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Supplementary Figure 1: Protocol optimization and characterization for V. cholerae 0395-NT

motility assays.

a) Distribution of instantaneous swimming speeds for cultures grown to an OD of
0.30-0.40 in the specified media, diluted in the same medium, and tracked within
5 min.

Average speed and fraction of motile bacteria, defined by an average speed above
20 um/s, for the same conditions as in panel a.

Distributions of instantaneous swimming speed for cultures grown in M9GM to a
given OD, diluted into motility medium M9MM, and tracked after approximately
45 minutes.

Average speed and fraction of motile bacteria, weighted by trajectory duration, as
a function of OD for bacteria grown in MGMM, diluted into MOMM, and tracked
after 45 min. Dashed lines in panels d, e serve to guide the eye.

Average speed and fraction of motile bacteria, weighted by trajectory duration,
grown in M9GM to an OD of 0.4 as a function of incubation time in MOMM before
tracking. Where present, error bars represent the SD for three technical replicates.
Both parameters are stable within 20-60 min. An incubation time of 45 min was
selected for further experiments.

b)

d)



f) Dependence of average swimming speed on Na* concentration in M9MM, for
bacteria grown in M9GM to an OD of 0.3-0.4 and incubated in the relevant motility
medium for 45 min.
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Supplementary Figure 2: Near-surface trajectory curvature confirms that Vibrio cholerae has
a left-handed flagellum. Example trajectory color-coded by speed (a) and run orientation (b,
red: backward, blue: forward), as seen from inside the chamber looking at the surface (top
view), or from the side (side view). Bulk segments (further than 5 um from the surface) are
shown partially transparent. The run orientation is assigned based on the identity of turning
events observed while away from the surface (orange: flick, teal: reversal). The top view shows
right-handed trajectory curvature for forward and left-handed curvature for backward runs at
the surface. This is consistent with forward runs being driven by a left-handed flagellum
rotating CCW (as seen from behind the flagellum looking towards the cell body), so that the
cell body rotates CW. The higher effective drag below the bacterium leads to the flagellum
and the cell body effectively trying to roll sideways on the surface in opposite directions,
producing a torque that causes a reorientation to the right(1).
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Supplementary Figure 3: Run-reverse-flick motility and deceleration events in 0395-NT and
wildtype 0395. a,c,d) Further example trajectories of 0395-NT showing run-reverse-flick
motility and decelerations. b) Times series of turning angles for the trajectory in panel a show
failed flick events. e,f) Example trajectories of wildtype 0395 showing run-reverse-flick
motility and decelerations. g) Bivariate histogram of consecutive turning angles for wildtype
0395 also displays alternating flicks and reversals as well as consecutive reversals, consistent
with run-reverse-flick motility.



Supplementary Figure 4

©
o

[2]
o

N
o

o

Fraction of long runs with decelerations (%)
'
o

0.7

NO06

y (H

C!
o
5

() o]

I
@
=}
3
»
(=}
~
3

Probability density
D

Deceleration freque
© © o o
o S N w »

No filtering ADMM filtering

g N ¢ )
N Speed (um/s) ‘
0 120

e
[N}

9
80 2 14 0.15 -
2 oy O
g g 12 . s
80 @ < © L]
8 gi 1 g .
° C a 'c:: 01 . °
2/ £ 2508 S
¢ Yy s S
= o 6 06 2
o o = L4 o
» 3 S .c @ 0.05
2 o E 04 s
o 20 ) 5% %
Py = o (] ®
5] 9] 02 S
c z . >
0 i) ° 4
3 0 0
0.4 0.6 0.8 1 © 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8
w
B B B
g h
6 %
V. cholerae B=03

C. crescentus 5 B=0.9

Probability density
w

o

0
1 2 3 4 0.5 1 1.5 0 02 04 06 08 1
Turning frequency (Hz) Run speed normalized by median run speed Speed during decelerations
normalized by median run speed

Supplementary Figure 4: Additional verification and characterization of deceleration events.

a)

c)

d)

f)

and b) An example trajectory for strain 0395-NT shows pronounced deceleration
events, marked by arrows, both before filtering (a) and after filtering (b).
Percentage of long runs (blue, with a duration of at least 10 frames) or bacterial
trajectories with long runs (orange) that contain at least one deceleration event as
a function of the threshold factor B. Dashed lines serve to guide the eye.
Deceleration frequency across all long runs as a function of the threshold factor B.
Average deceleration duration as a function of the threshold factor B.

Average deceleration frequency within the long runs of a trajectory, given the
turning frequency of the trajectory. Error bars represent 95% confidence intervals.

The Pearson correlation coefficient on the non-binned data is r = - 0.036 + 0.031,
with a p-value of 0.025.



g) Distribution of instantaneous run speeds normalized by each run’s median speed
for runs with a minimal duration of 0.33 s and a minimal average speed of 30 um/s
for C. crescentus and V. cholerae. Average run speeds are 53 um/s for C. crescentus
and 91 um/s for V. cholerae.

h) Distribution of instantaneous swimming speeds during deceleration events,
normalized by the run’s median speed.
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viscosity of water at the appropriate temperature at a concentration of 0%.



Supplementary Table 1

Data £ replicates: v <>
et medium W (cP) (H2) bio.xtech.x | A ( ;75) N T(s) (um/s) a | v(Hz)
dur. (min) H H
3x(3-5)
1 MOMM 0.98 30 X (2-2.2) 0.3 20 23,062 58,029 94.2 8 0.49
3x1x
2 MOMM 0.98 30 (2-2.2) 0.3 20 8,017 19,113 88.5 8 0.47
136 mM Na* 0.98 30 1x1x25 0.3 20 2,695 6,991 92.3 8 0.45
3 7.4 mM Na* 0.98 15 1x1x5 0.8 10 5,089 11,996 36.7 8 0.60
1.8 mM Na* 0.98 15 1x1x5 0.8 10 4,083 14,467 22.7 8 0.74
1x3x
TMN 0.98 30 (1.7-2.5) 0.3 20
0.9% PVP/TMN 1.9 30 0.3 15 1,407 4,539 48.7
1.5% PVP/TMN 3.9 30 0.3 12 608 2,512 33.1
4 | 22%PVP/TMN | 81 | 30 1x1x | 03| 10 543 | 1,919 | 26.1
45%PVP/TMN | 31 15 (0.8-17) | 03 6 488 2,714 14.3
6% PVP/TMN 54 15 0.3 6 383 5,195 10.8
6.7% PVP/TMN 68 15 0.3 5 557 8,054 9.4
5 1.2% 30 1x2x1.7 0.3 5 2,327 6,027 57.4 8 0.49
MUC5B/M9MM ’ ’ ’ ! ’ ’

Supplementary Table 1: Description and statistics of datasets. p is the viscosity of the
medium. W is the macroscopic viscosity. f is the frame rate of video recordings. Replication
information is presented as the number of biological replicates x the number of technical
replicates x the recording duration. Technical replicates are recordings from different sample
chambers. A is the regularization parameter used for ADMM trajectory-smoothing (see
Methods for details). vmin is the minimum trajectory-averaged swimming speed for being
considered motile. N is the number of motile trajectories with a minimum durationof 1 s
that are retained for turn detection analysis, except for dataset 4 where no turn detection
was performed, and N is the number of motile trajectories. T is their total duration. <v> is
the average swimming speed of the analyzed trajectories, and a is the threshold factor that
was used for automated turn detection. v is the average turning frequency, computed as the
number of detected turn events divided by the total trajectory duration for the dataset. All
datasets were obtained for strain O395-NT, except for dataset 2, which was obtained for
0395 wildtype.



Supplementary Note 1
Dependence of the effective diffusion coefficient on relative run durations

Taktikos et al.(5) (Eq. 24) show that the effective diffusion coefficient D for a run-reverse-flick
swimmer with forward and backward run durations 1t and 1, is given by

v2 18 — 1, 1e(1 — 2D, 1) + T (1 + 2D, 1)

b= 3 (1, + (1 +2D,1,)(1 + 2D, 7p)

where v is the swimming speed and D is the rotational diffusion coefficient characterizing the
random change in orientation during runs. Our experiment yields measured values of /™ =
0.62 sand t,™ =0.174 s. In scenario 1, 1= tt" and T, = "™ as observed in our data. In scenario
2, T =Tp, such that tr =1, = (™ + 1b,™)/2, i.e., the overall turning frequency is unchanged, but
the two run durations are now equal. In scenario 3, it =1, =™, i.e., both run durations equal
the measured forward run duration. With D, = 0.05 s and swimming speed v =90 um s, we
obtain D1 =993 um?s?, D, = 535 um?s?, and D3 = 834 pm?s?.
The asymmetric durations of forward and backward runs thus increase the diffusion
coefficient compared to a symmetric scenario.
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Supplementary Note 2

Rheology of mucus and mucin

Many polymer solutions exhibit shear thinning, that is, a decreased viscosity at high shear
rates. The shear rate y around the rotating flagellum during swimming is y ~wD/d where w =
2ntf, with f the rotation frequency, D the diameter of the flagellar helix, and d the diameter of
the flagellar filament(3). With D = 0.5 um, d = 50 nm, and f = 10® Hz(6), we obtain y = 6 X 10*
Hz. While we are not aware of viscosity data for mucus or mucins that cover this high shear
regime, extrapolating existing data for mucus(7) or 1.5% porcine gastric mucin(8) is consistent
with the expectation that their viscosity approaches the solvent viscosity at this high shear
rate. Like PVP K90, mucins have typical radii of gyration similar to or larger than the 50 nm
diameter of the flagellum, suggesting that they may also exhibit the nano-scale extreme shear
thinning observed by Martinez for PVP K90 (3). The remarkable implication of the work of
Martinez et al.(3) is that bacterial motility in strongly shear-thinning solutions may depend
only on the macroscopic viscosities of solution and solvent and not on detailed rheological
properties, so that the same behaviors are expected for aqueous, strongly shear-thinning
solutions of the same macroscopic viscosity. The swimming speed we observe in 1.2% mucin
solutions corresponds to that observed in PVP solutions with a macroscopic viscosity of
approximately 3 cP.

A number of studies have determined mucin viscosities from the measured diffusion of tracer
particles with diameters in the range of 100 nm to 1 um, similar to the size of a bacterial cell
body. Thus, we expect that the resulting values may reflect the macroscopic viscosity
experienced by the cell body during locomotion. The reported viscosities range from 1-2 cP
for 1.5% human gastric mucin(9) to 3.5 cP at 1.2%(10), 9 cP at 1.5%(11), and 4 cP at 1.2%(12)
for porcine gastric mucin, and 4 cP at 1.2% for porcine duodenal mucin MUC2(12). This
concentration is well below their entanglement threshold of approximately 2-3% beyond
which elastic effects become apparent(12). Measurements for more dilute human MUC5B
solutions, however, find viscosities of approximately 4 cP at 0.02% and 8 cP at 0.16%(13).
Assuming a uniform power law scaling of viscosity with concentration, these values would
imply a viscosity of approximately 15 cP at 1.2%, substantially higher than the estimates for
other mucins. In addition to intrinsic differences between mucin species, preparation and
handling may also contribute to variabilities.
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