almost
never observed to flip after flow reversal (see Movie S3).
Furthermore, cells adhere to the surface only at the
upstream-facing pole as they move upstream (Fig. 2 D
and see Movie S4).

We examined the orientation of cells in the plane of the
cover-glass surface (Fig. 3 A). In the absence of flow, cells
are randomly oriented (Fig. 3, B and C). Within minutes
of initiating flow, most cells become oriented toward the
flow direction (Fig. 3, B and C). Furthermore, the degree
of alignment with the flow axis increases monotonically
with shear stress (Fig. 3 D), which confirms that the flow
directs cell orientation. However, cells do not align perfectly
with the flow direction, which suggests that cells exert
a force with a component that is perpendicular to the flow
direction. Type IV pili, which are distributed radially at
cell poles, could produce such a force. This hypothesis is
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supported by the result that pi/C™ mutants, which lack
type IV pili, are more aligned with the flow direction than
wild-type cells (Table 1).

Because pili pull cells both against and across the flow
direction, cells should move diagonally upstream. Indeed,
analysis of the upstream migration reveals that the motion
is not simply unidirectional but instead exhibits character-
istic diagonal zig-zag movements (Fig. 4, A and B, and
see Movie S5). Specifically, we observe short diagonal
runs whose orientation angle oscillates about the flow axis
over the course of minutes (Figs. 1 C and 4, A and C).
Changes in the orientation angle are also observed over
the course of several seconds, which suggests that the exten-
sion and retraction of pili occurs on this timescale (Fig. 4 D).
As yet further support for the dependence of upstream
twitching on type IV pilus retraction, the zig-zag move-
ments we observe in the presence of flow are consistent
with the twitching-based slingshot cell motions recently
observed under no-flow conditions (33). No such changes
in orientation angle are observed in pilTU ™ mutants, which
demonstrates the dependence of this motion on the active
retraction of type IV pili. We can also now rationalize the
critical shear-stress threshold of 7 Pa (Fig. 1 E), noting
that the surface force on the bacterial body (area = A =
1-2 x 1072 m?) is ~10-15 pN (= 7 Pa x A). As previous
studies place the lower bound on the retraction force of
a single pilus at 10 pN (18), our data suggest that the force
for upstream migration is generated by the retraction of only
a few pili.

DISCUSSION

There are many settings in which bacteria colonize surfaces
in the presence of flow, such as those found in healthcare
settings and in the vasculature of plants and animals. The
effects of flow on bacterial motility could thus play a signif-
icant role in health and disease. We have demonstrated that
flow directs P. aeruginosa cells to move upstream and that
this motility requires retraction of type IV pili.
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FIGURE 3 Flow aligns cells along the flow direction. (A) Schematic depicting the orientation angle « on the cover-glass surface. (B) Distribution of cell
orientation angles in the presence and absence of flow. Cells are oriented in random directions in the absence of flow. The bias toward the flow direction is
a remnant of the procedure used to load cells into the channel. (C) A step change in flow induces cell alignment toward the flow direction. (D) Orientation of
cells as a function of shear stress. (Data points in panels C and D) Average of at least three independent experiments. (Error bars) Standard deviation.
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TABLE 1 Strains defective in pilus function, which are more
aligned with the flow direction

Strain Average orientation angle |«| (deg)
wt 26.5 = 43
figk™ 245 + 33
pilTU~ 175 £ 1.2
pilC™ 138 + 1.9

Average of the absolute value of the orientation angle relative to the flow
direction was computed for wild-type and mutant strains. A flow rate cor-
responding to 0.5 Pa of surface shear stress was used. Errors represent the
standard deviation of at least three independent experiments. The term “wt”
is wild-type.

Our results provide direct evidence for a mechanism in
which cells are oriented toward the flow direction with the
anchoring pole positioned upstream. This orientation results
from the asymmetric nature of the cell attachment (Fig. 2, C
and D) and the effects of flow on such a system. The local-
ization of type IV pili at the cell poles, rather than uniformly
along the cell body as in the case of type I pili and fimbriae,
is likely to be important for upstream motility. Thus, our
findings suggest that localizing type IV pili at the cell
pole provides a selective advantage by endowing cells
with the ability to move upstream. The mechanism for
upstream twitching mediated by polar type IV pili is based
on the fact that the pili both mediate the attachment between
the cell and surface and provide the driving force for
motility. Flow rotates polar-attached cell bodies about the
anchoring pole so that the pole faces upstream. Through
the extension and retraction of the radial type IV pili, cells
pivot against the flow direction with a side-to-side motion.
Although flow appears to be a key factor, our experiments
do not rule out an additional biological role in determining
cell orientation.

Upstream twitching appears to be a generic tactic
response of cells with polar type IV pili to flow and thus

Shen et al.

may be present in a wide range of other bacteria. The results
appear to be generalizable to bacteria that attach to surfaces
at cell poles and possess colocalized motility machinery.
This behavior is consistent with rheotaxis, which is defined
as directed motion due to flow. Indeed, rheotactic behavior
has been observed in the freshwater bacterium M. mobile
(10), which possesses motility machinery localized toward
a cell pole.

We highlight two additional features of upstream twitch-
ing. First, we found that typically only a fraction of the cell
population migrated upstream (Fig. 2 A). This raises an
interesting question of whether P. aeruginosa cells are
differentiated into distinct cell fates—such as those that
move upstream and those that detach and move with the
flow. Such behavior would enable a bacterial population to
explore both upstream and downstream environments.
Second, the zig-zag motion observed in cells migrating
upstream could be advantageous in densely packed environ-
ments such as a biofilm. A natural consequence of this
motion is that cells explore a larger area of the surface
than those that move along a straight path. Indeed, in
high-cell-density experiments, we frequently observed
upstream-migrating cells moving around nonmotile cells
(see Movie S6).

Upstream twitching could enable cells with polar type IV
pili to preferentially colonize upstream environments.
Consequently, the upstream-directed migration of bacteria
due to flow may play a significant role in settings relevant
to infection and contamination, where surface-attached
bacteria encounter flow environments.

SUPPORTING MATERIAL

Additional Materials and Methods, three figures, and six movies are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)
00625-X.
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