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Chemotaxis under flow disorder shapes microbial
dispersion in porous media
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Natural soils are host to a high density' and diversity? of
microorganisms, and even deep-earth porous rocks provide
a habitat for active microbial communities®. In these environ-
ments, microbial transport by disordered flows is relevant
for a broad range of natural and engineered processes, from
biochemical cycling to remineralization and bioremediation*”.
Yet, how bacteria are transported and distributed in the sub-
surface as a result of the disordered flow and the associ-
ated chemical gradients characteristic of porous media has
remained poorly understood, in part because studies have
so far focused on steady, macroscale chemical gradients®'°.
Here, we use a microfluidic model system that captures flow
disorder and chemical gradients at the pore scale to quantify
the transport and dispersion of the soil-dwelling bacterium
Bacillus subtilis in porous media. We observe that chemotaxis
strongly modulates the persistence of bacteria in low-flow
regions of the pore space, resulting in a 100% increase in
their dispersion coefficient. This effect stems directly from
the strong pore-scale gradients created by flow disorder and
demonstrates that the microscale interplay between bacterial
behaviour and pore-scale disorder can impact the macroscale
dynamics of biota in the subsurface.

In microbial habitats other than soils, such as the ocean, it has
been shown that large-scale dynamics are often driven by the col-
lective action of the behaviour of microorganisms at the level of
individuals—in particular, behaviours to sense and exploit resource
gradients and enhance resource uptake''-". The spatial distribution
of microbial resource gradients is largely shaped by fluid stirring
and mixing, which create or enhance heterogeneity or ‘patchiness,
as demonstrated by turbulence in the ocean'*'*. An important fea-
ture of turbulent flows is the spatio-temporal complexity of fluid
velocity, which is responsible for stretching nutrient patches to
create strong gradients at the microscale—the so-called Batchelor
scale (30-300 pm in the ocean'®). The ability of motile chemotactic
bacteria to cover that scale within the lifespan of the nutrient patch
affords them a competitive advantage in turbulent flows'*. Much
less is known about the role of behavioural adaptations in subsur-
face environments such as soils and rocks, where flow takes places
in confined spaces through an intricate maze of pores, which can be
occupied by fluids, amidst solid grains. Here, turbulence is absent
(typical Reynolds numbers are well below unity), yet strong chem-
ical gradients can exist due to flow disorder as a consequence of
the heterogeneous structure of the solid porous matrix'”".
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This raises the fundamental question of whether motility affords
microorganisms a competitive advantage in the subsurface.

The transport of bacteria in porous media is affected by both the
structure of the medium and by chemical gradients®'>'*-*2. Important
insights have been gained from sand-packed column experiments
and modelling of the impact of microbial swimming and chemotaxis
on the macroscopic transport and residence time of bacteria, as evi-
denced by breakthrough curves of microbial suspensions**'. These
studies have indirectly inferred longer retention times of chemotactic
bacteria in low-permeability regions®. Other studies have examined
chemotaxis at the pore scale in a microfluidic device”, translating
chemotactic behaviour into a dispersion coefficient®, but under
steady homogeneous gradients. Thus, studies so far have focused on
either macroscale observables of bacterial displacements in porous
media or pore-scale studies under steady, transverse chemical gra-
dients. It is now known, however, that strong spatio-temporal flow
heterogeneity occurs at the pore scale. Direct observations and mod-
elling have recently provided new insights into the physico-chemical
environment that characterizes the subsurface at the pore scale—the
scale at which microorganisms interact with the surrounding fluid.
This environment is characterized by strong spatial flow disorder*”*,
intermittent Lagrangian velocities”” and large microscale gradi-
ents'”'. Recognizing these recent insights, here we study how the
physico-chemical dynamics at the pore scale affect microbial dis-
persion, using spatially and temporally resolved observations in a
microfluidics model system through time-lapse video microscopy.

We used a microfluidics device’*” as an analogue for a
porous medium and took advantage of the flexibility afforded by
micro-fabrication based on soft lithography to recreate the geomet-
rical complexity mimicking a simplified subsurface environment.
We fabricated a microchannel (45 mm X 5.2 mm X 0.1 mm) contain-
ing a random distribution of cylindrical obstacles with either cir-
cular or crescent-shaped cross-section, with the distance between
pore walls (‘pore openings’) ranging between 0.05 and 0.7 mm
(Fig. 1a,b). The channel depth, a=0.1mm, is comparable to the
average pore opening, 4=0.2 mm (representative of many common
geological structures, such as karst formations or soils*). This range
of values of a/4 of order 1 yields parabolic-like velocity profiles in
both vertical and horizontal directions between posts, and results in
a heterogeneous velocity distribution at the mid-depth, horizontal
observation plane (Fig. 1c,d), as verified by particle image velocim-
etry (PIV). The effect of this heterogeneity is the emergence of a
strong spatial correlation in the velocity field, in the form of fast
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Fig. 1| Chemotaxis at the pore scale drives the local residence time of bacteria in porous media. a, Schematic of the microfluidics set-up. The device
consists of a disordered arrangement of disks and crescent-shaped obstacles, serving as an analogue for porous media. A syringe pump withdraws fluid
at a constant flow rate Q=0.01pls™. Valves (numbered) are used to initially fill the device with a first solution and then create a sharp front of a second
solution (Supplementary Section 11.C). b, Enlargement of a portion of the microfluidics device, showing the definition of the pore width A and channel
depth a. ¢, Spatial distribution of Bacillus subtilis sp. bacteria (blue dots) in response to a chemorepellent injection, superposed on the map of fluid velocity

u (rescaled by its average value, u

L Supplementary Section [V). As a result of pore disorder, the velocity field exhibits high-velocity channels (dark red)

and low-velocity micropockets (light yellow). d, As in ¢, but for a chemoattractant injection. The colour bar next to ¢ also applies to d. e, Map of fluid local
residence time (in seconds), representing the time required for a small fluid volume to be displaced by 1pixel (1.1um). f, Map of bacterial local residence
time for a chemorepellent injection, defined for each pixel as the total time over which that pixel contains bacteria, over a 40-min experiment. g, As in f, but

for a chemoattractant injection. The colour bar next to f also applies to e and g.

flow pathways and areas of fluid stagnation (Fig. 1c—e), as observed
in both 2D simplified media® and real rocks®. As a result, trans-
ported substances will be deformed through elongation and stretch-
ing by the velocity gradients within individual pores'”***.

To study the effect of motility on microbial dispersion within the
described porous medium, we imaged, over time, the spatial distri-
bution of a suspended population of B. subtilis sp. (strain OI1085),
a soil-dwelling bacterium that swims at 8.0+ 5.0 pms™ in stagnant
fluid (Supplementary Section I). We initially filled the microchan-
nel with the ‘defending’ bacterial suspension, a phosphate-buffered
saline (PBS) solution of 5mgml~! tryptone. We selected a bacte-
rial concentration of n,= 10°cells per ml, which is dense enough
to allow for accurate imaging (Supplementary Section III) and
dilute enough that it should not ostensibly affect tryptone diffu-
sion or tryptone consumption over the timescale of the experiment
(Supplementary Section I).

The experiment was initiated by triggering a sharp invading
front (Supplementary Section II.C) of a solution containing either a
higher (50 mg ml~") orlower (0 mg ml™') tryptone concentration, dis-
placing the defending suspension. Each experiment was replicated
four times. The high concentration of tryptone (50 mgml™') makes

the invading solution in the first case a chemoattractant, while zero
concentration of tryptone makes the invading solution in the second
case a negative-chemoattractant, as confirmed in separate, no-flow
experiments (Extended Data Figs. 1 and 2 and Supplementary
Section I) using an established microfluidics chemotaxis assay™.
Throughout this work we refer to this negative-chemoattractant
solution as a chemorepellent (in the sense that bacteria will che-
motax away from the invading solution; tryptone of course remains
a chemoattractant). These chemotaxis experiments also provided
a quantification of the chemotactic migration velocity of bacteria,
which was found to be 4, =0.94+0.1 pms™' for the chemoattractant
case and u,.=1.6+0.1 pms~' for the chemorepellent case (Extended
Data Fig. 2 and Supplementary Section I).

Time-lapse imaging of the distribution of B. subtilis sp. (blue
dots, Fig. 1b,c, Extended Data Fig. 3 and Supplementary Section III)
over 40 min showed that the dispersion rate and residence time of
the bacteria depend strongly on their chemotactic behaviour, which
in turn is driven by the pore-scale chemical gradients. Bacteria are
swept away by the invading fluid front, except in low-flow micro-
pockets, which are regions where the fluid velocity is low (Fig. le)
and thus chemical flushing is weak. In these micropockets, small
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Fig. 2 | Increased persistence time of bacteria is caused by local accumulation in micropockets. a, The residence time of the invading chemical gradients
(of either chemoattractant or chemorepellent, in seconds), defined as the time for which a given pixel harbours a detectable concentration gradient
(Supplementary Section V.B). b-e, Snapshots of bacterial spatial distribution over two selected areas at two different times during a chemorepellent
injection (b and d) and a chemoattractant injection (¢ and e), respectively, evidencing the ability of B. subtilis to chemotax towards low-velocity
micropockets during chemorepellent injection and out of them during chemoattractant injection. The persistence of chemical gradients provides the
mechanism for the sustained chemotaxis over timescales much longer than the characteristic pore-scale diffusion timescale.

volumes of the defending fluid persist, and around them the invad-
ing front generates strong and temporally persistent chemical gra-
dients. We isolated the hydrodynamic control on bacterial flushing
by using a reference no-gradients experiment, in which we injected
an invading front of spent medium (obtained by centrifugation of
an aliquot of the bacterial culture) into a defending bacterial sus-
pension. Compared to this reference case, the injection of a che-
morepellent solution promotes the accumulation of bacteria in the
micropockets, increasing their residence time (Fig. 1f), whereas the
injection of a chemoattractant solution elicits migration of bacte-
ria up the chemical gradients and away from low-velocity zones,
decreasing their residence time (Fig. 1g). Superposition of the spa-
tial distribution of bacteria and the flow field supports this conclu-
sion (Fig. 1¢,d and Supplementary Videos 1-4), where the flow field
was imaged in separate PIV experiments in the same microfluidic
device in the absence of bacteria (Extended Data Figs. 4 and 5, and
Supplementary Section IV).

To further support this observation, we computed the times-
cale over which chemical gradients persisted against the action of
molecular diffusion, and showed that it is sufficient for pore-scale
chemotactic migration of the bacteria. The longevity of bacterial
accumulation in micropockets after the passage of a chemorepel-
lent front is surprising, if one considers the dilution of the front
at the scale of a single pore by diffusion alone. The characteristic
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time for gradients to dissipate by molecular diffusion in the average
pore is 7,=4*/D,~60s, where D,;=7x10*mm?s~" is the molecu-
lar diffusion coefficient of the chemoattractant®. Because the bac-
terial residence time in the micropockets is up to 300s longer for
the chemorepellent front compared to the chemoattractant front
(Fig. 1f,g), chemotaxis and thus chemical gradients must persist
over a timescale much longer than 7,

To demonstrate that the timescale over which chemical gradients
are sustained is considerably larger than the molecular diffusion
timescale 7y, we performed an experiment without bacteria in which
we added a fluorescent dye of diffusivity D,=6.6X10™*mm?*s,
similar to that of tryptone, to the invading solution (Extended Data
Figs. 6-8 and Supplementary Section V). By imaging over time, we
quantified the spatial gradients in dye concentration and their per-
sistence time. The spatial map of gradient persistence time (Fig. 2a)
explains the sustained local accumulation of bacteria by chemotaxis:
pockets with high bacterial concentrations (Fig. 2b,d) are bounded
by regions in which gradients persist for times on the order of 3005,
and often longer (Fig. 2a). This implies that the chemical gradients
driving bacteria into the micropockets must be sustained by a physi-
cal mechanism that modulates and slows molecular diffusion.

The physical mechanism that maintains chemical gradients
in micropockets is enhanced longitudinal dispersion of the sol-
ute front due to shear and flow disorder. To test this hypothesis,
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Fig. 3 | Flow disorder maintains strong chemical gradients over long timescales. a, The spatial map of flow Péclet number (Pe), showing high-Pe
preferential flow paths together with low-Pe micropockets. b, Time evolution of the chemotactic Péclet number (Pe_) over the selected low-flow area (blue
rectangle in a), showing that regions with Pe.>1 persist much longer than the characteristic diffusion timescale of 7,=60s. ¢, Time evolution of bacterial
density fields for chemorepellent injection. Micropockets with enhanced trapping or removal of the bacteria are correlated with the regions where Pe > 1in
b. The persistent chemical gradients are therefore strong enough to sustain chemotaxis over long timescales. d, Time evolution of bacterial density fields
for chemoattractant injection, which leads to enhanced removal of bacteria from micropockets.

we conducted numerical simulations using a mathematical model
of coupled flow, solute transport and bacterial chemotaxis in the
microfluidic device (Supplementary Section VII). The injected
sharp solute front is advected by the background flow field and
becomes more diffuse as it travels along the device (Extended Data
Figs. 7 and 9). This broadening of the solute front can be much
larger than what molecular diffusion alone can cause, an effect com-
monly known as Taylor dispersion®®”. In a 1D setting such as flow
in a rectilinear channel, the solute front width can be estimated as
v/ Deset; here, the effective dispersion coefficient can be written as
D, ;=D(1+ aPe?) (refs. *>”), where a is a constant depending on the
geometry, and the Péclet number Pe = U/D, represents the ratio of
advective to diffuse effects. In a disordered medium, low-velocity
micropockets are surrounded by preferential flow paths where the
Péclet number is high (Fig. 3a). This flow organization broadens the
solute front*** and is responsible for maintaining the solute gradi-
ents around the low-flow regions over long times (Supplementary
Sections VIL.E-F).

The chemical gradients, however, need to be sufficiently strong
for chemotaxis to be relevant. To characterize the strength of the

chemical gradients, we define the chemotactic Péclet number
Pe .= U.A/D,, which represents the ratio of chemotactic swimming
to bacterial diffusion. We assume that the chemotactic swimming
speed is linearly proportional to the solute concentration gradient
U.=|u|=1|xVc|, where k represents the strength of the chemo-
tactic response and c¢ represents the solute concentration field***’
(Supplementary Sections VILE-F). In regions where Pe_> 1, chemi-
cal gradients are sufficiently strong for chemotaxis to dominate over
bacterial diffusion (Fig. 3b), leading to trapping of bacteria in the
chemorepellent case (Fig. 3c) and enhanced removal of bacteria
in the chemoattractant case (Fig. 3d). Taken together, these results
demonstrate that, through its effect on the chemical concentration
field, the pore-scale fluid physics creates strong gradients within the
pores that directly affect the behaviour and spatio-temporal distri-
bution of microorganisms at the pore scale.

To quantify the macroscale consequences of the pore-scale che-
motactic migration of bacteria, we quantified the temporal evolu-
tion of the total bacterial biomass, My, over a region of ~400 pores
(Extended Data Fig. 3 and Supplementary Section III), by using
image coverage as proxy for bacterial mass. As the invading fluid
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Fig. 4 | Pore-scale chemotaxis causes system-scale changes in bacterial
transport. Shown is the temporal evolution of the total biomass M, in a
16-mm-long region of the porous medium, rescaled by the initial biomass,
averaged over four replicates, following injection of a chemorepellent (red
symbols), a chemoattractant (blue symbols) and the bacterial supernatant
(control; black symbols). In the inset, different symbols indicate the four
replicates of each experiment. In all cases, the bacterial population decreases
as the invading fluid displaces the initial fluid. The evolution of the bacterial
biomass is accurately captured by an advection-dispersion model,

equation (2), with a single fitting parameter, the effective bacterial dispersion
coefficient D*. Chemotactic behaviour can considerably retard or accelerate
this removal process, leading to a twofold difference in the effective dispersion
coefficient between chemorepellent and chemoattractant injections.

displaces the defending suspension and progressively flushes out
bacteria, M, decreases exponentially with time for both the che-
moattractant, chemorepellent and control cases, as shown by the
linear decrease in the semi-logarithmic plot in Fig. 4. Importantly,
M, decreases much more slowly for a chemorepellent injection
compared with a chemoattractant injection, with the no-gradient
control case falling between the two (Fig. 4). This difference in
the macroscale persistence time of bacterial biomass in the porous
medium is consistent with the observed chemotactic behaviour of
bacteria migrating into low-flow micropockets when the invading
fluid is a chemorepellent and out of them when it is a chemoat-
tractant. This observation, then, demonstrates that behaviour at
the pore scale directly and measurably affects transport at the mac-
roscale—an effect that is also captured by the numerical model
(Extended Data Fig. 10). The agreement between simulations and
experiments is only qualitative, and this can be the result of several
assumptions and approximations made in our mathematical model
(Supplementary Section VIL.D), including having considered a 2D
flow field, whereas in reality the medium is 3D, having assumed that
the chemotactic velocity is a linear function of the concentration
gradient and considering the chemotactic strength to be indepen-
dent of the local solute concentration**.

The effect of chemotaxis on macroscale transport can be
quantified by comparison with an advection-dispersion model
(Supplementary Section VI). The model predicts the cross-sectional
average concentration of bacteria 7(x, t) along the flow direction x
following the sudden arrival of an invading fluid at time t=0. The
solution of the advection-dispersion model yields*:

A, ) :? {1 —l—erf(x;\/l)_f)} (1)
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where U=0.026 mms™ is the average longitudinal velocity within
the porous medium (Supplementary Section ILB), 7, is the initial
concentration of bacteria prior to invasion and D* is the effective
dispersion coefficient. Integrating 7(x,t) over the 16-mm-long
observation region provides a prediction of the total biomass M, in
that region at time ¢:

2 7x=L
7 "t exi _(x—i}z)
My(t) =2 {x + (x = Ut) erf(’\‘/—%) Jr% )
x=0
~exp(—%) fort>7* =D*/U?
(2)

where ~ denotes proportionality. This prediction captures the
observed decrease in biomass at all times (Fig. 4). In particular,
the final expression in equation (2) emphasizes that at long times
(t>7*=D*/U?) the biomass decays exponentially in time, in agree-
ment with the observations. In our experiments, all quantities in
equation (2) are known except for D*, enabling the quantification
of the decay timescale z* by fitting the predicted late-time expo-
nential decay to the experimental data (Fig. 4). This results in decay
timescales of 77, = 3605, 7y, = 180s and 77, = 210s (four
replicates for each case). Because the average fluid velocity U was
the same in all experiments, the same relative differences among
the two invading solutions and the no-gradient control apply to the
longitudinal dispersion coefficient D* (=7*U?). These results dem-
onstrate that chemotaxis away from an invading chemorepellent
or towards an invading chemoattractant, respectively, retarded or
accelerated the flushing of bacteria from the porous medium, with
an overall twofold difference in the biomass decay timescale.
The effect of chemotaxis reported here can be distilled into
a quantification of the effective dispersion coefficient of the bac-
terial suspension, for use in future models of bacterial trans-
port. The observed biomass decay times directly yield estimates
of the effective dispersion coefficient D*=7*U? resulting in
el = 0.196 £0.004mm?s™ for the invading chemorepellent

repel

solution, D}, = 0.108+0.002mm?s™" for the invading che-

moattractant solution and D} ., = 0.145+0.003mm?*s™ for the
no-gradient control. The twofold difference in the effective dis-
persion coefficient between attraction and repulsion results in a
6.2-fold decrease in late-time biomass (exp[Djope/Diyytract))> high-
lighting the considerable macroscale impact of chemotaxis on the
transport (here, removal) of bacteria in a porous medium.

Classical descriptions of transport in porous media have relied
on the advection-dispersion framework®, where the coefficient of
hydrodynamic dispersion is tasked with capturing unresolved flow
heterogeneity. Although the dispersion coefficient can be adjusted
to fit the macroscopic response, by itself it offers no connection to
the underlying mechanisms responsible for microbial dispersion.
Here we have shown that in the case of chemical flushing of chemo-
tactic bacteria, this connection rests on the enhanced longitudinal
dispersion of moving chemical fronts associated with shear and flow
disorder inherent to porous media®****. At the pore scale, the broad-
ened chemical fronts cause long-lived strong chemical gradients,
which in turn can have major direct consequences on biological
transport, as captured by large changes in the effective dispersion
coefficient and the resident biomass. Although other mechanisms—
such as population fluctuations* or geometry of the pore space*—
can also lead to bacterial accumulation in tight spaces, we do not
think that they play a role in our experiments because we consider
non-growing microbes and our pores are approximately symmetric
and two orders of magnitude larger than a single bacterium.

Although in open flows, such as in the ocean, the complex and
filamentary structure of nutrients is a product of the turbulent
nature of the fluid, in porous media the velocity disorder emerges
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from the organization of flow into high-velocity paths and stagna-
tion zones, in the absence of any turbulence or inertial effects. Given
the ubiquity of flow disorder in natural porous media like soils and
rocks and the generality of our model system, we anticipate that the
fundamental mechanisms uncovered here from high-resolution
experiments and numerical simulations in analogue porous media
built on microfluidics devices will translate to a broad range of
microbial species in natural subsurface environments. The interplay
between chemical transport at the pore scale and the chemotactic
response is thus likely to have a major impact on microbially medi-
ated biogeochemical processes like contaminant bioremediation,
remineralization, element cycling and ecosystem stability.
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Methods

Bacterial isolates and cell cultures. The bacterial strains used in this study are
B. subtilis sp. OI1085 wild type. For routine culture, bacterial strains were grown
in Luria Bertani liquid medium at 37°C in an orbital shaker (550 r.p.m.). For
every experiment, the microbial culture was left to grow overnight under these
conditions, and was then washed and separated from the spent medium before
being resuspended in a PBS solution (Sigma-Aldrich) with a predetermined
concentration of tryptone (described below). The washing procedure for the
microbial suspensions consisted of the following steps: (1) collect 1 ml of a
microbial culture in its mid-exponential growth phase and centrifuge it at 3.0
relative centrifugal field (RCF); (2) remove the supernatant (spent medium),
keeping the solid phase compact and deposited at the bottom of the tube;

(3) add 1 ml of PBS solution of tryptone at 0.5% and mix it until the solid aggregate
of microbes is homogeneously resuspended; (4) place the 1 ml of washed
suspension in an orbital shaker for 30 min.

Image acquisition and analysis for microbial displacement at the invading
front. We set the microscope (a fully automated Nikon Ti-E) and the camera
(Andor Zyla 5.5) to capture one large image every 17, saving greyscale

pictures as PNG files with 12-bit pixel depth. We performed the experiments
with X6 magnification. A large image was composed of 12 pictures (two rows

of six pictures each), so that the total field of view was ~10.8 mm X 4.6 mm,
corresponding to ~8 X 50 average pore sizes (Supplementary Fig. 5). Greyscale
pictures were taken with phase contrast microscopy using a Nikon x4 Plan Fluor
Ph1 objective (and an internal scope of X1.5, giving the final X6 magnification)
in combination with a phase ring Ph3 (of size larger than the ring present in

the selected objective) so that the sample was illuminated almost laterally,
thereby obtaining pictures in which the background was dark and bacteria were
detected as objects scattering light, appearing bright. With this configuration, we
simultaneously detected the position of individual bacteria as well as the porous
landscape of ~8 X 50 =400 pores of different size and shape where microbes could
be transported by the flow or trapped. For each experiment, we took 120 images
for a total duration of ~40 min.

Fluorescent tracer as a transport analogue of tryptone. Because we cannot
directly measure the local concentration of the chemoattractant, we used
fluorescein sodium salt (Sigma-Aldrich) as tracer analogue, which has a
molecular weight of 376 and a diffusion coefficient in water of ~7 X 10™°m?s™*
at 20°C. This is very similar to the diffusion coefficient of the chemoattractant
tryptone. The latter was estimated to 7X 10~'°m?*s™! by considering that tryptone
is mostly (>92%) composed of small amino acids, including tryptophan, lysin
and phenylalanine, whose diffusion coefficient falls in the range 6 X107 m?s™!
to 8 X 107°m?s~". The technique we describe below provides a dynamical
quantification of the spatial distribution of concentration down to ~1% of the
injected concentration value. We used video microscopy to image the signal
emitted by the incoming fluorescent tracer (~515nm) while stimulated by a light
source (~460 nm) embedded in the microscope. The number of photons emitted
by the irradiated fluorescent tracer is proportional to the number of its stimulated
molecules, that is, to its mass. The light coming from the microfluidics device
was filtered before being detected by the camera to remove photons that are not
emitted by the tracer, but are already present in the exciting irradiation and the
laboratory environment. By taking pictures of the invading tracer, we inferred

its concentration from the measured light intensity detected by each pixel via a
calibration procedure (Supplementary Section V.A).
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Implementation of the numerical model of bacterial chemotaxis.

In Supplementary Section VII, we describe a mathematical model of coupled flow,
solute transport and bacterial chemotaxis, which helps elucidate the mechanisms
underlying the observed trends in bacterial retention in our experiments. The
governing equations were solved using COMSOL Multiphysics software. The
Stokes equations describing steady fluid flow through the 2D microfluidic device
were solved using the finite element method on a triangular mesh with linear
elements. The unsteady advection-diffusion equations for the solute and bacterial
concentration fields were then also solved using the finite element method with
linear elements and the default stabilization in COMSOL. The time stepping
employed backward differentiation formulae (BDF) with automatic time-step size.
The linear system of equations at each time step was solved using a direct solver
algorithm. We used an extremely fine unstructured triangular mesh (~1,250,000
elements), ensuring that the tight pore spaces and sharp corners were captured
accurately and that the solution did not depend on mesh size.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this Article.

Data availability

Additional data that support the plots within this Paper and other findings
of this study are available at the Zenodo repository (https://doi.org/10.5281/
zen0do0.3926720). Source data are provided with this paper.

Code availability
The algorithms and simulation codes are described in the Methods and
Supplementary Information.
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Extended Data Fig. 1| Schematic of the gradient generator used to assay chemotaxis in steady, linear chemoattractant profiles. Schematic of the
gradient generator used to assay chemotaxis in steady, linear chemoattractant profiles (adapted from ref. 34). a, Schematic of the cross-section of the
assembled device (right) and top view of each layer (left). The top layer is made of PDMS, which is impermeable to solutes. The middle layer is made of
agarose, which allows for the diffusion of chemoattractant used to establish the linear concentration profile. The bottom layer is a glass slide, used for
structural support. Solid red arrows denote dimensions. b, Schematic of the gradient-generation mechanism. The continuous flow of chemoattractant
(red) and filtered autoclaved seawater (blue) within the two irrigation channels in the PDMS layer mediates the formation of a horizontal gradient

(red-blue shading) in the underlying agarose layer and therefore in the test channel.

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

NATURE PHYSICS LETTERS

100 |

L ® chemo-repellent -

- ® chemo-attractant T

- : = exponential model e~ % 1

—_
o
I

agarose wall

Normalized bacteria concentration [-]
agarose wall

—_

(@)
n
I

0 0.2 0.4 0.6 0.8 1
Cross-channel position x [mm]

Extended Data Fig. 2 | Spatial distribution of bacteria in the steady chemotaxis characterization experiment. Spatial distribution of bacteria in the steady
chemotaxis characterization experiment. The semi-logarithmic plot shows the average concentration of microbes along the negative-gradient direction.
The linear trend indicates an exponential decay of the microbe concentration with distance from the attractant source and from the repellent sink
(tryptone solution blue, spent medium red).
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Main flow direction ———»

Extended Data Fig. 3 | Large image of the microbes' position at 6X magnification. Large image of the microbes' position at 6X magnification. The image
is obtained as a composition of 2 X 6 individual pictures, using a phase contrast optical configuration. Individual microbes appear as white spots on a dark

background, while larger circles and crescents are the vertical obstacles, mimicking the grains of a porous medium, which shape the flow heterogeneity in
the microfluidics channel. Flow is from left to right.
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Extended Data Fig. 4 | Measurement of the velocity field in the microfluidics flow cell. Measurement of the velocity field in the microfluidics flow cell.
a, Schematic of the spatial partition of the visible portion of the porous medium into tiles that are individually imaged and, then, analyzed with Particle
Image Velocimetry. b, Fluorescent microspheres are suspended in the flow to seed the fluid and quantify its motion. ¢,d, Longitudinal and transverse
velocity fields, respectively, in the same tile as (b).
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Extended Data Fig. 5 | Velocity field over the entire porous medium. Velocity field over the entire porous medium. a,b, Longitudinal and transverse

velocity fields, respectively, obtained by collecting the PIV results of each tile in which the whole medium has been partitioned. The color maps are set to
obtain white color where the fluid velocity is zero, dark-red where the velocity is positive, and dark-blue where it is negative.
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RAW images of fluorescent tracer

Extended Data Fig. 6 | Results of the tracer transport/mixing experiment showing the signal detected from the emission of the invading fluorescent
tracer at three different times (t=90 s, 185 s and 262 s). Results of the tracer transport/mixing experiment showing the signal detected from the
emission of the invading fluorescent tracer at three different times (t=90 s, 185 s and 262 s).
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Extended Data Fig. 7 | Results of the tracer transport/mixing experiment showing the concentration field that results from applying the calibration
curve at three different times (t= 90 s, 185 s and 262 s). Results of the tracer transport/mixing experiment showing the concentration field that results
from applying the calibration curve at three different times (t=90's, 185 s and 262 s).
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Extended Data Fig. 8 | Results of the tracer transport/mixing experiment showing the rescaled concentration gradient field at three different times
(t=90s, 185 s and 262 s). Results of the tracer transport/mixing experiment showing the rescaled concentration gradient field at three different times
(t=90s,185 s and 262 s).

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

LETTERS
(a)

NATURE PHYSICS

t =200 s

[mg/mL] [mg/mL]
50 5
0 0

Extended Data Fig. 9 | The evolution of solute concentration field from the numerical model. The evolution of solute concentration field from the
numerical model for (a) the chemoattractant case, and (b) the chemorepellent case. In both cases, the concentration of solute in the medium is initially
set at c(t=0) =5 mg/mL. A higher concentration c = 50 mg/mL is injected in the chemoattractant case, whereas a lower concentration c = 0 mg/mL is
injected in the chemorepellent case.
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Extended Data Fig. 10 | The evolution of normalized bacterial biomass in time. The evolution of normalized bacterial biomass in time. Symbols represent
the mean of the four experimental realizations, and solid lines represent the simulation results. The dashed lines represent the exponential fits to the
experimental data at late times.
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Study description We use a microfluidic model system that captures flow disorder and chemical gradients at the pore-scale to quantify the transport
and dispersion of the soil-dwelling bacterium Bacillus subtilis in porous media. All experiments include 4 replicates. We observe the
spatial distribution of bacteria while displaced by an invading front of a solution of a substance that can trigger bacterial chemotaxis.
We observe that chemotaxis strongly modulates the persistence of bacteria in low-flow regions of the pore space. We validate our
observations with further investigation of i) chemotaxis in the absence of flow; ii) measurements of local fluid velocity via Particle
Image Velocimetry; iii) measurements of the distribution of chemical gradients via a fluorescent tracer; and iv) numerical simulations.
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Research sample We use a microfluidics analogue of a porous medium because i) it is transparent, thus enabling direct observations; ii) it is bio-
compatible; iii) it can be manufactured at the desired scale (here, with features of size of tens to hundreds of microns). We cultivated
B. subtilis because it is a soil-dewlling bacterium, motile, non-pathogen, and exhibits chemotaxis.

Sampling strategy We first inoculate a microfluidics analogue of a porous medium with the prepared bacterial suspension, then we inject a sharp front
of a dissolved substance that trigger chemotaxis on the chosen bacterial sample. We collect high-definition images, composed of
several individual pictures, every few seconds to observe the bacterial distribution while being displaced by the incoming front.

Data collection We set the microscope (a fully automated Nikon Ti-E) and the camera (Andor Zyla 5.5) to capture one large image every 17 seconds,
saving grayscale pictures as png files of 12-bit pixel depth. We performed the experiments with 6X magnification: a large image is
composed of 12 pictures (2 rows of 6 pictures each), so that the total field of view is about 10.8 mm x 4.6 mm, corresponding to
about 8 x 50 average pore sizes. Grayscale pictures were taken with phase contrast microscopy using a Nikon 4X Plan Fluor Ph1
objective (and the internal scope 1.5X, giving the final 6X magnification) in combination with a phase ring Ph3 (of size larger than the
ring present in the selected objective) so that the sample was illuminated almost laterally, thereby obtaining pictures in which the
background was dark and bacteria were detected as objects scattering light, appearing bright.

Timing and spatial scale We simultaneously detected the position of individual bacteria as well as the porous landscape of about 8 x 50 = 400 pores of
different size and shape where microbes could be transported by the flow or trapped. For each experiment, we took 120 images for a
total duration of about 40 min.

Data exclusions No data were excluded.

Reproducibility We repeated each bacteria transport experiment 4 times, as replicates. This is reflected in the figures of the manuscript and the
supplementary information.

Randomization Not applicable. We performed each experiment of bacterial transport trying to carefully reproduce the same initial condition for each
replicate, to test repeatability.

Blinding Blinding was not relevant to our study. The raw data consisted of high-resolution videos of bacterial transport (4 replicates for each
experiment), all conducted prior to the analysis.
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