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microbial processes including biofilm formation, bacterial transport and migration. While prior studies
focus on interactions between single stimulus and bacterial suspension, we emphasize on compounding
effects of flow shear and solid surfaces on bacterial motility, especially reorientation and tumble. We
have applied microfluidics and digital holographic microscopy to capture a large number (>>10°) of 3D
Escherichia colitrajectories near a surface under various flow shear. We find that near-surface flow shear
promotes cell reorientation and mitigates the tumble suppression and re-orientation confinement
found in a quiescent flow, and consequently enhances surface normal bacterial dispersion. Conditional
sampling suggests that two complimentary hydrodynamic mechanisms, Jeffrey Orbit and shear-
induced flagella unbundling, are responsible for the enhancement in bacterial tumble motility. These
findings imply that flow shear may mitigate cell trapping and prevent biofilm initiation.

The motility of bacteria near surfaces has a broad range of implications, from biofilm formation'- to biofouling*®
and bioremediation of oil spill in environment®"°. It has been shown that both translational and angular motil-
ities are altered by the presence of a solid surface in a quiescent flow owning to strong hydrodynamic interac-
tions between motile organisms and a solid surface, e.g. reducing surface-normal but increasing surface-parallel
swimming speeds!*-1%, reorienting cell body parallel to the surface’~'%, and swimming in circles'®, which leads to
trapping cells near the surface!”. Molaei et al.'® using Digital Holographic Microscope (DHM) and microfluidics
have discovered that tumble motility of E. coli is strongly suppressed by a solid surface and further shown that
hydrodynamic hindrance was the key mechanism in trapping the cell near a surface'. The study explained one
crucial observation that the formation of biofilm over a solid substrate is promoted regardless cell’s ability to tum-
ble. However, the mechanisms explaining the fact why in nature biofilm is less likely to form over a substrate with
flow shear? remains inadequately resolved. This inspired the current investigation.

Flow shear has long been known to modify the motion of bacteria, e.g. Jeffery Orbit (JO) and rheotaxis. Jeffrey
orbit*! is a periodical motion followed by any aspherical particles embedded in a shear flow, while rheotaxis is con-
sidered as motility or behavior responses to flow shear by a motile bacterium?? or a swimming micro-organism?.
In a near surface region, flow shear has profound influence on bacterial motility. Kaya and Koser?* have shown
that non-motile bacteria in a shear flow simply follow Jeffery Orbits near a surface but at slower angular velocity
in comparison to that in bulk. Additional upstream migration due to near surface shear is also reported®. In a free
shear flow, Marcos et al.?>?® have shown that due to the chirality of flagella, the bacteria migrate in the direction
normal to the plane of shear, namely rheotaxis. Locsei and Pedley*” using theoretical analysis has demonstrated
that correlation of the swimming direction before and after a tumble is disrupted by intrinsic Jeftrey Orbit (JO)
motions. When cells are subjected to a linearly varying shear, Zottl and Stark?®? using simulations and Rusconi
et al.*® accompanied with experiments have shown that motile micro swimmers like bacteria perform periodic
swinging, and result in helical-like trajectories. This helical like trajectory can be disrupted due to the flexibility
of bacterial flagella and a small amount of a random angular reorientation®'. These studies have shown that the
complex interplays between intrinsic JOs and shear gradients provide hydrodynamic mechanisms to suppress the
bacterial transport in the direction of shear gradient and to trap cells in high shear region. Rusconi et al.*® further

Department of Mechanical Engineering, Texas Tech University, Lubbock, Texas, United States of America. 'Present
address: Department of Chemical and Biomolecular Engineering, University of Pennsylvania, Philadelphia,
Pennsylvania, United States of America. *Present address: Department of Mechanical Engineering, Texas A&M
University, Texas, United States of America. Correspondence and requests for materials should be addressed to J.S.
(email: jian.sheng@tamucc.edu)

SCIENTIFICREPORTS | 6:35290| DOI: 10.1038/srep35290 1


mailto:jian.sheng@tamucc.edu

www.nature.com/scientificreports/

V=U+v (um/s) v (um/s)
a oo Eos @ b
eC Q 28 57 85 113 07142128

w
=3
=3

-

Velocity (um/s)
Change in direction 4100

Velocity (um/s)

=
L
o

Change in swimming direction °

8 111417 20 23 4 Tin?e (s) 8 "

Figure 1. Sample swimming trajectories of wild-type E. coli (AW405) in a moderate shear flow (Surface
shear, $=3.0s7!). (a) Sample 3D trajectories (2000 out of 8345) presented in a Eulerian laboratory frame of
reference. Color-code: the magnitude of the absolute velocity (V) composed of the flow advection (U) and
bacterial swimming velocity (v), (b) Bacterial swimming trajectories (same in (a)) in a Lagrangian frame

of reference. Color-code: bacterial swimming velocity, v. A sample 3D trajectory superimposed by in-focus
reconstructed bacterial images (only every seven images are shown) in (c) Eulerian, and (d) Lagrangian
coordinates. (e) Sample bacterial swimming speed (Blue) and change in swimming direction vs. time. Black
dots shown in (c-e) mark the detected tumble events.

develop this concept that this shear-induced trapping mechanism would enhance cell-surface collision and lead
to the higher rate of surface attachment. Conversely, Chilukuri et al.*? have articulated that since the near surface
flow shear preferably aligns the cell in the flow direction, i.e. particles in shear flow spend large fraction of time in
the streamwise direction, it reduces the probability of bacterium-surface collisions. The supporting observations
are reported by?’. However, this inconsistency highlights the current lack of understanding of the effects of flow
shear on the near-surface bacterial motility, especially the motility relevant to cell orientation.

Here, we applied DHM and microfluidics'>* to study the effects of flow shear on the motility of wild-type
E. coli (AW405) when it swims near a solid surface. We have succeeded in using DHM to simultaneously image
up to ~8000 wild-type E. coli bacteria over the entire 200 um depth of a microfluidic device, with a spatial resolu-
tion of 0.2 pm (lateral) and 0.5 um (axial). By enabling simultaneous tracking of a large number of cells without
any moving parts in the setup, this approach establishes DHM as a powerful technique for studying the motility
change in the presence of environmental stimuli.

Results and Discussion

A sample of DHM trajectories of intermediate shear (S=3s7") in a fixed frame of reference is shown in Fig la
(only 2000 of 8345 trajectories are displayed and color-coded with the swimming speeds). In bulk, since flow
advects faster than bacterial swimming, trajectories are shown as straight lines with the perceivable fluctuations.
While these straight lines represent mean advection by the flow, the fluctuations are the relative motions gener-
ated by bacterial swimming. Note that the swimming speed is orders of magnitude larger than that of Brownian
dlspers1on To investigate bacterial swimming mot1hty independent from the flow advect1on, the relative motion

(V') is extracted by subtracting the local flow motion, U, from the Eulerian E. coli velocity, v (details in SI §S1.5).

The corresponding 3D Lagrangian trajectories (viewed from a fluid particle initiated at the same starting position
as each bacterium) are reconstructed and shown in Fig. 1b. A sample trajectory superimposed with in-focus
reconstructed bacterial images (only shown every seven frames) is shown in Fig. 1¢ and its corresponding
Lagrangian trajectory in Fig. 1d. Both 3D position and angular orientation of individual bacterium are accurately
obtained. For brevity unless specified directly, bacterial motilities (swimming and tumbling) refer to those
obtained from Lagrangian trajectories only. To separate effects of flow shear from those of a solid surface'®, swim-
ming statistics, especially tumble motility, will be studied in the same near surface region but at four different flow
conditions characterized as surface flow shear (S=0,0.06,3, and 30s™'). To be consistent with prior study on
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in bulk 0 2194 14.1+£8.0 0.93+1.32 71.34+44.0 1.3 0.2 —0.03 | —0.14 | 0.17
Molaei, et al. (2014)
0 556 153+6.8 1.94+£1.96 46.7 £39.1 0.5 0.14 0.57 —0.93 | 0.36
0.06 2115 159+6.4 1.28+1.38 72.6+41.0 0.85 0.11 0.33 —0.72 | 0.39
near surface
This study 3.00 2775 15.6+8.2 1.07£1.03 71.5+37.2 1.05 0.09 0.51 —0.73 | 0.22
30.0 1035 149483 0.91+0.71 94.7+£33.3 1.23 0.05 —0.17 | —0.90 | 1.07

Table 1. Motility of wild-type E. coli in near-surface region at different flow shears, compared to results in
the bulk. The tumbling angle is the angle between two consecutive runs. D; (i =ux, y, z) are the dispersion
coefficients along the three Cartesian directions (y: surface-normal direction), computed from the
autocorrelation of the Lagrangian swimming velocity, v, D= (D,,+ D,,+ D.,)/3 is the mean dispersion
coefficient,and A; = D;;/D — 1measures dispersion anisotropy. The number of trajectories used to compile
statistics are listed in the second column, and represent mean + standard deviation.

16Fo . Near surface PD(t) = Ae ™

14k O No flow - - - -
0 §=006s1 —-—em--

12 56 §=30s! @ ———-

o S$S=30s? ———— -
Bulk region

-

o
)

Probability density
o
o

o
~

o
)

Run time (s)

Figure 2. Probability density (PD) distributions of the mean runtime (symbols) and least square fits of the
exponential model (lines), PD(f) = Ae~ ™, where )\ is the characteristic tumble frequency'>*. Solid symbols:
bulk measurement; hollow symbols: mean runtime measurements in the near surface region (0 <y/L <2 or

0 < y <20 pm) under flow shear.

surface suppression on tumble motility'®, we define near surface region as a volume within 20 yzm (or 2 cell body
length, L, including flagella) to the nearest surface (0 <y <20 pm and 180 < y <200 pm).

Anecdotally shown in Fig. 1c,d, in spite of flow shear E. coli demonstrates general swimming behavior as it
would near a solid surface in quiescent condition, e.g. swimming in circles interrupted by tumbling events (black
dots on the trajectory), and run-tumble. However, additional swimming pattern specifically attributable to shear
flows such as rheotaxis, i.e. cell migrates in the direction normal (2) to the shear (x-y) plane is also observed
(Fig. 1c,d). This rheotaxis behavior has previously been reported for bacteria®? and for bi-flagellated green algae®.
In this paper, we focus on tumble motility and characterize a tumble as a temporal event with concurrent reduc-
tion in swimming speed and sudden large angle change in the swimming direction (Fig. le, Refs 15 and 34),
hence decompose each trajectory into a series of sequential run and tumble events. Table 1 summarizes near
surface motility change of E. coli (AW405) in the presence of flow shear. Flow shear near a surface has no effect on
swimming speed which remains 6~9% higher than that in the bulk!®. However, the near surface mean run time
(inverse of tumbling frequency) decreases as flow shear increases, fromT,=1.94 £ 1.96s at no flow shear to
T,=0.91+0.71satS = 30 s~ '. Recall that in a quiescent flow, Molaei et al.'* have shown that a solid surface pro-
longs T, and reduces the tumble frequency. Statistics in Table 1 reveals that the flow shear assists bacteria to over-
come hydrodynamic hindrance imposed by a solid surface and promotes tumbling of E. coli. Note further that the
trends of tumbling angle and linear dispersion (D) with respect to flow shear corroborate very well with the
abovementioned assertion (Table 1). This trend can be further shown with probability density (PDs) of run time
at different flow shears in the near surface region (symbols in Fig. 2). In the absence of shear, PD has a pro-
nounced tail with a peak at T,=0.6s, while as the flow shear increases, the tail of PD reduces and peak approaches
to 0.2 5. The mean tumbling frequencies are estimated by finding the e-folding timescales, A, through the best fit
of exponential distribution of Ae~* (Ref. 34, lines in Fig. 2), i.e. tumble frequencies were X =0.5, 0.85, 1.05 and
1.23 tumbles/s in correspondence to the near surface shear rates, S=0, 0.06, 3 and 30 s respectively. Clearly, one
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Figure 3. Near surface flow shear mitigates surface induced quenching of tumbling and surface-normal
motility. (a) Mean runtime, T, at different distances from the surface, h, normalized with the total cell length,
L,, at different flow shears in comparison to that in bulk region in a quiescent flow, T,. Near-surface mean
runtime, T/ T, is reduced as near surface flow shear, S, increases. Symbols: DHM measurements averaged over
a 5 um thick, surface-parallel layers. (b) PDs of the cosine of the exit angle, 9y, i.e. the orientation of a new run
immediately after a tumble to the surface normal direction (illustrated in Inset). Symbols: Statistics of surface
normal motility collected over a 20-pum thick surface parallel layer. Dashed line: isotropic distribution of 6),.

can conclude that contrary to the surface’s suppression effect on tumbles, flow shear near it promotes the tumble
motility of E. coli., by reducing mean run time with the increase of shear.

Flow shear’s promoting and surface’s suppressing effects on tumbles extended 20 um into the fluid, equivalent to
2L,. This was determined by computing the mean run time, T, at different distances from the surface, h, over 5pm
thick layers parallel to the surface (Fig. 3). In the absence of flow shear, T peaked at the surface and regressed
hyperbolically to the value in the bulk, T}, (Ref. 15, circles in Fig. 3a). The similar regressive relation of T/T, with
respect to h/L, were also observed at shear less than 305!, while the distribution almost reduced to a flat line at
high shear (S > 30s7!). As flow shear increases, the rate of regression decreases (Fig. 3a), i.e. the effect of shear
on promoting tumble increases. This is consistent with other statistics, e.g. distributions of T, and A with respect
to flow shear.

Molaei et al.'> has further shown that in a quiescent flow, a solid surface preferentially suppressed tumbles in
the direction normal to the surface by hydrodynamic hindrance. In current study, we have inspected the effect of
flow shear on tumbling angle (the change in direction between two consecutive runs). The PD measured in cosine
of tumbling angle with respect to y-axis (6,, defined in inset of Fig. 3b) shows that in the near surface region, the
tumble angle deviates substantially from the uniform distribution and forms a narrow peak at cos §, =0, as the
flow shear increases the peaks widen and peak values reduce. To accentuate effects, we have composed our statis-
tics and PDs over a layer of 20 um distance from the surface (0 < h/L, < 2, Fig. 3b). Briefly, a solid surface restricts
the tumble within the surface parallel layer, while the near surface shear allows cell to tumble easily in the surface
normal direction that improves with flow shear.

The results (Figs 2 and 3, Table 1) clearly show that contrary to surface induced suppression'”, near a sheared
solid surface tumble becomes an effective mechanism for cells to escape from the solid surface and reduces the
cell concentration near a surface (Fig. S3). These results also provide a plausible complimentary mechanism that
may prevent biofilm from initially forming over a surface in the presence of flow shear.

What are the mechanisms by which flow shear promotes bacterial tumble near a surface? Two key mecha-
nisms that cause cells to reorient in a shear flow over a surface, i.e. Jeffrey Orbit motion by aspherical particles and
tumble by active swimmers, are considered. The former (JOs) describes periodic reorientation of the fore-aft axis

of an aspherical particle in a shear flow with the period of T = ** ("e + i). where 7, is the aspect ratio of the
Y T

particle, and v = §(1 — 2 )is the local flow shear. Ruscini et al.** show that smooth swimming bacterial strain

(B. subtilis) undergos JOs and r, is determined as the length of the entire cell including flagella (~10 pm) versus
the width of cell body (~1 um). Kaya et al.>* further demonstrate, using a non-motile strain of E. coli, that bacteria
in a shear flow near a solid surface also undergo JOs at a period calculated by a modified r, that took into account
of hydrodynamics of cell, shear, and surface. It is conceivable that such a reorientation could be interpreted as a
tumble if this reorientation satisfies the tumble criteria, i.e. the change in cell orientation exceeds 55° in less than
1/15s and low swimming speed'>*. We have performed numerical simulations to examine this mechanism and
showed that with adequate flow shear, JOs can generate large enough change in the swimming direction within
the time normally allotted to execute a tumble event (details in SI §S2). For brevity, we refer to this mechanism as
pseudo-tumble. Further analysis shows that the cut-off shear needed for current strain (AW405, r,= 10) to
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Figure 4. Flow shear causes motile E. coli to rheotaxis, i.e. swim in the direction normal to the flow. PDs

of mean swimming direction during a run, 6,, i.e. the orientation of an run immediately before a tumble, to
cross-flow direction (z axis), are collected over a 20-pum thick surface parallel layer. To include rheotaxis in both
positive and negative z axis, we used the acute angle, min(6,,180° — 6,) to compose PDs with the bin size of
Af,=10°and at an interval of 5°.

perform pseudo-tumble must exceed 185! (Figs S8 and S9). Although pseudo-tumble contributes to enhance-
ment of tumble motility at high shear regimes (S > 18s7'), this mechanism utterly fails to explain enhancement
in tumble motility (Figs 2 and 3) at low shear regimes (S < 1857') due to its exclusion of other important mecha-
nisms, e.g. tumble and wobble as well as rheotaxis by swimming bacteria (Refs 26,35 and 36, Fig. 4).

In the following, we propose a complimentary mechanism based on the effect of flow shear on the unbundling
process during a tumble to the cell re-orientation mechanism in shear flow by Jeffery Orbit (Fig. 5¢). Elucidated
graphically in Fig. 5d, the mechanism can be described: As a bacterium swims in a shear flow, a moment due to
cell’s chirality causes it to reorient and to swim preferentially in the direction normal to the shear (x-y) plane, a
process also known as rheotaxis?**>3¢ (left panel in Fig. 5d). When a bacterium swims normal to the shear plane,
shear flow causes additional drag forces on the unbundling flagellum (thin filament) and flagella bundle (thick
filament in Fig. 5d). They act normal to filament axes but in opposite directions, and differ substantially in magni-
tudes (middle panel in Fig. 5d). Compounded with the existing viscous forces during unbundling in the quiescent
condition, these additional drag forces will accelerate the unbundling process and promote a tumble (right panel
in Fig. 5d). Note that the proposed mechanism can only reduce the time scale needed to unbundle but is less
likely to affect the time scale of other tumbling processes by Denton et al.?”. Hence, it is not expected to alter the
statistics of tumble motility in bulk, i.e. tumbling frequency and mean run time (Table 1). While in the near sur-
face region the tumble motility without flow shear is shown to be strongly suppressed due to the hydrodynamic
hindrance of flagella unbundling'®, flow shear near a surface enhances the flagella unbundling and counteracts
surface originated hydrodynamic hindrance as long as the flagella bundle is aligned normal to the shear plane.
Hence, the proposed mechanism improves tumble frequency and reduces the mean run time, which provides us
with a plausible explanation of tumble enhancement in low shear flow regimes (Figs 2 and 3). The additional anal-
ysis to compare the effects of these two hydrodynamic mechanisms: shear accelerated unbundling and surface
hydrodynamic hindrance, on the unbundling process is further provided in SI S2.4.

Note that flow shear cannot affect the unbundling if the flagella bundle is aligned in the shear plane. One can argue
that to have the abovementioned mechanisms to generate pronounced effects on tumble motility (Figs 2 and 3),
two necessary premises must occur and can be verified: (i) At near surface region with flow shear, a large number
of cells must swim in the z direction (at least at a shallow angle). This will allow the deviates from uniform distri-
bution of cell population in cell orientation necessary to bias the tumble statistics; (ii) Runs in the cross-flow (z)
direction must contain shorter runs than those aligned in the flow (x) direction. The mean statistics of runs must
demonstrate linear dependency on a cosine of the direction of each run to z axis, 6,. In the following, we employ
conditional sampling over near surface measurements to validate that these two necessary conditions are indeed
satisfied, and consequently support the proposed mechanism.

The PDs of mean direction of each run at different flow shear rate are computed over the acute angle between
the mean run direction to the z direction, min(f,, 180° — 8,), for simplicity, 6,, hereinafter (Inset in Fig. 4). At no
flow shear (circle in Fig. 4), the PD is uniform and suggests an isotropic cell alignment and random swimming
direction. As the shear increases, bacteria are increasingly aligned with z axis, shown as a peak at 20° with a
decreasing width, and the number of cell aligned in the x-y plane (6,=90°) is substantially reduced. This phe-
nomenon of preferential swimming by microbes in shear flows, known as rheotaxis, has been widely reported
for bacteria?®*>¢ and for biflagellate green algae®®, but first for peritrichous bacteria, Our measurement of rhe-
otaxis velocity, v,, on the tumble capable strain of E. coli (AW405), agrees well with results of smooth swimming
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Figure 5. Flow shear promotes flagella unbundling, resulting in enhanced near surface tumble frequency.
(a) Sample survival probability distributions (symbols) of near surface run time at flow shear (S=0.06s"")
conditionally sampled based on the mean run orientation immediately before a tumble to the cross-flow, 6, and
least square fit (solid lines) of exponential model, e, where A is the characteristic tumble frequency. Each
distribution was conditionally sampled from runs over evenly distributed bins with a size of 22.5° (or 7/8).
(b) Profiles of characteristic tumble frequency, X, vs. the cosine of 6, at different flow shear of $=0.06s"!
(squares), 3.0s™! (triangles), and 30s~! (diamonds) respectively. Each data point was calculated by estimating A
from the ensemble survival probability distributions conditionally sampled over uniform bin size of 22.5° and
centered at an interval of 2° Schematics of two dominant cell reorientation mechanisms near a solid surface with
flow shear: (c) Kinematic sequences elucidating the passive mechanism of “pseudo” tumble when E. coli swims
in the direction of flow: Step 1 — An spheroid experiences Jeffery Orbit (JO) motion in a shear flow; Step 2 -
when flow is sufficiently large, the reorientation by JO motion is rapid enough to be considered as a tumble.
(d) Sequences showing shear enhanced flagella unbundling mechanism that results in enhanced tumbling
frequency in the direction normal to the flow: Step 1 — Chirality induced torque orients the cell in the direction
normal to the shear plane, a.k.a. rheotaxis; Step 2 — local flow shear promotes flagella unbundling; Step 3 - cell
executes a tumble.

Surface-normal

bacteria species (Ref. 22, Fig. S3). Clearly, hydrodynamic interaction of flow shear on cell body reorients the cell
in cross-flow direction, setting the stage for the shear assisted unbundling mechanism to take effect.

To verify the second hypothesis, i.e. runs in the cross flow direction are shorter than those aligned in flow
direction, we perform ensemble sampling of runs over near surface trajectories conditioned on mean 6, of each
run. The PDs are obtained within a sampling bin of Af, centered at 6, and characteristic tumbling frequency; A,
can be estimated with best fit (Fig. 2). To avoid fluctuations in conditionally sampled data and improve
accuracy, we estimate \ using the survival probability, F(#; |0 — 60,| < A6,/2) = ft > PDy_g < INAGLS where
PDyy_g |<ng,2 18 PD of runs within the sampling bin centered at 0,. Since PD assumes the exponential distribu-
tion, F(f) assumes the form of F(t) = e . The analysis is applied to cases of all flow shears and sample result
(§=0.06") is presented in Fig. 5a. The s are approximated by best fit of F(t) collected within four sampling bins
with a bin size of 22.5° centered evenly over the first quadrant. The results confirm our assertion that at
§=0.06s"", bacterial swimming in z direction (diamond in Fig. 5a) tumbles more frequently than those aligned
in the x direction. This analysis is applied to estimate As with respect to 6, at all shear cases, and the results are
plotted with respect to cos (6,) as Fig. 5b. In low flow shear regimes (S < 1857'), the X shows an expected linear
relation of cos (6,), since only the projection of flow shear normal to the flagella can affect the unbundling time
scale and consequently tumble frequency. As S increases beyond a critical shear, the profile of A shows linear
relationship for cos (6,) > 0.5 (or 6, < 60°), but a substantially elevated deviation for those cell aligns primarily in
the direction of flow (6, 60°). This increase in As suggests that this enhancement is generated by pseudo-tumbles.
The profile (diamond in Fig. 5b) clearly demonstrates that two primary mechanisms causing cells to reorient in a
near-surface shear flow are taking effects at the same time.
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Conclusions

The run and tumble motility of bacteria plays crucial roles in many microbial processes. Focusing on tumbling
motility, i.e. a key mechanism for angular dispersion of bacteria, the paper aims to elucidate complex hydrody-
namic interactions between bacteria and its environmental stimuli, e.g. flow shear and surface. Using the system
composed of E. coli and a solid surface under shear flows, we have demonstrated that subtle interplay of hydro-
dynamic forces on flagella in the presence of a solid surface and flow shear could significantly alter motility
and subsequently change the dispersion characteristics of bacteria suspension near a surface. Using DHM and
microfluidics platform, Molaei ef al.'® has clearly shown that near a solid surface in a quiescent flow, reduction in
hydrodynamic forces among flagella during a tumble event disrupts the flagella unbundling process, and reduces
the tumbling frequency as well as limits the angular dispersion. Consequently, this tumble suppression mecha-
nism by hydrodynamic surface interaction causes cells to be trapped near a surface, and increases the probability
of cell attachment.

In this paper, we demonstrated extensively that contrary to the case in Ref. 15, the flow shear can alleviates
the suppression of tumbles and promotes angular dispersion near a solid surface, and subsequently reduces cell
concentration as well as lowers the probability of cell attachment. This effect on “tumble” motility is shown to
be effective throughout all shear regimes, via two diametric but complimenting mechanisms. In the high shear
regime (S > 18s7'), the flow shear will reorient bacteria due to their being aspherical, by the mechanism known
as Jeffrey Orbits. As the shear is sufficiently large, the reorientation is rapid and large enough to be considered as a
tumble. This is however a passive mechanism native to any elongated cells regardless of their motility, but is only
effective at high shear rate for those cells preferably aligned in the flow direction or in the shear plane. Contrary
to this well accepted mechanism, we demonstrate in this paper that the additional mechanism does exist that is
effective for motile E. coli at all shear rates. This mechanism is based on the conjecture that the flow shear normal
to the flagella bundle during a tumble accelerates the unbundling process and hence alleviates the unbundling
suppression via the same hydrodynamic interaction brought-on by a solid surface'®. This is a mechanism effective
only for motile E. coli swimming out of the plane of shear and having a clear cosine dependency of swimming
direction to shear normal direction. The statistical significance of this mechanism is greatly magnified by bacte-
rial rheotaxis. These two mechanisms provide a plausible explanation on why a surface with running water is less
likely to initiate a biofilm in contrast to the mechanism of shear erosion on a fully developed biofilm, and further
emphasize the importance of hydrodynamics in microbial motility, especially tumble motility near a surface.

Methods

Experimental setup. A straight polydimethylsiloxane (PDMS) channel was used (45 mm length, 200 pm
depth (H), and 5mm width. See details in Ref. 15). The sample area was sufficiently far from the entrance of the
channel to ensure the fully developed flow in the x direction, and the large width-to-height ratio ensured the
dominate flow shear located in the x-y plane. The bacteria suspensions were driven by a syringe pump (NE-1000,
New Era pump System Inc.). The studies were conducted under three centerline velocity, U,,,,, of 3, 150 and
1500 p4m/s (or maximum shear rate located at both surfaces of 0.06, 3, and 30}, respectively). As shown in Fig.
S2, the flow velocity profile, U,(y), is parabolic and agrees well with the solution of a 2D Poiseuille flow,

as U /Uy = 4{% (1 — %) . The advection velocity reached its maximum at the center, y =100 yum and the local

flow shear, , varys linearly withy as v = § (1 - %'), where the maximum shear are located at both surfaces,
AU,

S=—7=

Digital Holographic Microscopy. We applied DHM? with correlation based de-noising technique®® to

image and track bacteria in three dimensions. The detail of the technique and DHM is fully documented in Ref. 33.

The digital holograms were recorded at 15 fps by a 2048 x 2048 CCD camera (Imprex-4ML) and a transmission

microscope (TS-100) at the magnification of 40X (Plan Fluor 40X Objective, NA = 0.65). The measurement vol-

ume is 400 x 200 x 400 pm®. We succeeded in applying DHM to simultaneously image up to ~8000 of E. coli in a

shear flow over the 200 um depth, with spatial resolutions of 0.2 um (lateral) and 0.5 pm (axial) in a span of one

minute.

Data analysis. To accurately characterize the bacterial motility (best described in Lagrangian frame of
reference) from trajectories (experimentally measured in the laboratory frame of reference), the advection flow is
measured directly by applying pPIV analysis to reconstructed holographic bacterial images at a given depth, and
later applied frame-to-frame Particle Tracking Velocimetry (PTV) analysis to improve the accuracy of near sur-
face measurement (SI S1.4). Although motile cells are often ineffective flow tracers due to their swimming motion,
the coherent motion among those cells at same depth in a microfluidics must be the advection generated by the
flow (streamwise velocity profiles, U(y), along y axis are shown in Fig. S2). Once the flow field, U(y), is approxi-
mated, the swimming speed, V', of a cell in Lagrangian frame of reference is calculated by subtracting the local

flow velocity, U)(y) from the measured cell velocity in Eulerian coordinate, \7 i e V=V (x »nzt)— ﬁ(y) The
Lagrangian swimming trajectory and cell positions are determined by % (¢) = X (t)) + f YV (t)dt, where X (t)
is the initial position of the trajectory at the starting time, #,. Briefly, the physical 1nterpretat10n of ¥ (#), is a trajec-
tory measured from a frame reference fixed on a fluid particle initiated at same starting position as the bacterium,
?(to). The motility analysis (detailed in Ref. 15) is then applied to Lagrangian trajectories from thereon.
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Culture. E. coli AW405 were saturate grown in LB medium over time, re-cultured in tryptone medium and
then prepared by washing the cell in motility buffer. Details on culture and sample preparation procedures are
provided in ST S1.1.
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