Biophysical Journal —
physical / Biophysical Society
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ABSTRACT Chemotactic migration of bacteria—their ability to direct multicellular motion along chemical gradients—is central
to processes in agriculture, the environment, and medicine. However, current understanding of migration is based on studies
performed in bulk liquid, despite the fact that many bacteria inhabit tight porous media such as soils, sediments, and biological
gels. Here, we directly visualize the chemotactic migration of Escherichia coli populations in well-defined 3D porous media in the
absence of any other imposed external forcing (e.g., flow). We find that pore-scale confinement is a strong regulator of migration.
Strikingly, cells use a different primary mechanism to direct their motion in confinement than in bulk liquid. Furthermore, confine-
ment markedly alters the dynamics and morphology of the migrating population—features that can be described by a continuum
model, but only when standard motility parameters are substantially altered from their bulk liquid values to reflect the influence of
pore-scale confinement. Our work thus provides a framework to predict and control the migration of bacteria, and active matter in
general, in complex environments.

SIGNIFICANCE Studies of bacterial motility often focus on cells in liquid media; however, many bacteria inhabit tight
porous media. This work demonstrates how confinement in a porous medium can strongly alter the chemotactic migration
of Escherichia coli. We find that cells use a different primary mechanism to direct their motion in confinement than in bulk
liquid. Furthermore, confinement markedly alters the overall dynamics and morphology of a migrating population—features
that can be described by a continuum model, but only when standard motility parameters are substantially altered from
their bulk liquid values to reflect the influence of pore-scale confinement. This work thus provides a framework to predict

and control the migration of bacteria, and active matter in general, in complex environments.

INTRODUCTION

The ability of bacteria to migrate through tight and tortuous
pore spaces critically impacts our everyday lives. For
example, it can be harmful, underlying infection in the
body (1) and food spoilage (2). It can also be beneficial,
enabling bacteria to deliver drugs (3), sense and report stim-
uli (4), protect plant roots (5), and degrade contaminants (6—
8). However, despite their potentially harmful or beneficial
consequences, there is still limited understanding of how
confinement in a porous medium alters the ability of bacte-
ria to migrate; typical three-dimensional (3D) media are
opaque, precluding direct observation of cellular motion
in situ. Thus, current understanding of migration is based
on studies performed in bulk liquid.
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In liquid, peritrichous bacteria swim along straight runs
punctuated by rapid tumbles that reorient the cells, as estab-
lished for the canonical example of Escherichia coli (9).
When exposed to a gradient of chemical attractant, the cells
perform chemotaxis by biasing this motion. This process
can mediate the directed migration of a population of cells
when they continually consume a surrounding attractant:
the cells collectively generate a local gradient that they, in
turn, bias their motion along, spectacularly leading to the
formation of a coherent front of cells that continually prop-
agates (10). This phenomenon can enable populations to
escape from harmful environments or to colonize new
terrain (11). Chemotactic migration has therefore been
extensively investigated under diverse conditions in bulk
liquid (10,12,13).

However, physical confinement in a tight porous medium
imposes new constraints on the ability of cells to move. For
example, recent experiments have demonstrated that the
paradigm of run-and-tumble motility does not describe iso-
lated cells of E. coli in a gradient-free porous medium;
instead, the cells exhibit a distinct mode of motility in which
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they are intermittently and transiently trapped between
“hops” through the pore space because of interactions with
the surrounding solid matrix (14,15). Moreover, although
cells in bulk liquid bias their motion in response to a
perceived nutrient gradient primarily by modulating their re-
orientation frequency, confinement in a tight porous medium
can suppress the ability of cells to do so (14). Finally, whereas
the macroscopic migration of cells in bulk liquid proceeds at
a speed that depends solely on cellular and nutrient properties
(9,11,12), in a tight porous medium, confinement imposed by
the surrounding matrix likely also regulates the migration
speed. Hence, it is likely that confinement fundamentally al-
ters chemotactic migration, although exactly how is unclear.

Indeed, studies of microswimmers that self-propel akin to
bacteria suggest that collisions with the solid matrix can
suppress, or even completely abolish, coordinated motion
(16-19); thus, it is puzzling how coordinated multicellular
migration can even occur in confined spaces. Nevertheless,
studies in viscoelastic agar demonstrate that chemotactic
migration can still arise in these complex media, although
the presence of dispersed obstacles strongly hinders the abil-
ity of cells to spread over large length and time scales
(20,21). Unfortunately, such media are turbid, do not have
well-defined pore structures, and do not provide the ability
to precisely control the initial conditions, e.g., the density
and arrangement of cells in the pore space; hence, system-
atic studies of cell-scale interactions and their impact on
macroscopic migration are challenging. As a result, how
confinement in a tight and tortuous space impacts chemo-
tactic migration at the single-cell and population scales re-
mains poorly understood. Here, we address this gap in
knowledge by directly visualizing the migration of concen-
trated populations of E. coli in transparent, disordered, well-
defined, 3D porous media.

MATERIALS AND METHODS
Preparing porous media

We prepare 3D porous media by dispersing dry granules of cross-linked
acrylic acid-alkyl acrylate copolymers (Carbomer 980; Ashland, Wilming-
ton, DE) in liquid EZ Rich, a defined rich medium for E. coli. The compo-
nents to prepare the EZ Rich are purchased from Teknova (Hollister, CA)
and are mixed following manufacturer directions and autoclaved before
use; to prepare 100 mL EZ Rich defined media, we mix 10 mL of 10x
MOPS mixture (M2101), 10 mL of 10x ACGU solution (M2103),
20 mL of 5x Supplement EZ solution (M2104), 1 mL of 20% glucose so-
lution (G0520), and 1 mL of 0.132 M potassium phosphate dibasic solution
(M2102) in 58 mL of ultrapure milli-Q water. We ensure a homogeneous
dispersion of swollen hydrogel granules by mixing the dispersion for at
least 2 h at 1600 rpm using magnetic stirring and adjust the pH to 7.4 by
adding 10 N NaOH to ensure optimal cell viability. These granules swell
further at neutral pH, resulting in a jammed medium made of ~5-10 um
diameter swollen hydrogel particles with ~20% polydispersity and with
an individual mesh size of ~40-100 nm, as we established previously
(14), enabling small molecules (e.g., amino acids, glucose, and oxygen)
to freely diffuse throughout. A large volume (4 mL) of each resulting me-
dium is confined in a transparent-walled glass-bottom petri dish 35 mm in
diameter and 10 mm in height.
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Porous medium rheology

We use shear rheology to characterize the mechanical properties of the
porous media used. We load ~2 mL of each porous medium between two
roughened parallel plates of 50 mm diameter separated by 1 mm in an An-
ton-Paar MCR301 rheometer. To determine the stiffness of the matrix, we
use small-amplitude oscillatory rheology, with a strain amplitude of 1%
over a broad range of oscillatory frequencies (0.01-1 Hz). As shown in
Fig. S1, the elastic shear moduli remain independent of frequency and are
higher than the viscous shear moduli for all media tested, indicating that
the porous media are elastic solids. Moreover, although the media are
deformable under sufficient imposed stress, the pores are sufficiently large
to enable cells to swim through without pushing them, and the corresponding
viscous stress <1 Pa is insufficient to appreciably deform the media, which
have shear moduli ranging from 10 to 100 Pa. Direct visualization of individ-
ual cell dynamics in a migrating front confirms this expectation. A number of
trapped cells act as tracers of matrix deformations but notably do not move,
even as neighboring cells migrate by (Video S9). Thus, deformability likely
does not play a role in our experiments, and the hydrogel packings act as
rigid, static matrices. Investigating the additional influence of deformability
on chemotactic migration will be an interesting direction for future work.

The porous media are yield-stress solids, as quantified by unidirectional
shear measurements in which we measure the shear stress as a function of
applied shear rate (Fig. S1). At low shear rates, the shear stress is constant
and independent of shear rate, indicating a nonzero yield stress (~1-10 Pa)
characteristic of a solid material. At higher shear rates, however, the shear
stress follows a power-law dependence on shear rate, indicating that the
solid matrix becomes fluidized—the individual hydrogel particles rearrange
with respect to each other, and the medium yields (22). This feature enables
us to 3D print populations within the pore space in defined architectures.
Specifically, by applying a local stress larger than the yield stress, an injec-
tion nozzle can move through the porous medium and extrude cells into the
pore space, as detailed further in 3D printing bacterial populations. After
extrusion of cells into the pore space, the nozzle is moved away, and the sur-
rounding hydrogel particles rapidly redensify around the cells, reforming
the solid matrix (22-24).

In some experiments, we use gentle mixing to disperse bacteria, as
described further later. To do so, we inject a small volume (20 uL) of bacterial
culture at exponential phase (0.6 OD) inside a porous medium of a fixed over-
all volume such that the overall concentration of cells is fixed (e.g.,9 x 10° or
2 x 10" cells/mL for the experiments investigating chemotactic migration
of more dilute populations described in Fig. S3 or 6 x 10~* vol% for exper-
iments quantifying the bacterial diffusivity described in the subsection titled
Analysis of isolated cell motion). Subsequently, the medium containing cells
is subjected to gentle mixing by multiple slow infusion and withdrawal cy-
cles using a 1 mL pipette tip, stirred throughout. Owing to the yield-stress na-
ture of the hydrogel packing, during this process the pipette tip locally
rearranges the hydrogel packing and redistributes cells uniformly throughout
the interstitial space; then, after the tip is removed, the particles rapidly
densify around the cells, reforming a jammed solid matrix that surrounds
the population with minimal alteration to the overall pore structure. For
the experiments quantifying the bacterial diffusivity, this state is now the
starting point of the experiment, in which we track the trajectories of individ-
ual cells as they moved through the pore space. For the experiments investi-
gating chemotactic migration of more dilute populations, we then use this
porous medium containing uniformly dispersed cells as the inoculum that
is 3D printed as a cylinder into another cell-free porous medium using an in-
jection nozzle mounted on a motorized translation stage. The experiment
then progresses as the cells migrate from this 3D-printed cylinder outward
through the porous medium.

Characterizing pore space geometry

To measure the pore size distribution of each porous medium, we homoge-
neously disperse 200 nm diameter carboxylated polystyrene fluorescent



nanoparticles (FluoSpheres; Invitrogen, Carlsbad, CA) within the pore
space by gentle mixing. We image the motion of the tracer particles every
34 ms using a Nikon A 1R inverted laser-scanning confocal microscope (To-
kyo, Japan) with a temperature-controlled stage at 30 = 1°C. We identify
the center of each tracer using a peak finding function with subpixel preci-
sion and track the trajectory using the classic Crocker-Grier algorithm. The
tracer mean-square displacement (MSD) exhibits diffusive scaling at short
length and time scales, characteristic of free diffusion within the pore space,
and then transitions to subdiffusive scaling at sufficiently large length and
time scales because of pore-scale confinement. Measuring the transition
length scale at which the MSD becomes subdiffusive thus provides a mea-
sure of the smallest local pore dimension in the pore space; specifically, the
local pore dimension a is given by the square root of the transition MSD
plus the tracer size. Repeating this measurement for many different tracers
yields the pore size distribution, which we show in Fig. S1. To measure the
chord length distribution of each porous medium, we construct maximal-in-
tensity time projections of the videos of the 200 nm tracer particle diffusion
through the pore space. We then binarize these time projections into pore
space and solid matrix and measure the probability that a chord—a straight
line segment—fits inside the pore space. This chord length distribution is a
fundamental descriptor of porous medium geometry (14,15), as further
detailed in Formulation of continuum model.

3D printing bacterial populations

Before each experiment, we prepare an overnight culture of E. coli W3110
in Luria-Bertani (LB) media at 30°C. We then incubate a 1% solution of this
culture in fresh LB for 3 h until the optical density reaches ~0.6 and resus-
pend the cells in liquid EZ Rich to a concentration of 8.6 x 10'° cells/mL.
For the experiments described in the main text, we then use this suspension
as the inoculum that is 3D printed into the porous medium using an injec-
tion nozzle mounted on a motorized translation stage. As it moves through
the medium, the nozzle locally rearranges the hydrogel packing and gently
extrudes cells into the interstitial space; then, as the nozzle continues to
move, the surrounding hydrogel particles rapidly densify around the newly
introduced cells, reforming a jammed solid matrix (22-24) that compresses
the cellular suspension until the cells are close packed, similar to the case of
a 3D-printed colloidal suspension (23). Thus, assuming a close-packed vol-
ume fraction of 0.57 for rods of aspect ratio 4 and volume 0.6 um3, we €es-
timate the starting concentration of cells in the 3D-printed cylinders as
~0.95 x 10'? cells/mL. The 3D-printing process does not appreciably alter
the properties of the hydrogel packing, as reflected in shear rheology mea-
surements showing that different shear rates do not alter the elastic proper-
ties of the packing (22). Furthermore, this approach has been previously
used to 3D print structures made from colloidal particles of dimensions
comparable to bacteria (23), as well structures made from mammalian cells
(24).

For the case of more dilute populations explored in the experiments
described in Fig. S3, we dilute the suspension of cells in liquid EZ Rich
to the desired starting cellular concentration by gentle mixing, which uni-
formly disperses the cells, into a separate sample of the jammed porous me-
dium. We then use this medium containing cells as the inoculum that is 3D
printed into the porous medium; in this case, the 3D-printed cylinder of hy-
drogel particles and cells is osmotically matched to the surrounding packing
of hydrogel particles and retains its shape.

To 3D print the cells, we use a 20-gauge blunt needle as an injection
nozzle, connected to a flow-controlled syringe pump that injects the inoc-
ulum at 50 uL/h, which corresponds to a gentle shear rate of ~0.1 s~ inside
the injection nozzle, over two orders of magnitude lower than the shear on
the cell body because of their own swimming in bulk liquid. The nozzle is
mounted on a motorized translation stage that traces out a programmed
linear path within the porous medium, at least ~500-1000 um away
from any boundaries, at a constant speed of 1 mm/s, resulting in a cylindri-
cal population that provides a well-defined initial condition. Because the
3D-printed cylinders are ~1 cm long, the printing process requires ~10
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s. After 3D printing, the top surface of the porous medium is sealed with
a thin layer of 1-2 mL paraffin oil to minimize evaporation while allowing
unimpeded oxygen diffusion. We then commence imaging within a few mi-
nutes after printing. Once a cylinder is 3D printed, it maintains its shape un-
til cells start to move outward through the pore space. The time needed to
print each cylinder is two orders of magnitude shorter than the duration be-
tween successive 3D confocal image stacks, ~10 min. Furthermore,
because the fastest front propagates at a speed of ~14 pm/min, the overall
front moves at most half a front width between each imaged time point.
Therefore, the 3D printing is fast enough to be considered as instantaneous
when compared with bacterial migration, and the imaging is sufficiently
fast to capture the front propagation dynamics.

Imaging bacteria within porous media

To image the motion of bacteria in 3D porous media, we use a Nikon AIR
inverted laser-scanning confocal microscope at 30 = 1°C. To characterize
front formation and propagation, we acquire a vertical stack of planar
fluorescence images separated by a distance of 2.58 um along the vertical
direction and use these to generate a 3D view of the front. We acquire these
image stacks every 10-15 min for up to 18 h. We analyze these time-lapse
image stacks using a custom MATLAB (The MathWorks, Natick, MA)
script. Specifically, we measure the azimuthally averaged intensity of
each propagating front as a function of time, only considering signal
from the transverse, not the vertical (z), direction.

Analysis of isolated cell motion

As we previously demonstrated (14,15), isolated cells in gradient-free
porous media exhibit hopping-and-trapping motility with hops of length
[;, and duration 7;, punctuated by trapping events of duration 7,. To charac-
terize this behavior, we homogeneously disperse a dilute suspension of cells
(6 x 107* vol%) by gentle mixing within the different porous media. We
visualize the cells at a fixed depth within the porous media, acquiring suc-
cessive fluorescence micrographs from a slice of thickness 79 um every
69 ms. We track 14-32 cells inside each porous medium for a minimum
of 5 s. Following our previous work (14,15), we differentiate between hop-
ping and trapping using a threshold speed of 12 um/s, half the most prob-
able run speed measured in bulk EZ Rich liquid; hopping is a period during
which a cell moves at or faster than this threshold speed, and trapping is a
period during which the instantaneous cell speed is smaller than this
threshold. Although our imaging protocol yields a two-dimensional projec-
tion of 3D cellular motion, the corresponding error in differentiating be-
tween hopping and trapping is minimal as previously established (14).

Analysis of cell motion in propagating fronts

After the 3D-printed populations form propagating fronts, we image the
motion of individual cells at the leading edge of the front. We chose to
analyze cells at the leading edge of the front to facilitate comparison
with the macroscopic measurements, which also track the leading edge of
the front (as shown in Fig. 2). Indeed, studies in bulk liquid (12) show
that the local chemotactic drift of individual cells at the leading edge
matches well with the drift velocity of most of the entire front and the over-
all propagation speed of the entire front. Thus, chemotaxis of cells at the
leading edge of the front is likely to be most representative of the overall
behavior of the front. However, quantifying any systematic variation of bac-
terial dynamics with position in the front would be an interesting direction
for future work.

‘We acquire successive fluorescence micrographs from a slice of thickness
79 um every 51 ms and track between 171 and 282 cells inside each porous
medium for a minimum of 5 s. We similarly differentiate between hopping
and trapping using an instantaneous speed threshold of 12 um/s. To quantify

Biophysical Journal 120, 3483-3497, August 17, 2021 3485



Bhattacharjee et al.

possible directional biases, only the hopping and trapping events longer than
three time points (153 ms) are included in the analysis. The angle, 6, between
the direction of front propagation and the hopping direction is measured as
6=tan"'[i}; xi), /¥ -¥,] where ¥ is the vector direction of front propagation
and V), is the vector connecting the start and end point of a hop.

Connecting single-cell motility to front
propagation

Our single-cell imaging reveals that bacteria in a propagating front exhibit
hopping-and-trapping motility, much like isolated cells in gradient-free
porous media. Treating this process as a random walk then yields the
chemotactic migration velocity v given by Eq. 1; 6 represents the hopping
angle with respect to the direction of macroscopic front propagation, and
thus, /,cosf represents the projected length of a hop.

Specifically, each hop identified using imaging of single cells at the lead-
ing edge of the front yields a measurement of 6, (), and 7;,, whereas each
trapping event yields a measurement of 7,. We directly calculate p(#) using
all measurements of #, and we calculate 7, and 7, by averaging over all hop-
ping and trapping measurements. We calculate 7,(6) by averaging the
measured /;, over all hops having # within a bin spanning (6 — 66, 0 +

360°

06). Then, we calculate v as a discrete sum: v = f 5
. =
0

Z”(ﬁ’ﬂ"w‘) Si"wﬁ‘sﬁg{ji"(ﬂ’*‘sﬁ), where the sum is over all bins (6, — 60, 0; +

ThtTs
0,460
60) and p(8;) = [ p(0;)d0; represents the fraction of all hops having ori-
0,60

entations within a specified bin. To ensure our choice of bin width 266 has
no effect on the results, we vary the bin width from 45° to the smallest value
for which each bin contains at least 20 data points, corresponding to 4, 2.61,
and 10° for the media with mean pore size 2.2, 1.7, and 1.2 um, respec-
tively. The velocity results for different bin widths are shown in Fig. S6.
The calculated velocity overshoots the actual front velocity because of lim-
itations in tracking very long trap times, thus artificially lowering the
average trap time in the discrete sum and raising the velocity. However,
these plots demonstrate that the order of the three conditions tested—uni-
form p(8), uniform /;, or both p(6) and I, being #-dependent—is consistent
across all bin widths. The variation in velocity for different bin widths is
reported in the standard deviation (SD) shown in the bar charts of Fig. 3.
Replacing p(6) by a uniform distribution decreases v precipitously, confirm-
ing that biasing hopping orientation—presumably by modulating the num-
ber of flagella that unbundle during trapping, and thus the amplitude of cell
body reorientation, as has been analyzed previously (13,25-27)—is the pri-
mary driver of chemotactic migration in porous media. The results thus ob-
tained are not sensitive to the presence of hops spanning the boundary of the
field of view; removing hops beginning in a buffer region 7, wide on all
boundaries, yet keeping hops that end in this region, still yields similar re-
sults to those presented here. A similar analysis performed for cells at vary-
ing positions throughout the front will be an interesting direction for future
work; our analysis only focuses on cells at the leading edge of the front to
facilitate comparison with the macroscopic tracking of the leading edge
shown in Fig. 2. Furthermore, as suggested by others for experiments in
bulk media (12), the local chemotactic drift of individual cells near the lead-
ing edge matches well with the drift velocity of most of the entire front and
indeed the overall speed of the entire front.

Formulation of continuum model

To mathematically model front propagation, we build on previous work
(11-13,28-35) to describe the evolution of the nutrient concentration
c(r, 1) and number density of bacteria b(r, f) via Egs. 2 and 3. The contin-
uum model, which is conventionally applied to chemotactic migration in
bulk liquid or viscoelastic media, relies on two standard quantities to
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describe the motion of the population over large length and time scales:
the diffusivity, which characterizes undirected spreading, and the chemo-
tactic coefficient, which characterizes the ability of cells to bias their mo-
tion in response to a sensed nutrient gradient. Our single-cell tracking in
the absence of a nutrient gradient provides a direct determination of the
diffusivity, which we then use directly as an input to the model. Our sin-
gle-cell tracking at the leading edge of the chemotactic front also demon-
strates the importance of cellular reorientation bias in driving chemotaxis;
however, the single-cell data do not yield a direct determination of the
chemotactic coefficient because this quantity also depends on properties
of cellular chemoreceptors and signal transduction, as well as the exact
nutrient conditions, all of which are unknown. Therefore, as is convention-
ally done, we determine this parameter by directly fitting the long-time
speed predicted by the continuum model to the experimentally determined
front speed. The continuum model does not explicitly incorporate the
exact mechanism by which cells bias their motion; it simply requires a
bias in cellular motion, as confirmed by the single-cell tracking.

Choice of c(r, t)

The medium contains 10 mM L-serine as an abundant nutrient source and
attractant (36). E. coli consume L-serine first in mixed media (37) and are
known to respond most strongly to serine as a chemoattractant compared
with other components of the media we use (38-42) as well as compared
with oxygen (41). Thus, unlike other work exploring mixtures of different
nutrients and attractants (11), in our experiments we take L-serine as the pri-
mary nutrient source and attractant. When the primary nutrient and primary
attractant are different chemical species, metabolically active cells continue
to grow and divide in the wake of the propagating front (11), unlike in our
experiments, for which the inner region of the population remains fixed and
eventually loses fluorescence, indicating that it is under oxygen-limited
conditions (33). We therefore focus on L-serine in the continuum model,
represented by the concentration field c(r, ).

We note that although L-serine can exhibit toxicity at high concentrations
(43), consumption by the cells reduces the local nutrient levels by over one
to two orders of magnitude within the propagating fronts themselves (indi-
cated in Fig. 4, A-C); thus, we do not expect or see any indication of
possible toxicity of L-serine in the experiments.

Our numerical simulations focus on the nutrient concentration c(r, 1);
however, incorporating oxygen concentration as an additional field vari-
able, initially at 250 uM throughout (44), that diffuses (45) with diffusivity
2500 um?*/s and is consumed by the bacteria at a maximal rate of 1.2 X
10~ mM(cell/mL) ' s~! and with a characteristic Michaelis-Menten level
(12) of 1 uM reveals that the oxygen profile is remarkably similar to that of
the nutrient (Video S15); oxygen becomes depleted in the same region as
the nutrient, consistent with the idea that the front contains aerobically
metabolically active cells, whereas behind the front, cells are deprived of
both nutrient and oxygen.

‘We note that the nutrient levels of our liquid medium are nearly two orders
of magnitude larger than the levels under which E. coli excrete appreciable
amounts of their own chemoattractant (46). Moreover, chemoattractant
excretion results in the collapse of cells into point-like aggregates (46—48),
which are not observed in our experiments. Thus, under the nutrient-rich con-
ditions explored in our work, it is unlikely that bacteria in the front excrete
appreciable levels of their own chemoattractant.

For all of these reasons, our model incorporates a single nutrient and
attractant through the field c(r, ) for simplicity.

Nutrient diffusion

Molecules of L-serine (size ~1 nm) are nearly two orders of magnitude
smaller than the hydrogel particle mesh size ~40-100 nm. Moreover, the
L-serine isoelectric point is 5.7, lower than our pH of 7.4, and the polymers
making up the hydrogel are negatively charged under our experimental con-
ditions; we therefore do not expect that attractive electrostatic interactions
or complexation arise. Thus, we do not expect that steric or electrostatic in-
teractions with the hydrogel matrix impede L-serine diffusion, and we take



the nutrient diffusivity D, to be equal to its previously measured value in
pure liquid, 800 um?/s.

Nutrient consumption

The total rate of nutrient consumption is given by bkg(c), where « is the
maximal consumption rate per cell and g(c) = ¢/(c + cchar) describes the
influence of nutrient availability through Michaelis-Menten kinetics, i.e.,
it quantifies the reduction in consumption rate when nutrient is sparse as es-
tablished previously (11,21,49-51), with ¢, = 1 uM consistent with pre-
vious work (52). We use a value of k = 1.6 x 10~"! mM(cell/mL) " s~
comparable to values determined previously (21), which yields values of
Vs that match the experimental values and front peak heights that match
experimental values of the cellular signal.

Cellular diffusivity

Porous confinement alters both the undirected and directed components of
cell motion. Our previous work (14) showed that isolated cells move in an un-
directed manner via hopping-and-trapping motility, with a cellular diffusivity
Dy, that characterizes motion over timescales much larger than 7, ~1-10s. To
determine D, for each porous medium, we use experimental measurements of
the hopping lengths /,, and trapping durations 7, of isolated cells in gradient-
free conditions in each porous medium and calculate D, = 0.3 X ?i /37,
where the factor of 0.3 is an empirical correction determined previously
(14). We finally obtain D, = 2.32, 0.93, and 0.42 umz/s for porous media
witha = 2.2, 1.7, and 1.2 um, respectively.

Cellular chemotaxis

We employ the term —V - (bv,) to describe biased motion along a chemo-
attractant gradient, where the chemotactic velocity v. =y,Vlogf(c) quan-
tifies the abilities of individual cells to logarithmically respond to the
local nutrient gradient. Specifically, the function f(c) = 112?: established
previously (11) quantifies the ability of the cells to sense nutrient levels
(53-59), where c_ = 1 uM and ¢, = 30 uM are the characteristic bounds
of logarithmic sensing and the chemotactic coefficient yo quantifies the
ability of bacteria to bias motion in response to the sensed nutrient gradient.
Although heterogeneity in x, may be present within the population (12), we
focus our analysis on the effect of pore size by assuming all individual bac-
teria have identical chemotactic capabilities. Because our experiments
demonstrate that the ability to bias motion is dependent on pore-scale
confinement, we use Xo as the pore-size-dependent fitting parameter. We
vary Xo to match the numerically simulated long-time front speed with
that of the experiment. We finally obtain xo = 145, 9, and 5 um?/s for
porous media with a = 2.2, 1.7, and 1.2 um, respectively.

Influence of cellular crowding

Both motility parameters Dy, and x, reflect the ability of cells to move through
the pore space via a biased random walk with a characteristic step length /. In
unconfined liquid, / = Iun, the mean run length. For the case of isolated cells in
gradient-free porous media, / = I,, the mean hopping length. Hops are runs
that are truncated by obstruction by the solid matrix, and thus, the hopping
lengths /;, are determined solely by the geometry of the medium—specifically,
by the lengths of straight paths that fit in the pore space as demonstrated pre-
viously (14), with [ = I, =1, the mean length of a straight chord that fits in the
pore space (14,15,60). However, our work here focuses on highly concentrated
bacterial populations in which cell-cell collisions can become appreciable—
specifically, when the mean distance between cells, I..;, becomes smaller
than /.. In this case, cell-cell collisions further truncate /, and instead | =
1/3

— d, where fis the volume fraction of the pore space between

?('e[/ = %
hydrogel particles, b is the local bacterial number density, and d = 1 um is the
characteristic size of a cell. Thus, wherever b is so large that I,y < L., we
multiply both D, and x, in Egs. 2 and 3 by the correction factor (75(,1, /L)2
that accounts for the truncated / due to cell-cell collisions. Moreover, wherever
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b is even so large that this correction factor is less than zero—i.e., cells are
jammed—we set both D, and x to be zero. Based on our experimental char-
acterization of pore space structure (15) we use f = 0.36, 0.17, and 0.04 and
l. =4.6,3.1, and 2.4 um for porous media with @ = 2.2, 1.7, and 1.2 um,
respectively.

Cell growth

To obtain the cell doubling time 7,, we measure the first division time for
isolated cells within a gradient-free medium with pores sufficiently small
that they inhibit cellular swimming. Specifically, we measure the duration
between the first cell division and the second cell division for 13 cells to
find the average cell division time to be 7, = 60 min. The rate at which cells
grow is then given by byg(c), where ¥ = In(2)/7, is the maximal doubling
rate per cell and g(c) again describes the influence of nutrient availability
through Michaelis-Menten Kkinetics, i.e., it quantifies the reduction in
growth rate when nutrient is sparse. Because ¢ and b are coupled in our
model, we do not require an additional “carrying capacity” of the popula-
tion to be included, as is often done (11,21); we track nutrient deprivation
directly through the radially symmetric nutrient field c(r, ).

Loss of cellular signal

We experimentally observe that whereas the periphery of a 3D-printed pop-
ulation forms a propagating front, the inner region remains fixed and even-
tually loses fluorescence, indicating that it is under nutrient-limited
conditions. Specifically, the fluorescence intensity of this fixed inner popu-
lation remains constant for 74,,, = 2 h and then exponentially decreases
with a decay timescale T4 = 29.7 min (Fig. S2). We incorporate this
feature in our numerical simulations to determine the cellular signal, the
analog of measured fluorescence intensity in the numerical simulations.
Specifically, wherever (v, ') drops below a threshold value, for times ¢
> 1 + Tgeay, we multiply the cellular density b(, 1) by e (=) /Tane \yhere
¢ is the time at which the position ¥ became nutrient depleted. This calcu-
lation yields the cellular signal plotted in Figs. 4 and 5, for which delayed
fluorescence loss yields the ziggurat-like shape of the propagating front.

Implementation of numerical simulations

To numerically solve the continuum model, we use an Adams-Bashforth-
Moulton predictor corrector method in which the order of the predictor
and corrector are 3 and 2, respectively. Because the predictor corrector
method requires past time points to inform future steps, the starting time
points must be found with another method; we choose the Shanks starter
of order 6 as described previously (61,62). For the first and second derivatives
in space, we use finite difference equations with central difference forms.
The time steps of the simulations are 0.01 s, and the spatial resolution is
10 um. Because the experimental chambers are 3.5 cm in diameter, we use
aradial distance of 1.75 x 10* um for the size of the entire simulated system.

To match the symmetry of a single 3D-printed cylinder, we use a one-
dimensional axisymmetric coordinate system with variation in the radial
coordinate. To simulate two 3D printed lines (Fig. 5), we instead use a
one-dimensional Cartesian coordinate system (“slab” geometry) that
avoids the unnecessary use of two spatial coordinates while still demon-
strating the key features of the experiment. No flux boundary conditions
are used for symmetry in the center and at the walls of the simulated region
for both field variables b and c.

The initial cylindrical distribution of cells 3D-printed in the experiments
has a diameter of 100 = 10 um, so, in the numerical simulations, we use a
Gaussian with a 100 um full width at half maximum for the initial bacteria
distribution b(r, t = 0), with a peak value that matches the 3D-printed cell
density in the experiments, 0.95 x 10'? cells/mL. The initial condition of
nutrient is 10 mM everywhere, characteristic of the liquid media used in
the experiments. The initial nutrient concentration is likely lower within
the population initially because of nutrient consumption during the 3D
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printing process; however, we find negligible effects of this initial condition
on the characteristics of front propagation (Video S16).

To assess convergence of the numerical solutions, we perform simula-
tions with varying spatial and temporal resolution. Even for the case of
the largest pore size medium, which has the largest value of x¢/D, and
thus requires the finest resolution, we find the long-time front speed ob-
tained with spatial resolution of 10 um is within ~14% of that obtained
with a resolution of 5 um—in close agreement—and the bacterial profiles
b(r, t) have similar characteristics. For the intermediate pore size medium,
we find that the long-time front speed obtained with spatial resolution of 10
pm and temporal resolution of 0.01 s is within ~5% the value obtained with
spatial resolution of 5 um and temporal resolution of 0.001 s, and the bac-
terial profiles b(r, ) have similar characteristics (Fig. S8), confirming that
the resolution is sufficiently fine that our results are not strongly sensitive
to the choice of resolution.

Comparison between simulations and
experiments

The goal of our modeling is to identify the essential physics needed to
extend the classic Keller-Segel model to the case of complex porous media,
with minimal alteration to the input parameters. We therefore do not expect
perfect quantitative agreement between the experiments and simulations.
Instead, we hope that our work will motivate future extensions of the model
that provide an even better match to the experiments, as further detailed
later.

Overall, we find good agreement between the simulations and experi-
ments. Specifically, in all cases we observe a comparable crossover from
slower to faster motion, with comparable induction times, front speeds,
and front peak heights, indicating that our simplified extension of the Kel-
ler-Segel model provides an essential step toward capturing the dynamics of
chemotactic migration in porous media at the continuum scale. However,
we do observe discrepancies between the model and the experiments. These
discrepancies likely reflect 1) the influence of boundaries in the experi-
ments, 2) the simplified treatment of cell-cell collisions, and 3) differences
in the values of the exact parameters input to the simulations, as detailed
further below.

1) The influence of boundaries in the experiments. Although the experi-
ments initially have cylindrical symmetry, with the initial 3D-printed
cylinder placed far from all boundaries, as fronts propagate, they begin
to approach the bottom boundary of the imaging chamber. Specifically,
the simulations indicate that the region of nutrient depletion reaches
the bottom boundary after ~0.5-1 h for experiments in the largest
pore size media; in this case, the symmetry of the fronts is no longer
cylindrical in the experiments but has a rectilinear component. We
conjecture that this feature gives rise to the deviation in the long-
time scaling in the simulations of the largest pore size media, shown
inFig. 4 D. To test this conjecture, we have repeated the simulations
but in rectilinear coordinates; the leading-edge position of the propa-
gating front over time for simulations performed in rectilinear coordi-
nates is shown in the top panel of Fig. S10, and colors correspond to
those in Fig. 4. Stars indicate the crossover from slower to faster mo-
tion. In this case, we observe closer agreement to the scaling r ~t
observed in the experiments than simulations performed in cylindrical
coordinates, confirming our conjecture.

2) The simplified treatment of cell-cell collisions. Because confinement in-
creases the local density of cells in the pore space—increasing the pro-
pensity of neighboring cells to collide as they hop through the pore
space—in the model, we explicitly account for possible cell-cell colli-
sions that truncate both motility parameters at sufficiently large values
of the cell density. We do this using a mean-field treatment, in which
both motility parameters are truncated by a density-dependent geometric
correction factor. A key finding of our work is that incorporating cell-
cell collisions is essential in the model; neglecting them entirely, as is
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conventionally done, yields fronts that do not achieve the measured r
~t scaling for any of the porous media tested and have shapes that differ
from those seen in the experiments (as shown in Fig. S10, B and C).
However, this mean-field treatment simplifies the details of these colli-
sions, assuming that they simply truncate hops and do not alter trapping,
and also does not treat more sophisticated collective dynamics that arise
at high local cell densities in bulk liquid. Developing a more detailed
treatment of these dynamics in porous media will be a useful direction
for future work.

Differences in the values of the exact parameters input to the simula-
tions. Although our simulations use values for all input parameters esti-
mated from our and others’ direct measurements, the values used may
not exactly match those corresponding to the experiments, given the un-
certainty inherent in determining these parameters (e.g., the maximal
nutrient consumption rate, the characteristic nutrient level in the Mi-
chaelis-Menten function). Thus, the simulations may not perfectly
reproduce the experiments. For simplicity, we fix the values of these pa-
rameters using previous measurements and focus instead on the varia-
tion of the motility parameters with pore size. We anticipate that our
findings will help to motivate future work that better constrains the
values of the input parameters to the Keller-Segel model.

3

=

RESULTS

Pore-scale confinement regulates, but does not
abolish, chemotactic migration

We prepare porous media by confining hydrogel particles,
swollen in a defined rich liquid medium with L-serine as
the primary nutrient and attractant at concentrations similar
to those used in previous studies (11,21), at prescribed
jammed packing fractions in transparent chambers. The me-
dia have three notable characteristics, as further detailed in
the Materials and methods. First, the packings have interpar-
ticle pores that the cells swim through (Fig. 1 A, fop panel),
with a mean pore size a that can be tuned in the range ~1-10
um (Fig. S1), characteristic of many bacterial habitats. The
pores are sufficiently large to enable cells to swim through
without deforming the medium, and thus, the packings act
as rigid, static matrices. Moreover, because the hydrogel
particles are highly swollen, they are freely permeable to
oxygen and nutrient. As a result, the influence of geometric
confinement on cellular migration can be isolated and sys-
tematically investigated without additional complications
arising from the influence of confinement on the spatial dis-
tribution of nutrient. Second, the media are yield-stress
solids (Fig. S1); we can therefore use an injection nozzle
mounted on a motorized translation stage to introduce cells
into the pore space along a prescribed 3D path. As it moves
through the medium, the nozzle locally rearranges the hy-
drogel packing and gently extrudes cells into the interstitial
space; then, as the nozzle continues to move, the surround-
ing particles rapidly densify around the newly introduced
cells, reforming a jammed solid matrix (22-24) that sur-
rounds the population with minimal alteration to the overall
pore structure (Fig. 1 A, bottom panel). This feature enables
populations of bacteria to be 3D printed in defined initial ar-
chitectures within the porous media. Finally, these media are
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Propagating cellular fronts in porous media. (A) Schematic of a cylindrical population (green cylinder) 3D printed within a porous medium made of

jammed hydrogel particles (gray). The surrounding medium fluidizes as cells are injected into the pore space and then rapidly re-jams around the cells, as shown in
the lower schematic. Thus, the starting architecture of the 3D-printed population is defined by the path traced out by the injection nozzle. Each cylinder requires
~10s to print, two orders of magnitude shorter than the duration between successive 3D confocal image stacks, ~10 min. (B) Top and bottom panels show bottom-up
(xy plane) and end-on (xz plane) projections of cellular fluorescence intensity measured using 3D confocal image stacks. Images show a section of an initially
cylindrical population at three different times (0, 1, and 2.7 h shown in magenta, yellow, and cyan) as it migrates radially outward in a porous medium. (C)
and (D) show the same experiment in media with smaller pores; (B)—(D) correspond to media with a = 2.2, 1.7, and 1.2 um, respectively. Magenta, yellow,
and cyan correspond to 0, 1.8, and 10.3 hin (C) and 0, 1.3, and 17.3 h in (D). All scale bars represent 200 um; thus, a pixel corresponds to ~1 cell, indicating
that the cells coherently propagate via multicellular fronts over length scales spanning thousands of cell body lengths. To see this figure in color, go online.

transparent, enabling tracking of fluorescent cells in 3D as
they move over length scales ranging from that of single
cells to that of the overall population. This platform thus
overcomes three prominent limitations of common semi-
solid agar assays: they do not have defined pore structures,
they do not provide control over the spatial distribution of
bacteria within the pore space, and their turbidity precludes
high-fidelity and long-time tracking of individual cells.

To establish a defined initial condition akin to conven-
tional agar inoculation assays, we 3D print a ~1-cm-long
cylinder of densely packed E. coli, constitutively expressing
green fluorescent protein throughout their cytoplasm, within
a medium with a = 2.2 um (Fig. 1 B, magenta). The radial
symmetry simplifies analysis of how the cells subsequently

move, and the cell concentrations tested mimic those in
dense aggregates that frequently arise in environmental
and biological settings (25-27,63-68). After 3D printing,
the outer periphery of the population spreads slowly (Figs.
1 B, magenta to yellow, and 2 A, magenta and green),
with a radial position r that varies with time ¢ as ~¢"?
(Fig. 2 D, blue). Then, remarkably, this periphery spontane-
ously organizes into a coherent front of cells with an
extended tail. This front continually propagates radially out-
ward (Fig. 1 B, cyan; Fig. 2 A, blue to cyan; Videos S1 and
S2), reaching a constant speed v;, = 14 um/min (Fig. 2 D,
blue) after an induction time 7% = 2 h, demonstrating that
coordinated multicellular migration can indeed occur in
porous media. The inner region of the population, by
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with mean pore size. A replicate experiment for each
pore size yields nearly identical results, as shown in

Fig. S4, confirming the reproducibility of our observations. The uncertainty in front position in the top panel is determined by varying the intensity threshold

value used to determine the front position by =+ 10%. The uncertainty in the

front speed vy, is determined through the uncertainty in the linear fit of the

measured position versus time data beyond the induction time 7*; the uncertainty in 7* itself is given by the temporal resolution of the imaging. In all cases,
the error bars associated with the uncertainty in the measurements are smaller than the symbol size. To see this figure in color, go online.

contrast, remains fixed at its initial position and eventually
loses fluorescence (Fig. S2), indicating that it is under oxy-
gen-limited conditions.

Without nutrient, propagating fronts do not form at all, even
though cells still retain motility (Fig. S3, A and B) (69,70).
Additionally, reducing the concentration of cells in the initial
population, which reduces the rate of overall nutrient con-
sumption, increases the time required for front formation
(Fig. S3 C). Thus, front formation is mediated by bacterial
consumption of nutrient, similar to chemotactic migration in
liquid media. However, the propagation speed is over two or-
ders of magnitude smaller than the unconfined cellular swim-
ming speed and over an order of magnitude smaller than the
speed of unconfined fronts (12,13); clearly, pore-scale
confinement regulates the dynamics of chemotactic migration.

Individual cells bias their motion via a
fundamentally different primary mechanism in
porous media

Although the fronts of cells continually propagate outward,
the individual cells do not; single-cell tracking at the leading
edge of a front reveals that the cells still continue to move in
all directions (Fig. 3, A and B). Our tracking focuses on cells
at the leading edge to enable high-fidelity and long-time
tracking while avoiding artifacts arising from the high
cellular density in the crowded peak of the front. Moreover,
it facilitates direct comparison with the macroscopic mea-
surements shown in Fig. 2, which also focus on the motion
of the leading edge; indeed, previous experiments per-
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formed in bulk liquid (12) have shown that the dynamics
of cells at the leading edge of a chemotactic front are repre-
sentative of the overall front dynamics.

Cells in the front exhibit hopping-and-trapping motility
(Video S3), much like isolated cells in porous media
(14,15). In particular, each cell moves along a straight
path of length [, within the pore space over a duration
T,—a process known as hopping—until it encounters a tight
spot and becomes transiently trapped. It then constantly re-
orients its body until it is able to unbundle its flagella after a
duration 7,, which enables it to escape and continue to hop
through the pore space (14). This mode of motility is distinct
from the paradigm of run-and-tumble motility exhibited in
bulk liquid; in bulk liquid, runs extend along straight-line
paths ~40 um long, whereas in a tight porous medium, a
cell collides with an obstacle and becomes transiently trap-
ped well before it completes such a run. Thus, hops are runs
that are truncated by collisions with the surrounding solid
matrix, with lengths that are set by the geometry of the
pore space (15). This process can be modeled as a random
walk—in this case, with steps given by the hops, punctuated
by pauses owing to trapping (Fig. 3 B).

How do these seemingly random motions collectively
generate a directed, propagating front? In bulk liquid, cells
detect changes in nutrient along each run and then primarily
modulate the frequency of tumbling to bias their run length,
resulting in longer runs along the direction of propagation
and shorter runs in the opposite direction (Fig. 3 C; (9)).
However, it is unlikely that a similar mechanism could
mediate migration in porous media: cells cannot elongate
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FIGURE 3 Biased motion of single cells in
propagating fronts is altered by confinement. (A)
Magnified bottom-up fluorescence intensity pro-
jection of a propagating front, showing individual
cells. Arrow indicates direction of overall propaga-
tion. Scale bar represents 200 um. (B) Representa-
tive trajectory of a single cell at the leading edge of
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H the front, over a duration of 14.9 s. The cell is
10k | localized during trapping but moves in a directed
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3 > is upward. Scale bar represents 10 um. (C) Sche-
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the direction of propagation and shorter runs in
the opposite direction, as shown by the dark gray
arrows. (D) Mean lengths of hops along different
orientations |f] with respect to the front propaga-
tion direction. We observe no marked directional
bias; the bars are of similar length for all orienta-
tions. (E) Symbols show the probability density
of hopping lengths along different orientations
within the ranges indicated by the legend; curve
shows measured chord length distribution func-
tion, which is determined by geometry, for the
porous medium. The agreement between the symbols and the curve indicate that the distribution of hopping lengths is set solely by pore geometry, indepen-
dent of orientation. The chord lengths are always <40 um, the length of runs in homogeneous liquid; therefore, even the longest possible hops are shorter than
runs—indicating that hops are runs that are truncated by collisions with the surrounding solid matrix. Thus, in these experiments, hops that are larger than the
cell size are well defined and have lengths set by the chord length. We observe slight discrepancies at the smallest hopping lengths that are comparable to the
length of the cell body and flagella combined and therefore approach the limit in which the chords are not large enough to enable hopping because of the
excluded volume of the cell itself. In this limit of strong confinement, we do not expect close agreement between the chord length and the hopping length
distributions. (F) Schematic showing the primary mechanism by which cells bias their motion in porous media. Light gray arrows show the unbiased random
walk of a cell in gradient-free conditions; in the presence of a nutrient gradient indicated by the gray triangle, cells modulate the degree of reorientation to bias
their hopping orientation, resulting in more hops along the direction of propagation, as shown by the dark gray arrows. (G) Probability density of hopping
along different orientations. We observe a slight directional bias: the bars are longer, indicating more hops, for orientations along the direction of front prop-
agation, 0 < || < 90°. In particular, 52.2% of hops have an angle between [0, 90°), whereas only 47.4% have an angle between (90°, 180°]; the remaining
0.4% occur at 90°. (H) Chemotactic migration velocity calculated using Eq. 1, replacing orientation-dependent hopping lengths with the mean (first bar) or
replacing orientation-dependent hopping probability with a uniform distribution (second bar). Error bars show SD of velocity calculated using different angle
bin widths. All data are for ¢ = 2.2 um, from an additional replicate of the experiment presented in Fig. 2 that yields similar behavior. Importantly, we consis-
tently find similar results to those shown in (D)—(H) in additional experiments testing smaller pore sizes, as shown in Figs. S6 and S7. All the data shown here
and in Figs. S6 and S7 correspond to cell trajectories that span between 5 and 143 s, thereby incorporating between 5 and 488 hops, ensuring that we capture
multiple hopping events and can indeed capture the complex mechanisms of cellular motion. We note that the distributions in both (D) and (G) have an
apparent dip at § = 0°. However, it is similar in magnitude to the slight decreases observed across other angles, which likely reflect the scatter in the
data; moreover, we do not observe a similar feature for experiments performed in the two other porous media with smaller pore sizes, shown in Fig. S7.
Thus, we are not able to conclude whether this effect is meaningful. To see this figure in color, go online.
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their hops because of obstruction by the solid matrix, nor Another mechanism also arises, albeit weakly, for chemo-

can they shorten hops because confinement by the matrix
suppresses the flagellar unbundling required to stop mid-
hop (14). Single-cell tracking confirms this expectation:
the mean hopping lengths /, measured for hops along a
given orientation 6 relative to the direction of front propaga-
tion show no marked directional bias (Fig. 3 D). The distri-
bution of hopping lengths is instead set by pore geometry,
independent of 6, as quantified by the chord length distribu-
tion—the probability that a straight chord of a given length
1. fits inside the pore space (Fig. 3 E). Hence, another mech-
anism must be at play.

tactic migration in bulk liquid; cells modulate the number of
flagella that unbundle, and thus the degree to which their
bodies reorient, during tumbling to bias the orientation of
their next run (Fig. 3 F) (16,71-73). However, this mecha-
nism only accounts for ~30% of the overall speed of front
propagation in bulk liquid, with run length anisotropy ac-
counting for ~70% (13). Hence, why E. coli also employ
this secondary mechanism during chemotaxis has remained
a puzzle thus far.

Given that cells cannot appreciably bias their hop lengths
in a porous medium, we conjecture that this putatively
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secondary mechanism, biasing hopping orientation, is the pri-
mary driver of chemotactic migration in porous media. In this
mechanism, cells detect local changes in nutrient, which arise
because of consumption by the entire population, along each
hop. The cells then modulate their reorientation during trap-
ping to bias the direction of their next hop along the nutrient
gradient. Indeed, 90% of measured trapping events are
shorter than 4 s (Fig. S5), the mean duration over which
E. coli “remember” exposure to nutrient (74), suggesting
that this mechanism is plausible. To directly test this hypoth-
esis, we use our single-cell tracking to examine the probabil-
ity of hopping along a given orientation, p(f). Consistent with
our expectation, we find that hops along the direction of front
propagation (0 < |0] < 90° in Fig. 3 G) are slightly more
frequent than hops in the opposite direction (90 < 4] <
180°). To quantify the relative importance of this bias in
the hopping orientation, we use these data to directly
compute the chemotactic migration velocity

v 0)1,(0 0
o [ pkOss,

Th + T

)]

0°

Replacing [,(f) by its orientation-averaged value only
changes v by ~20% (first bar in Fig. 3 H), confirming that
biasing hopping length is not the primary mediator of
chemotaxis, in stark contrast to the case of bulk liquid. Strik-
ingly, however, replacing p(¢) by a uniform distribution de-
creases v precipitously, by over 80% (second bar in Fig. 3
H), confirming that biasing hopping orientation is the pri-
mary driver of chemotactic migration in porous media.

To further explore the influence of pore-scale confinement,
we repeat our experiments in two additional media having
even smaller mean pore sizes, 1.7 and 1.2 um (Videos S4,
S5, S6, and S7). We again observe two regimes of expansion
in time, with initial slow spreading followed by motion with r
~t (Figs. 1, C and D, 2, B and C, and 2 D, green and
magenta). Confinement is again a key regulator of these dy-
namics. With increasing confinement, the induction time in-
creases, whereas the front propagation speed considerably
decreases (Fig. 2 D, lower panel). The morphology of the
front itself is also strongly altered by confinement: both the
maximal cell density within the front and the width of its
tail decrease with increasing confinement (Fig. 2, B and C).
Single-cell tracking again reveals that cells migrate by
biasing hopping orientation, not by biasing hopping length
as is generally assumed, and that this bias consistently repre-
sents the primary contribution to the chemotactic migration
velocity (Figs. S6 and S7). These effects are all missed by
models of chemotactic migration in bulk liquid, in which
front dynamics are determined solely by the intrinsic ability
of cells to alter and respond to their chemical environment,
without considering physical constraints imposed by the
environment (28). Other models consider environmental con-
straints by treating cellular motility parameters as fitting pa-
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rameters or assuming their values using idealized models
(21,75-77). By contrast, our experiments provide a direct
way to assess how current models can be extended and
applied to describe chemotactic migration in tight porous me-
dia, as detailed later.

A continuum description of chemotactic
migration requires motility parameters to be
strongly altered

Our experiments reveal a clear separation of length and time
scales between the biased random walks of individual cells
(Fig. 3, A and B) and the directed propagation of the overall
front over large length and time scales (Figs. 1 and 2), hint-
ing that the macroscopic features of front propagation can
be captured using a continuum description. Thus, we test
whether front dynamics can be described using the classic
Keller-Segel model, which is conventionally applied to
chemotactic migration in bulk liquid or viscoelastic media
(11-13,21,28). Specifically, we model the evolution of the
nutrient concentration c(r, f) and number density of bacteria
b(r, t) via the coupled equations
dc

_ = X 2 —
Py D.V-c — bkg(c) 2

and

& = Db~ V- pVlogf(0)] + byl B)
as detailed in the Materials and methods. Equation 2 relates
the change in ¢ to nutrient diffusion through the medium
and consumption by the population; D.. is the nutrient diffu-
sivity, « is the maximal consumption rate per cell, and g(c) =
7o describes the influence of nutrient availability relative
to the characteristic concentration ¢, through Michaelis-
Menten kinetics. Equation 3, in turn, relates the change in b
to undirected hopping-and-trapping with diffusivity D,
biased hopping with the chemotactic coefficient y, and
nutrient-sensing function f{c) = iiﬁ?i; where ¢_ and ¢, are
characteristic bounds on cellular sensing, and net growth
with maximal rate vy. Hence, this model relies on two stan-
dard quantities to describe the motion of the population
over large length and time scales: the diffusivity D,,, which
characterizes undirected spreading, and the chemotactic co-
efficient x(, which characterizes the ability of cells to bias
their motion in response to a sensed nutrient gradient. In
bulk liquid, their values simply depend on intrinsic cellular
processes; D), is determined by the run speed and tumbling
frequency (9), whereas x additionally depends on properties
of cellular chemoreceptors and signal transduction (28). In
porous media, however, confinement inhibits the ability of
cells to move; it is therefore unclear whether the Keller-Segel
model can describe front propagation in these more complex
settings, and, if so, how it must be modified.




To answer these questions, we numerically solve Eqgs. 2
and 3 using values for all parameters estimated from direct
measurements, as detailed in the Materials and methods,
except xo, which we obtain by directly matching the asymp-
totic front propagation speed measured in our experiments.
Importantly, we obtain D,, from direct measurements of bac-
terial hopping lengths and trapping durations as previously
established (14), instead of treating it as an additional free
parameter or assuming its value using idealized models as
is often done (21,75-77). Furthermore, to facilitate compar-
ison to the experiments, we determine the cellular signal—
the analog of the experimentally measured fluorescence
intensity in the numerical simulations—by incorporating
the fluorescence loss observed in the experiments under star-
vation conditions. Finally, because confinement increases the
local density of cells in the pore space, increasing the propen-
sity of neighboring cells to collide as they hop through the
pore space, we explicitly account for possible cell-cell colli-
sions that truncate both D, and x at sufficiently large values
of b. Indeed, the porous media are highly confining, with pore
sizes <8 um (Fig. S1), comparable to the size of a single cell
body and its flagella. Thus, because the pore space is too
small to fit multiple cells side by side, we expect that cell-
cell interactions are necessarily restricted to end-on interac-
tions. This feature of confinement in a tight porous medium is
starkly different from the case of cells in bulk liquid, in which

Chemotactic migration in porous media

short-range side-by-side interactions promote alignment of
cell clusters and result in cooperative motions at high cell
densities. Single-cell imaging of cell-cell interactions in the
pore space confirms this expectation, indicating that cell-
cell collisions truncate the hopping lengths of moving cells
(Videos S8 and S9). Motivated by this observation, we adopt
a simplified mean-field treatment of cell-cell interactions in
which cells truncate each other’s hops in a density-dependent
manner. Because both motility parameters D, and x, reflect
the ability of cells to move through the pore space via a biased
random walk with a characteristic step length /, we expect
that they vary as o /% with [ set by the mean chord length
1. in the absence of collisions. However, when the cell density
is sufficiently large, the mean distance between neighboring
cells [..;; decreases below I.; in this case, motivated by the
experimental observations, we expect that cell-cell collisions
truncate ! to =1.;. Therefore, wherever 0 < l..; < I, we
multiply both the density-independent parameters D, and
Xo by the density-dependent correction factor (I..; / 76)2. In
this treatment, as the cellular density increases, and thus
the mean spacing between cells decreases, they increasingly
truncate each other’s motion and the motility parameters D,
and x( decrease, eventually becoming zero when the cells are
so dense that they do not have space to move.

This model indeed yields fronts of cells that form and prop-
agate outward (solid curves in Fig. 4, A—C; Videos S10, S11,

A 0.20] D10 FIGURE 4 Continuum model captures dynamics of
Sl propagating cellular fronts in porous media. (A—C) Nu-
0.15 s .-_E merical simulations of cellular signal (solid lines) and
‘ g [ 10 nutrient concentration (dashed lines), normalized by
0.10F| = maximal initial value, for different radial positions
| _§ 100k 4 and at different times. Top to bottom panels show re-
0.05 | 3 F ] sults for media with a = 2.2, 1.7, and 1.2 um, respec-
g r ] tively. In all cases, the population initially spreads
B 0.00 £t [J22wm |  outward and then organizes into a front, indicated by
__ 003 z|o 3 E 1 ;i: {  the peak in the profiles, that propagates outward, as
1 é % - L L in the experl.ments. (D) Leac.ilng—ed'ge position r of
3 0.02 § 8 10 100 the propagatlr?g front over time f; inset shows raw
= sl3 E Rescaled time data, and main panel shows data rescaled by the
% s g =15F . A 105 lengths and times (star) of the crossover from the
8 0.01 glo E g short-time slow r ~1""? scaling to the long-time fast
£ T3 E: 10F [ §' r ~t' scaling. We observe slight deviations from the r
S 0.00 4 S O 5 5’ ~t scaling for the @ = 2.2 um data at long times; these
0.03 § 5F A :" reflect the influence of boundaries in the system, as
o B «/\ ) . O 0 ?’; indicated by additional simulations (Fig. S10). (E) Up-
| 1! ~  per panel shows variation of front propagation speed
0.02- V—li (upward triangles), determined from the long-time
_.--"105 \/ Q »  variation of the leading-edge position, and induction
0.01L . -eile=T g o I 0‘§ time (squares), defined as the time at which the cross-
10.3h “~ 10%F 7 8 & over from the short-time slow r ~¢'? scaling to the
s <0 = long-time fast  ~¢' scaling is observed, with mean
0.00 L ‘ 0.0 ‘ ‘ 10° pore size, as determined from the simulations. Lower

0 500 1000 1500 1.0 15 2.0 2.5 - [
Position (um) Mean pore size (um) panel shows variation of cellular diffusivity (circles),

which is directly obtained from experiments, and

chemotactic coefficient (downward triangles), which is determined from the simulations, with mean pore size. The uncertainty in front position in the top panel
is determined by varying the threshold value used to determine the front position by = 10%. The uncertainty in the front speed vy, is determined by computing the SD
in the vy, obtained by measuring the slope of the measured position versus time data for three successive 30 min periods at the end of the simulation, and the un-
certainty in 7 is again given by the temporal resolution of the simulation. In all cases, the error bars associated with the uncertainty in the measurements are smaller

than the symbol size. To see this figure in color, go online.
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and S12), driven by their self-generated nutrient gradient
(dashed curves); in the absence of growth, fronts still form
and propagate, but their motion is hindered in a confine-
ment-dependent manner (Fig. S9). The numerical solutions
thus obtained capture the main features observed in the ex-
periments; for all three pore sizes, the population first spreads
slowly, driven by the initially steep gradient in bacterial den-
sity, and then transitions to motion with r ~¢ (Figs. 4 D and
S10) once this gradient has smoothed out (Fig. S11). More-
over, with increasing confinement, the induction time in-
creases, whereas the front speed, the maximal cell density,
and the width of the tail all decrease considerably (Fig. 4,
A-C and E), consistent with the experimental results. As ex-
pected, the dynamics and morphologies of the fronts depend
strongly on the motility parameters D;, and xo. However, un-
like the case of bulk liquid, for which these parameters are set
solely by intrinsic cellular processes, in tight porous media,
confinement reduces these parameters by up to three orders
of magnitude (Fig. 4 E, bottom panel) (11,12). Furthermore,
confinement-induced cell-cell collisions play a key role in
regulating chemotactic migration; when the influence of
crowding-induced collisions is not accounted for, the simu-
lated fronts do not exhibit the transition to motion with r
~t observed in the experiments for any of the media tested,
nor do they have the same shapes as those seen in the exper-
iments (Fig. S10). Together, these results indicate that the
Keller-Segel model can indeed describe front propagation
in porous media at the continuum scale, but only when the
motility parameters are substantially altered in a confine-
ment-dependent manner.

Continuum model describes long-range sensing
by bacterial populations

Why can bacteria coordinate their migration in porous media,
whereas many other microswimmers seemingly cannot?
These classes of microswimmers rely on short-range interac-
tions to coordinate their motion (78). By contrast, chemo-
tactic migration relies on the coupling between a
population-generated nutrient gradient, which extends over
long distances spanning hundreds of cell lengths (dashed
curves, Fig. 4, A—C), and biased cellular motion along this
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gradient. Hence, solely through nutrient consumption,
different bacteria can collectively influence and coordinate
each other’s motion across long distances even when strongly
confined. As a final demonstration of this point, when the sep-
aration between two populations is smaller than the length
scale ~500 um over which nutrient is depleted, they “smell”
each other, and fronts only propagate away from, not toward,
each other in both simulations and experiments (Fig. 5, A and
B, top row; Video S13). By contrast, when the separation is
much larger, fronts propagate both toward and away from
each other (Fig. 5, A and B, bottom row; Video S14). Thus,
the framework developed here provides principles to both
predict and direct chemotactic migration.

DISCUSSION

Studies of motility are typically performed in bulk liquid,
even dating back to the discovery of bacteria, “all alive in
a little drop of water,” in 1676. However, many bacteria
inhabit tight and tortuous porous media. Our work demon-
strates that chemotactic migration can be fundamentally
different in porous media than in bulk liquid. The paradigm
of E. coli chemotaxis is that individual cells bias their mo-
tion primarily by modulating the frequency of reorienta-
tions, possibly with a small additional contribution due to
biased reorientation amplitude. Why cells also employ this
second mechanism has remained a puzzle thus far. Through
direct tracking of cells performing chemotactic migration,
our experiments reveal that this second mechanism is, in
fact, the primary driver of chemotaxis in tight porous media.
Thus, cells employ different mechanisms that enable them
to bias their motion and forage for nutrients in different en-
vironments (73), motivating future studies of motility in a
variety of complex settings.

Our experiments also provide a direct test of the applica-
bility of the classic Keller-Segel model in describing chemo-
tactic migration in highly confining porous media. Although
this continuum model is broadly used for migration in bulk
liquid or viscoelastic media (11-13,21), whether it provides
a suitable description of migration in tight spaces has thus far
remained unknown. Consequently, applications utilize the
Keller-Segel model (21,28,75,77) by treating both motility

FIGURE 5 Nutrient depletion directs front propa-
gation over long ranges. (A) Numerical simulations
and (B) end-on (xz) fluorescence intensity projec-
tions for experiments showing front propagation
from two initially cylindrical populations with axes
separated by 500 um (upper row) or 5 mm (lower
row). Cells diffuse but fronts do not propagate be-
tween the closely separated cylinders, as shown by
the cell-depleted region between the two at all times;
by contrast, fronts do propagate between the further-
separated cylinders. Scale bars represent 500 um. To
see this figure in color, go online.



parameters D, and x as fitting parameters, estimating them
using ad hoc approximations, or instead turn to agent-based
models that explicitly simulate the different cells, which pro-
vides tremendous insight but does not provide a more
straightforward continuum description (79). The comparison
between our experiments and simulations demonstrates that
the Keller-Segel model indeed describes chemotactic migra-
tion in porous media, but only when two modifications are
incorporated: 1) the cell density-independent motility param-
eters are reduced by several orders of magnitude from values
obtained using conventional liquid assays, reflecting the hin-
dered motion of individual cells in the tight pore space, and 2)
these motility parameters are further corrected to incorporate
the influence of density-dependent cell-cell collisions, which
arise more frequently in a tight pore space. Thus, pore-scale
confinement is a key factor that regulates chemotactic migra-
tion and should not be overlooked. Indeed, because the
framework developed here describes migration over large
length and time scales, we expect it could help more accu-
rately describe the dynamics of bacteria in processes ranging
from infections, drug delivery, agriculture, and bioremedia-
tion. Furthermore, many other active systems—ranging
from other prokaryotes, cancer cells, white blood cells,
amoeba, enzymes, chemically sensitive colloidal micro-
swimmers, and chemical robots (80-86)—also exhibit
chemotaxis, frequently in complex environments and
following similar rules as E. coli. Thus, the principles estab-
lished here could be used more broadly to describe collective
migration for diverse forms of active matter.

Our extension of the Keller-Segel model represents a key
first step, to our knowledge, toward describing the full
spatiotemporal features of chemotactic migration at the con-
tinuum scale, capturing the transition from slow to faster
motion, as well as the variation of the induction time, the
front speed, the maximal cell density in the front, and the
width of the tail of the front with pore size observed in
the experiments. However, we observe slight differences
in the dynamics of the leading edge and in the shapes of
the simulated fronts than those observed experimentally.
These may reflect the mean-field treatment of cell-cell col-
lisions in the model, which simplifies the details of these
collisions and does not treat more sophisticated collective
dynamics that arise at high local cell densities in bulk liquid
(87-91). Developing a more detailed treatment of these dy-
namics in porous media will be a useful direction for future
work. Furthermore, because our hydrogel porous media are
permeable to oxygen and nutrient—similar to many biolog-
ical gels, as well as many microporous clays and soils—they
enable us to isolate the impact of geometric confinement on
cellular migration. However, many other porous media are
composed of solid matrices that are impermeable to oxygen
and nutrient, resulting in more complex spatial profiles of
nutrient that may also alter how cells bias their motion.
Moreover, these settings often have fluid flow, which can
further alter oxygen, nutrient, and cellular profiles in inter-

Chemotactic migration in porous media

esting ways. Exploring the added influence of such com-
plexities will be an interesting extension of our work.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.05.012.
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Supplementary Movie Captions

Movie S1 (separate file): Bottom-up view of chemotactic migration in media with largest
pores. Maximum intensity projection of chemotactic migration from a cylinder of close-packed E.

coli 3D-printed within a medium witha = 2.2 pym.

Movie S2 (separate file): End-on view of chemotactic migration in media with largest pores.
Maximum intensity projection of chemotactic migration from a cylinder of close-packed E. coli

3D-printed within a medium with a =2.2 ym.

Movie S3 (separate file): Single cell hopping and trapping at the leading edge of a
propagating front. Bottom-up imaging of cells at the leading edge of a front propagating in a

medium with a = 2.2 pm; direction of front propagation is upward.

Movie S4 (separate file): Bottom-up view of chemotactic migration in media with medium
sized pores. Maximum intensity projection of chemotactic migration from a cylinder of close-

packed E. coli 3D-printed within a medium with a = 1.7 pm.

Movie S5 (separate file): End-on view of chemotactic migration in media with medium sized
pores. Maximum intensity projection of chemotactic migration from a cylinder of close-packed E.

coli 3D-printed within a medium witha = 1.7 pm.



Movie S6 (separate file): Bottom-up view of chemotactic migration in media with smallest
pores. Maximum intensity projection of chemotactic migration from a cylinder of close-packed E.

coli 3D-printed within a medium witha = 1.2 pym.

Movie S7 (separate file): End-on view of chemotactic migration in media with smallest pores.
Maximum intensity projection of chemotactic migration from a cylinder of close-packed E. coli

3D-printed within a medium with a = 1.2 ym.

Movie S8 (separate file): Cell-cell collisions truncate hopping. Bottom-up imaging of two cells
of E. coli colliding within a porous medium. The cell bodies are shown in green, and the
fluorescently-labeled flagella, which help determine the orientation of the moving cell, are shown
in magenta. One cell (initially in the top right) is moving along a hop in the pore space, while the
other (middle) is trapped for the duration of the movie. The moving cell eventually collides with the
initially trapped cell, which causes it to become transiently trapped itself, until it can eventually
reorient and continue to move through the pore space. Thus, this cell-cell interaction truncates
the hopping length of the moving cell. In this experiment, cells are dispersed in a medium with a
= 3.6 um swollen in liquid LB, and flagella are labelled using Alexa Fluor dye, as detailed in our

previous work (Ref. 14).

Movie S9 (separate file): Cell-cell collisions truncate hopping in a migrating front, and cell
swimming does not appreciably deform the solid matrix. Bottom-up imaging of cells within a
front propagating in a porous medium to the left, imaged > 4h after 3D-printing the initial cylindrical
inoculum. Moving cells collide with each other due to crowding, truncating each other’s hopping;
however, we do not observe any other cooperative motions. Furthermore, a number of trapped
cells act as tracers of matrix deformations; they do not move noticeably, even as neighboring cells

migrate by, indicating that the solid matrix is not appreciably deformed by cell swimming. In this
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experiment, the medium has a = 3.6 pm swollen in liquid LB, with properties detailed in our

previous work (Ref. 14).

Movie S10 (separate file): Numerical simulation of chemotactic migration in media with
largest pores. Numerical simulations of cellular signal (blue lines) and nutrient concentration (red
lines), normalized by maximal initial value, for different radial positions and at different times, for a

medium with a = 2.2 pm.

Movie S11 (separate file): Numerical simulation of chemotactic migration in media with
medium sized pores. Numerical simulations of cellular signal (blue lines) and nutrient
concentration (red lines), normalized by maximal initial value, for different radial positions and at

different times, for a medium with a = 1.7 pm.

Movie S12 (separate file): Numerical simulation of chemotactic migration in media with
smallest pores. Numerical simulations of cellular signal (blue lines) and nutrient concentration
(red lines), normalized by maximal initial value, for different radial positions and at different times,

for a medium with a = 1.2 pm.

Movie S13 (separate file): End-on view of chemotactic migration from two closely-spaced
cylindrical populations. Maximum intensity projection of chemotactic migration from two
cylinders of close-packed E. coli 3D-printed within a medium with a = 1.7 pm and with axes

separated by 0.5 mm. Chemotactic fronts only move outward, not inward between the cylinders.

Movie S14 (separate file): End-on view of chemotactic migration from two well-spaced
cylindrical populations. Maximum intensity projection of chemotactic migration from two
cylinders of close-packed E. coli 3D-printed within a medium with a = 1.7 pm and with axes

3



separated by 5 mm. Chemotactic fronts move both outward and inward between the cylinders.

Movie S15 (separate file): Numerical simulation of oxygen levels during chemotactic
migration in media with medium size pores. Numerical simulations of cellular signal (blue lines)
and oxygen concentration (red lines), normalized by maximal initial value, for different radial
positions and at different times, for a medium with a = 1.7 ym. The resulting oxygen profile is
qualitatively similar to the nutrient profile shown in Movie S9. Both oxygen and nutrient are
depleted behind the front, supporting our expectation that the front contains aerobically

metabolically active cells while behind the front cells are starved.

Movie S16 (separate file): Numerical simulation of chemotactic migration in media with
medium size pores, with initial nutrient depletion. Numerical simulations of cellular signal (blue
lines) and nutrient concentration (red lines), normalized by maximal initial value, for different radial
positions and at different times, for a medium with a = 1.7 pm. In this case, the nutrient is not
saturated everywhere initially, but is instead depleted within the initial population; however, we

find identical results to the case with nutrient saturated everywhere.
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Figure S1. Characterization of porous media. (Left) Using measurements of many different tracers, which
obtain the complementary cumulative distribution function 1-CDF(a) for each of the three porous media;
here, CDF(a) = Y ap(a)/Xq ap(a) and p(a) is the number fraction of pores having dimension a. To
determine the mean pore size, we fit an exponential ~e~%/4 to 1-CDF(a) for each medium and report the
mean pore size as a = A + a, where a, is the largest pore size with CDF = 0. (Middle) Small-amplitude
measurements of elastic (closed symbols) and viscous (open symbols) shear moduli, G’ and G” respectively,
of the porous media at different oscillatory frequencies. The legend indicates the hydrogel mass fraction used
to prepare the media. The elastic moduli are frequency independent and are larger than the viscous moduli,
indicating that the porous media are elastic solids. (Right) Measurements of shear stress as a function of
applied unidirectional shear rate. At low shear rates the porous media behave like elastic solids with a yield
stress given by the low shear rate asymptote of the curves shown; at high shear rates the media become
fluidized.
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Figure S2: Oxygen-depleted cells remain trapped in initial position and eventually lose fluorescence.
(Left) Fluorescence micrograph of cells trapped at the initial position of a cylindrical population ~17 h after
3D printing, well after front formation and propagation away. The cells are nonmotile and lose fluorescence;
this image was taken by increasing the excitation intensity by ~29 times than used in all other experiments.
(Right) Total fluorescence intensity measured at the center of a cylindrical population, normalized by initial
intensity, in two different porous media with different mean pore sizes, indicated by the legend. Initially the
cells migrate radially outward, leading to an initial slight decrease in fluorescent intensity (light symbols). The
cells that remain trapped in their initial position maintain fluorescence for t4.,, = 2 h and then lose
fluorescence over a time scale of T4, = 29.7 min, which likely reflects oxygen deprivation since the GFP
that enables cells to be fluorescent requires oxygen to properly fold.
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Figure S3: Front propagation is modulated by nutrient consumption. (A) Fronts do not form without
nutrient. We 3D-print a cylinder of dense-packed E. coli within a medium prepared using 0.75% mass fraction
hydrogel swollen in nutrient-free M9 minimal media instead of nutrient-rich EZ Rich media. We find that the
population spreads outward diffusively, but does not form fronts, over the time scale required for fronts to
form in nutrient-rich media (magenta: 0 h, yellow: 1 h, cyan: 2 h) — even though the cells remain motile over
this time scale (since the edge of the population is not oxygen-depleted), corroborated by the data in panel
B, consistent with previous studies indicating that E. coli remains motile without nutrients, powered by their
endogenous metabolism, over this time scale (e.g., Refs. 90-91). Thus, when nutrient is present, consumption
by the cells generates the local gradient that they in turn bias their motion along — an essential requirement
for chemotactic migration. Left panel shows bottom-up fluorescence micrograph of the population as it
spreads, while right panel shows normalized intensity profiles through the 3D-printed population. (B)
Distributions of instantaneous swimming speed of cells in bulk nutrient-free M9 minimal liquid media. (C)
Front formation takes longer in more dilute populations. Data for a cylindrical population 3D-printed at
different initial cell densities (horizontal axis) in a medium with a = 1.7 pm. The left vertical axis indicates the
long-time speed of the propagating front formed vy,., while the right vertical axis indicates the front formation
time measured by monitoring when the fluorescence intensity measured from cells within the initial position
of the cylinder begins to drop. The uncertainty in the front speed vy, is determined through the uncertainty
in the linear fit of the measured position versus time data beyond the induction time =*; the uncertainty in *
itself is given by the temporal resolution of the imaging. In all cases, the error bars associated with the
uncertainty in the measurements are smaller than the symbol size.
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Figure S4: Dynamics of front propagation are reproducible. To confirm the reproducibility of our findings,
we perform replicate experiments for each pore size tested. As in the experiments described in Figs. 1-2, we
3D-print a ~1 cm-long cylinder of densely-packed E. coli in each medium and visualize the subsequent
cellular dynamics. In each experiment, we again find that coherent fronts of cells form and propagate
outward. Moreover, by tracking the position of the leading edge of the front over time, we determine the front
speed vy, and find excellent quantitative agreement between the results shown in Figs. 1-2 (“Replicate 1)
and the replicate experiments (“Replicate 2”). For the Replicate 2 experiments we image the central plane of
the 3D printed bacterial colonies, collecting data from an optical thickness of 78.5 ym. We track the position
of the leading edge of the wave by setting an intensity cutoff above the noise floor (0.1-1% of initial population
intensity or 1-5% of peak intensity after wave formation). Average front locations are identified from three
different intensity cutoff (by varying them by +/- 10%). Beyond the induction time, we extract the speed of
the chemotactic front by measuring the slope of the average position vs time data.
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Figure S5: Trapping duration distributions of cells at the leading edge of the front. We track individual
cells at the leading edge of propagating fronts measured in media with three different mean pore sizes,
indicated by the legend. The cells exhibit hopping-and-trapping motility; similar to isolated cells in gradient-
free media, the probability density of trapping durations exhibits a power-law tail. Notably, the majority of
trapping durations is smaller than the mean chemotactic memory time of E. coli, ~4 s. The three distributions
represent three separate experiments, one in each medium of a different pore size; in each experiment, we
track hundreds of cell trajectories (between 170 and 280) from time-lapse images captured at 5-12 different
locations along the leading edge of each propagating front. Altogether, these data represent the statistics for
between approximately 600-2300 hopping and 1700-6800 trapping events for each medium.
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Figure S6: Bias in hopping orientation is the primary contributor to chemotactic migration. Plots show
migration velocity calculated using the discrete sum version Eq. 1 of the main text, as described in the
Methods text section “connecting single-cell motility to front propagation”, incorporating all factors
(magenta), replacing orientation-dependent hopping lengths with the mean (dark blue) or replacing
orientation-dependent hopping probability with a uniform distribution (teal). From left to right, data for the
largest, intermediate, and smallest pore sizes are shown for different choices of the bin width, showing that
the result reported in Fig. 3 is not sensitive to the choice of bin width. The data show that removing the bias
in hopping orientation makes the largest difference in the calculated migration velocity for all pore sizes—
that is, the bias in hopping orientation is the primary contributor to chemotactic migration.
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Figure S7: Biased motion of single cells in medium- and small-pore media. (A) Mean lengths of hops
along different orientations |@| with respect to the propagation direction. (B) Symbols show probability density
of hopping lengths along different orientations within the ranges indicated by the legend; curve shows
measured chord length distribution function for the porous medium. (C) Probability density of hopping along
different orientations. We consistently observe a slight directional bias: the bars are longer, indicating more
hops, for orientations along the direction of front propagation, 0 < |8| < 90°. In particular, 51.6% and 52.2%
of hops have an angle between [0,90°) while only 48.1% and 46.9% have an angle between (90°,180°] in
media with a = 1.7 and 1.2 pm, respectively; the remaining 0.3% and 0.9%, respectively, occur at 90°. (D)
Chemotactic migration velocity calculated using Eq. 1, replacing orientation-dependent hopping lengths with
the mean (first bar) or replacing orientation-dependent hopping probability with a uniform distribution (second
bar). The second bar is slightly negative, indicating that measured hop lengths are on average slightly larger
opposite the propagation direction-likely due to limited statistics. That front propagation would halt entirely
or reverse without a bias in hopping orientation demonstrates that this bias is the primary driver of
chemotactic migration. Error bars show standard deviation of velocity calculated using different angle bin
widths.
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Figure S8: Choice of discretization in numerical simulations does not influence results. (Left panel)
Long-time front speed for simulations representing chemotactic migration in porous media witha =2.2, 1.7,
and 1.2 pm (blue, green, magenta, respectively). We use two values of temporal discretization dt for each
value of spatial discretization dr to ensure a sufficient time resolution was chosen; top and bottom rows show
dr =5 and 10 pm and dt = 0.001 and 0.01 s, respectively. Simulations showing normalized cell signal (blue)
and normalized nutrient concentration (red) for a = 2.2 and 1.7 pm (middle and right panels, respectively)
show minimal variation between choices of discretization indicated.
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Figure S9: In the absence of growth, fronts still form and propagate, but are hindered in a confinement-
dependent manner. Additional simulations of chemotactic migration without bacterial growth; panels A-C
correspond to the same simulations as in Fig. 4A-C, but with y=0; colors correspond to the same times as
in Fig. 4A-C. In the media with largest pores (A), front propagation appears to be similar to the case of non-
zero growth, indicating that chemotaxis plays a dominant role in driving front propagation in these media;
compare panel A to Fig. 4A. In the media with intermediate sized pores (B), front propagation is slower without
growth; compare panel B to Fig. 4B. In the media with smallest pores (C), propagating fronts do not
appreciably form over the simulation time scale, indicating that growth plays a dominant role in driving front
propagation in these media; compare panel C to Fig. 4C. The resultant dynamics of the position of the leading

edge of the front are shown in (D).
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Figure S10: Further simulations of front propagation. (A) Front propagation in rectilinear coordinates.
Leading-edge position  motion of the propagating front over time t for simulations performed in rectilinear
coordinates; colors correspond to those in Fig. 4. Stars indicate the crossover from slower to faster r~t
motion. In this case, we observe closer agreement to the crossover from slower to faster r~t motion
observed in the experiments than simulations performed in cylindrical coordinates. We conjecture that this
agreement reflects the influence of boundaries in the experiment: while the experiments initially have
cylindrical symmetry, with the initial 3D-printed cylinder placed far from all boundaries, as fronts propagate,
they begin to approach the bottom boundary of the imaging chamber. Specifically, the simulations indicate
that the region of nutrient depletion reaches the bottom boundary after ~0.5-1 h; in this case, the symmetry
of the fronts is no longer cylindrical in the experiments, but has a rectilinear component. (B) Without collisions,
simulations do not exhibit the transition to ~t motion observed in the experiments. To assess the importance
of cell-cell collisions in the model, we perform the same simulations as in Fig. 4, but without the corrections
to the motility parameters that incorporate cell-cell collisions; colors correspond to those in Fig. 4. We fit the
chemotactic parameter such that the speed over the last 30 minutes of the simulation matches the
experiment, similar to our method for the main text, except here we impose no effects of cell-cell collisions.
The values of chemotactic parameter obtained are 10, 0.9, and 0 um?/s for the pore sizes in decreasing order,
notably smaller than the values obtained by considering collisions. Moreover, none of the simulations achieve
ballistic scaling in the absence of collisions. We note that for the case of y, = 0 um?/s, propagating fronts
still occur—in this case, however, driven by cellular growth. In particular, nutrient diffusing inward to the
leading edge of the population enables continual growth, driving outward spreading. (C) Profiles of simulated
cellular signal, normalized by maximal initial value, for different radial positions and at different times, for
simulations in panel B. Left to right panels show results for media with a = 2.2, 1.7, and 1.2 pm, respectively;
colors show different times as indicated in Fig. 4. Without cell-cell collisions, the simulated front profiles have
different shapes from the experiments. In particular, the peak heights are further reduced, and for the smallest
pore size, the peak of the front is not at its leading edge but rather is toward the back — again highlighting
that cell-cell collisions arising from crowding are necessary for an improved agreement with the experiments.
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Figure S11: Simulations shed light on the physics underlying the observed transition in front dynamics.
An example for the case of intermediate pore-size media shows the variation of the maximum local
chemotactic velocity (blue) and maximum local diffusive velocity (magenta) over time. At early times, the cell
gradient is steep due to the sharp boundary of cells in the initial geometry of the population. This steep cell
gradient drives diffusive flux, but decreases with time, as shown by the magenta curve. Meanwhile,
chemotaxis begins low because (i) consumption must first reduce nutrient to within sensing levels and (ii)
collisions halt the chemotactic response of cells within the dense starting region. Then, as the population
spreads out, the chemotactic flux increases, and at the induction time (dashed line), the two velocities
become comparable and eventually reach a steady state. We note that the diffusive process considered here
is not thermal diffusion—which our previous experiments using non-motile cells established to be negligible
for these conditions (Ref. 14)—but is active diffusion arising from the random walks performed by motile cells
as they “hop” through the pore space, punctuated by transient “traps”.
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