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This study sets out to show that the directionality of bacterial transport in confined
environments is affected by a salt gradient. Using Pseudomonas putida in microfluidics
devices, the authors hypothesize that salt-induced diffusiophoresis acts as a steering
mechanism to guide microbial movement. However, the evidence to support this
hypothesis is incomplete, because the underlying reorientation process is not directly
demonstrated, and the necessary controls to rule out alternative hypotheses are not
presented.

https://doi.org/10.7554/eLife.111881.1.sa3

Abstract

Bacteria often traverse confined spaces to perform critical functions in symbiosis, infection, drug
delivery, and soil bioremediation. While the canonical run-and-tumble strategy enables
exploration, its reliance on constant sensing and stochastic reorientation limits efficiency under
confinement. We show that salt gradients can physically steer Pseudomonas putida by biasing their
runs toward salt through asymmetric diffusiophoretic forces. These gradients impose a torque
strong enough to overcome Brownian rotation, aligning cells along the gradient and producing
straighter, more persistent motion. We further show that when toxic organic contaminants are
present, salt gradients enhance bacterial dispersion toward them, demonstrating improved
chemotactic transport. This work uncovers a previously unrecognized mechanism by which salt
gradients direct bacterial motility, revealing a physical route to control microbial transport and
colonization in complex environments.

Introduction

Bioaugmentation is an soil bioremediation process in which cultured bacteria are introduced into
contaminated soil to degrade pollutants [1]. Among numerous factors that determine the process
efficacy, a critical prerequisite that is often challenging to achieve is to disperse the cells to the
pollutant source, particularly to low permeability zones that are abundant in heterogeneous,
unsaturated soil [2]. A successful bioaugmentation thus requires directing decomposer bacteria to
the target soil micropores deep in the subsurface where the contaminants are present [3, 4]. While
bacteria can passively advect across permeable regions of the subsurface via hydrodynamic
dispersion, impervious areas, which are prevalent in heterogeneous soil matrix, can only be
accessed by their active motility or Brownian motion. These areas often carry a significant amount
of contaminants since they cannot be easily displaced hydrodynamically, thus limiting the
effectiveness of remediation [5, 6].

The fact that decomposer bacteria can thrive on toxic contaminants makes them naturally
chemotactic toward these contaminants [7-9]. In fact, it is well known that chemotaxis directs cells

to pollutant-rich regions and improves bacterial retention during inoculation, implying active
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Nevertheless, the inherently stochastic nature of flagellar motility (e.g., run-and-tumble) may limit
the efficiency of this navigation [14, 15]; thus, rather deterministic transport mechanisms may
offer more reliable targeting. Here, we hypothesize that diffusiophoresis could provide this
deterministic guidance, enabling more directed bacterial migration toward contaminant-rich
regions.

Diffusiophoresis describes the directed motion of colloidal particles along solute gradients, where
the particle velocity can be precisely controlled by manipulating solute gradients [16]. A number
of recent studies have shown that diffusiophoresis can be used to control colloidal transport in
confined spaces, e.g., porous media [17-23] and impervious dead-ends [24-30], as such regions
typically display diffusion-limited environments. Also, the native surface charge of cell

remains elusive how diffusiophoresis affects flagellar motility. Motivated by these prior studies,
here we investigate the impact of diffusiophoresis on the motility of soil bacterium, Pseudomonas
putida F1, and demonstrate the use of diffusiophoresis in enhancing chemotactic dispersion

toward non-aqueous phase liquid (NAPL) in confined geometries.

Results

Salt Gradients Induce Directional Cell Migration

To observe the motility of P. putida F1 under the influence of salt gradients, we use a transparent
microfluidic device consisting of two parallel flow channels connected by a narrow pore (Figure
1a@). One end of the pore is sealed with a thin hydrogel membrane (polyethylene glycol

solute molecules, enabling the formation of stable salt gradients. Additional details on the
fabrication process are provided in the SI and also in our previous work [35].

Initially, cells suspended in a 10 x-diluted random motility buffer (11.2 g/LK,HPO,, 4.8 g/L KH,POy,,
and 0.029 g/L EDTA) supplemented with 0.1 M Nacl are introduced into the open-sided flow
simultaneously injected 1ntothege131ded flow channel (right channel). Bacteria from the left flow
channel swim into the pore, eventually achieving an even distribution across the pore after one

hour (upper panel in Figure 1a ). Then, a cell suspension at reduced salt concentration (1 mM

NaCl with dilute motility buffer) is injected into the left flow channel to create salt gradients across
the pore (lower panel in Figure 1a®).

increases in the presence of NaCl gradients, whereas the cell population remains nearly
unchanged when the NaCl concentration is uniform throughout the channel. Moreover, not only
does the total cell population increase, but also their spatial distribution changes, as shown in
Figures 1¢,d (Z; the color code represents local number of cells normalized by the total cell number
at t = 0. While the overall cell distribution remains more or less the same in the absence of NaCl
gradients (Figure 1c(@, Movie S1 (%), with NaCl gradients the cells tend to locate deeper into the
channel toward higher salt concentration (Figure 1d &3, Movie S2 @). These results suggest that
salinity gradients can attract the bacteria into the deep pores and promote their dispersion toward

higher salinity.

Directional Alignment and Biased Motility under Salt Gradients

To better understand the observed salt-tactic behavior, we evaluate the motility of individual cells
by analyzing their trajectories. Sample trajectories (unfiltered) with or without NacCl gradients at
different time windows over a period of 25 s are presented in Figures 2a,b @, which also display
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FIG. 1. P. putida are attracted to higher salinity.

(a) A microfluidic assay to evaluate cells under NaCl gradients. (b) Change in the total cell population normalized by the initial
cell population over time in the presence (blue) and absence (black) of NaCl gradients. Symbols represent experimental data
(blue triangles for NaCl gradients, black circles for no gradient) while solid lines represent numerical simulations. Shaded
regions denote the standard deviation across three simulations. (c,d) Local distribution of cells over time (c) without (Movie

by the total number of cells from the beginning, 3, b; (0). Although the heat map only shows one experiment here, the
observed patterns were reproduced across multiple replicates, with similar trends
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FIG. 2. P. putida aligns along salt gradients.

(a,b) Unfiltered cell trajectories recorded over 25 s of duration for different times (0-25, 75-100, 150-175 s) in the (a) absence
and (b) presence of NaCl gradients. (c,d) Distribution of cell mean positions along the x axis at successive 25 s time intervals
(Early: 0-25 s, Mid: 75-100 s, Late: 150-175 s) in the (c) absence and (d) presence of NaCl gradients. The white box in (c,d)
indicates interquartile range with median shown as a stripe and mean as a dot. (e,f) Probability density function distribution
of cell’s directions of instantaneous velocity vectors in the (e) absence and (f) presence of NaCl gradients. Scale bar in (a) is
100 pym.
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To quantitatively determine whether more cells move to the end of the pore, we analyzed the
distribution of cell positions over time (Figure 2¢c,d ). In the absence of NaCl gradients, the

distribution remains spatially consistent, with no progressive shift in the position and distribution
(Figure 2c @). We did not observe any temporal change between early (0-25 s) and late (150-175 s)

gradients, the distribution shifts progressively deeper into the pore, as reflected by increases in the
median and a broader distribution at later times extending toward larger x values (deeper into the
pore), as shown in Figure 2d % . The median position is increased from 216.9 + 15.1 ym to 343.2 +

19.6 pm (Ax = 126.30 + 24.7 pm, p < 0.0001, n = 255 trajectories). More statistical details can be
found in Table S12 (SD).

the cell’s instantaneous velocity vector u and the pore axis (+x direction). The slightly reduced
distribution in the lateral direction (6 - +90°) in the absence of NaCl gradients (Figure 2e (3) is
likely due to the lateral confinement imposed by the slender geometry of the pore (width = 65 pm).
In the presence of NaCl gradients, the noticeable alignment toward the pore entrance (8 - 180°),
i.e., away from the salt, is due to the run-and-reverse motility of P. putida, which is one of the
pronounced motilities of lophotrichous P. putida [37-39]. Regardless of whether the cells are

headed toward or away from the salt, the cells are aligned more along the pore direction (Figure

Next, we analyze their mean run speed, i.e., the average speed of the cell between successive
tumble events. Here, we define ‘tumble’ as any sudden change in the cell speed and direction

not observe any noticeable difference in the average run speed between the control group (no
gradient) and the NaCl gradient cases (Figure 3a ). However, when we plot the run speed in their

run speed toward the salt (6 - 0°), and at the same time, the run speed decreases in the direction
away from the salt (6 - 180°). We also note that we did not observe any significant difference in
the tumble rates between the control and NacCl gradient cases (Figure 3h (%; Figure S22, SI),
suggesting that NaCl gradients do not interfere with chemoreceptors [40].

While the observed bias in the run speed may be speculated as due to the additional
diffusiophoretic drift toward salt, the speed change in fact cannot be explained by diffusiophoresis
alone. Under current conditions, the diffusiophoretic velocity, u; » .#;® where .#; = 0(100 um?/s)
gradient, is estimated to be no more than 1 ym/s, which is an order of magnitude smaller than the
measured speed change. Another possibility of the observed bias may be due to chemokinesis,
which is a non-directional response in which cells modulate their swimming speed in response to
local chemical concentration [41]. This behavior has been reported in uniform attractant
concentrations without gradients, e.g., in Rhodobacter sphaeroides Escherichia coli and
Azospirillum brasilense [42-44]. We analyze the instantaneous run speed of the bacteria and found
no significant differences between 1 mM and 100 mM NacCl concentrations. Nonetheless, the
difference was markedly significant (p < 0.001) under the salt gradients, as illustrated in Figure

2 (SI). Therefore, we conclude that the

observed bias in the run speed cannot be fully explained by chemokinesis.

Interestingly, as we observe how cells run by analyzing the straightness of each run, we notice that
— x|/ Zf;ll (|zj+1] — |z ]), where x; is the cell position at j-th frame within a single run, which is
defined as the ratio of the end-to-end distance to the total distance the cell has traveled within a
run, represents an effective tortuosity of runs [45, 46]. As shown in Figure 3g &, the run

straightness is noticeably improved when swimming toward the salt. This was unexpected since
run straightness is mainly affected by the Brownian rotation or the inherent asymmetry of the
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FIG. 3. P. putida run faster and straighter toward salt.

(a) Comparison of run speeds averaged over the entire angles, 0° (-15° < 8 < 15°), and 180° (165° < 8 < 195°). (b,c)

Distributions of average run speed in the (b) absence and (c) presence of NaCl gradients. (d) Instantaneous run speed in the

absence and presence of NaCl gradients (e) Comparison of average run straightness for entire angles, 0° (-15° < 8 < 15°), and
180° (165° < 8 < 195°). (f,g) Distributions of average run straightness in the (f) absence and (g) presence of NaCl gradients. (h)
Tumble rates measured in the absence and presence of NaCl gradients. The inset compares tumble rates for runs oriented

up gradient and down gradient. Error bars in (a, d, e) represent standard deviation.
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P. putida is a lophotricous cell, i.e., multiple flagella (length f ~ 5 um, thickness ~ 20 nm) are
attached at one end of the cell body (body length a ~ 1.5 pm, body width b ~ 0.8 um) [37, 48].
Therefore, when P. putida propels forward the flagella tuft bundles up and forms a long, slender
helix that is attached to the rod-like body where the body and the flagellar bundle are spatially
segregated [49]. Given the asymmetry of this geometry, we hypothesize that the improved

straightness toward the salt is due to non-uniform diffusiophoresis acting distinctly on the cell body
and flagellar bundle.

Non-uniform Diffusiophoresis Steers Cells

Under the influence of salt gradients, the surface charge of the cell membrane triggers bacterial
diffusiophoresis [32]. However, because there is a significant difference in the size and surface
charge between the body (mainly consists of lipopolysaccharides and phospholipids) and the
flagella (consist of flagellin), we expect that diffusiophoresis will not be occurring uniformly over
the entire cell owing to the size- and charge-dependent nature of diffusiophoresis [25, 50-54]. As
the cell body is larger and more charged than flagella, the body is expected to experience stronger
diffusiophoresis. We confirm that the surface charge of the flagella is much smaller than the cell
body, where the measured zeta potential of flagella isolated from the cell body is -0.6 + 1.0 mV
whereas the entire body is -16.3 + 0.6 mV (SI). Considering the size and surface charge, the

diffusiophoretic mobility of the body and flagellar bundle are estimated to be ./# g‘”dy = 99.2m /s>

the gradient, stabilizes the trajectory, and enhances run speed by producing straighter paths.

To assess whether the rotation due to diffusiophoresis can overcome Brownian rotation, we
evaluate the rotational Péclet number,

P 2Aug 2mAM 4 (a+ f)2 o
e = . )
(a+ f) D, 3kT¢ In(2(a+ f)/b)—1/2
body flag body flag . . . .
where Aug =u,; ~ —u,  and Alq¢= M, — M, " are the diffusiophoretic velocity and

3kT
™ °
is the rotational diffusivity of the body plus flagella bundle [55]. We estimate Pe,. ~

mobility difference between the body and the flagella bundle, respectively, and D, =

In(2(a+f)/b)—1/2
(at+f)’

10, suggesting that such a subtle diffusiophoretic motion is yet powerful enough to overcome

Brownian rotation, leading to improved motility toward salt. As shown in Figures 4b,c 2 (Movies

steering of cells toward the salt with straighter runs, confirming the impact of salt gradients on
cell motion.

Cell steering due to diffusiophoresis can be further characterized by correlating the change of
body angle AB over its arc length s along individual run trajectories, i.e., (cos(A8))¢, where (-)4 is
the ensemble average over all segments pairs with equal arc length separation across entire run
trajectories (SI). As shown in Figure 4f (%, in the absence of salt gradients, the angle correlation
decays slowly along its displacement, indicating persistent swimming along its initial direction
within a run. In contrast, under salt gradients, the angle correlation decays faster, indicating
increased directional decorrelation over its run path. This long-range decay is not attributed to
any change in the rotational Brownian noise; rather, it arises from continuous, deterministic
reorientation of the swimming direction enabled by the diffusiophoretic torque. Such forced
steering introduces long-range curvature into the run trajectories, leading to a faster decay of
angle correlation as the motion becomes globally biased toward the salt gradient.

Further analyzing the mean square displacement (MSD) of the run trajectories reveals that the
observed long-range steering arises mainly from the change of cell motion along the gradient
direction (SI). The MSD anisotropy, which is defined as the ratio of MSD components along the
gradient direction (MSD‘ |) and transverse to the gradient direction (MSD ,), i.e., MSD| |/MSD 1-In
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FIG. 4. Non-uniform diffusiophoresis steers P. putida toward salt.

(a) An illustration of cell rotation due to non-uniform diffusiophoresis. (b,c) Experimental run trajectories (40 randomly
chosen) repositioned to start at the origin in the (b) absence (Movie S3) and (c) presence (Movie S4) of NaCl gradients.

The color code represents run straightness S . (d,e) Numerical simulation run trajectories repositioned to start at the origin in
the (d) absence (Movie S5C% ) and (e) presence (Movie 562 ) of diffusiophoretic drift. (f,g) Angle correlation function (cos(4A8))

in (f) experimental run trajectories and (g) simulation run trajectories. Shaded regions indicate + standard error of the mean
(SEM.) (h,i) MSD anisotropy ratio for (h) experimental run trajectories and (i) simulation run trajectories.
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unity across all lag times 7. However, under salt gradients, the MSD anisotropy is substantially
increased, suggesting that the directional persistence is enhanced only along the gradient axis.
Also, the MSD anisotropy is large even at very short lag times, indicating that the reorientation
driven by diffusiophoretic torque occurs continuously throughout the entire run.

This result is fully consistent with the angle correlation analysis, where the correlation function
decays much faster under salt gradients compared to the no-gradient conditions. Moreover, the
elevated MSD anisotropy at the shortest lag times, together with the rapid decay of (cos(A8)),
provides a clear signature of continuous orientation rather than biased run-time modulation
characteristic of chemotaxis. The absence of any significant and noticeable change in the mean
run time between the no-gradient and salt gradient conditions (Figure 3h &2 and Figure S2 @)
further rules out salt-taxis or chemotactic mechanisms, supporting non-uniform diffusiophoresis
as the origin of the observed behavior here in this study. Comprehensive statistical analysis,
including permutation tests for the MSD anisotropy, confirms the robustness of these findings
(Table S3 @, SI).

The diffusiophoresis-driven steering can also be simulated by solving Langevin equations for cell
translation and rotation (SI). The rotation of Brownian cell subject to diffusiophoresis can be

modeled as § (t) = 24 + 7, (), where Q, = Qﬁ;}d sin 6 is the rotation due to non-uniform

diffusiophoresis, and n,. (t) is the random Brownian rotation. The simulation results are shown in
Figures 4e > where NaCl gradients effectively steer the cells toward salt and enable straighter

Diffusiophoresis Enhances Bacterial Dispersion toward Pollutants

Finally, we evaluate the diffusiophoretic cell dispersion in the presence of NAPL; toluene. While
toluene is highly toxic to most microorganisms due to its membrane-disrupting effects, P. putida is
resistant and capable of metabolizing toluene, which drives its natural chemotaxis toward the
compound [56-59]. Using the same microfluidic device, we inject P. putida suspended in low
salinity water (1 mM NacCl) into a channel that is initially filled with high salinity water (0.1 M
NacCl) while toluene is present in the gel-sided flow channel (Figures 5a,b @), effectively simulating
diffusiophoresis-enabled bioaugmentation of NAPL-contaminated subsurface. Toluene gradually
dissolves and creates toluene gradients in addition to salt gradients, creating dual chemical

gradients.

In the presence of toluene, we observe that cells initially chemotax toward toluene, but soon after
they slow down due to the toxicity at high toluene concentration [60, 61], making it challenging to
disperse cells closer to the contaminant source (Figure 5c%, Movie S7 ). On the other hand,
when NaCl gradients are additionally imposed, the cells continuously migrate into the pore via
diffusiophoresis despite the lack of flagellar motility, as diffusiophoresis is forcing the cells to
move toward the contaminant source (Figure 5d %, Movie S8 ). This demonstration suggests the
potential utility of diffusiophoresis for bioremediation of NAPL-contaminated soil using externally
imposed salt gradients.

Conclusion

Our results indicate that diffusiophoresis can improve the swimming motility of P. putida to reach
targets in confined geometries, offering a promising strategy for bioremediation in contaminated
soil environments. While this work only focuses on P. putida, we expect other similar
lophotrichous cells to experience similar diffusiophoresis-enhanced motility improvement due to
the asymmetric geometry of the cell and the native surface charge of bacterial membranes [32]. In
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FIG. 5. Salt gradients disperse cells toward toxic contaminant.

(a) Simulating diffusiophoretic bioaugmentation of toluene-contaminated pore. Cells suspended in low salinity water are
injected into the channel that is filled with high salinity water in the presence of toluene on the gel-sided channel, thereby
creating dual chemical (salt and toluene) gradients. (b) An image of the microfluidic channel in the presence of toluene.
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the same reasoning, we expect that peritrichous cells (e.g., Escherichia coli) are likely to experience
the diffusiophoresis-induced steering much less since their body and flagella are not spatially
separated, unlike lophotrichous cells. This warrants further investigations to uncover how
flagellar configuration determines cellular diffusiophoresis.

Data availability

All codes, data files, and documentation for tracking can be accessed via the GitHub repository
https.//github.com/alinikkh/-Pseudomonas-putida-F1-tracking & .
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Peer reviews
Reviewer #1 (Public review):

Summary:

The authors claim that bacteria are guided by diffusiophoresis. They perform experiments of
bacterial motility in microfluidic channels with salt gradients. The data show that P. pudita
bacteria swim towards higher sodium chloride concentrations, but there is no evidence that
this is due to a diffusiophoresis.

Weaknesses:

It is well known that bacteria perform chemotaxis in salt gradients (see e.g., PNAS 86, pp.
8358-8362, 1989). The underlying mechanism based on chemoreceptors is widely accepted,
but the authors do not mention this possibility. I recommend a control experiment where the
chemotaxis genes are knocked out. Even if this mechanism can be ruled out, the current data
show no evidence for a mechanism based on diffusiophoresis.

https://doi.org/10.7554/eLife.111881.1.sa2

Reviewer #2 (Public review):

Summary:

The authors investigate how salt gradients influence the transport of Pseudomonas putida in
confined microfluidic environments. They report that salt gradients enhance directional
migration, increase run persistence, and promote transport toward contaminant-rich regions.
To explain these observations, the authors propose a physical steering mechanism in which
differential diffusiophoretic mobilities of the cell body and flagellar bundle generate an
aligning torque that reorients cells along the salt gradient.

Strengths:

The study addresses an interesting question at the interface of microbiology, complex fluids,
and active matter. Their experiments suggest that salt gradients influence bacterial transport
behavior and lead to more persistent, directional motion. Once confirmed, the proposed
mechanism would broaden our understanding of how environmental gradients can shape
microbial migration through physical interactions in addition to more traditional sensing-
based pathways.

Weaknesses:

The main limitation of the current study is that the proposed steering mechanism is not
directly demonstrated. The evidence for the diffusiophoretic torque is largely inferred from
trajectory statistics and theoretical modeling. While the observed transport behavior is
convincing, the causal link between the observed migration patterns and the proposed
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reorientation mechanism remains less well established. In particular, the manuscript focuses
primarily on cell trajectories and transport properties, whereas the proposed mechanism
fundamentally involves changes in cell orientation. Additional evidence connecting
orientation dynamics to the proposed torque mechanism would strengthen the conclusions.

A related concern is whether alternative physical mechanisms associated with the imposed
salt gradients have been fully excluded. For example, weak flow-mediated effects or other
hydrodynamic influences could potentially contribute to the observed transport behavior.
The manuscript would benefit from a more thorough discussion of such possibilities and a
clearer justification for why the proposed diffusiophoretic mechanism should be regarded as
the dominant explanation.

The manuscript would also benefit from a clearer positioning within the broader literature
on physically induced microbial transport and swimmer reorientation. Previous studies have
demonstrated directed migration arising from rheotaxis (Marcos et al., 2012, PNAS) and
viscosity-gradient-induced steering (Stehnach et al., 2021, Nature Physics). While the
mechanism proposed here appears distinct, a more explicit discussion of how the present
work relates to these earlier studies would help readers better understand the specific
conceptual advance being made.

https://doi.org/10.7554/eLife.111881.1.sa1

Author response:

Public Reviews:

Reviewer #1 (Public review):
Summary:

The authors claim that bacteria are guided by diffusiophoresis. They perform
experiments of bacterial motility in microfiuidic channels with salt gradients. The data
show that P. putida bacteria swim towards higher sodium chloride concentrations, but
there is no evidence that this is due to diffusiophoresis.

Weaknesses:

It is well known that bacteria perform chemotaxis in salt gradients (see e.g., PNAS 86, pp.
8358-8362, 1989). The underlying mechanism based on chemoreceptors is widely
accepted, but the authors do not mention this possibility. I recommend a control
experiment where the chemotaxis genes are knocked out. Even if this mechanism can be
ruled out, the current data show no evidence for a mechanism based on diffusiophoresis.

We thank the reviewer for raising this important comment. We agree that receptor-mediated
salt taxis is a well-established mechanism in some bacteria, including the classic study by Qi
and Adler (PNAS, 1989). We note, however, that the original manuscript did discuss this
possibility and cited Qi and Adler in line 117: “We also note that we did not observe any
significant difference in the tumble rates between the control and NaCl gradient cases (Figure
3h; Figure S2, SM), suggesting that NaCl gradients do not interfere with chemoreceptors (Qi
and Adler, 1989).” In Figure S2, the run-time distributions show no significant difference
between the no-gradient condition and the NaCl-gradient condition, with fitted tumble rates
of A=0.41s"1and A = 0.38 5”1, respectively. We also do not observe a directional bias in run
duration, namely longer runs up the salt gradient and shorter runs down the gradient, which
would be expected for canonical chemoreceptor-mediated taxis.

The basis for assigning the observed migration to diffusiophoresis is that the NaCl gradient
produces a directional drift of the bacterial body without a measurable change in the run-
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and-tumble statistics. This behavior is consistent with our previous work [1], where non-
motile bacteria were shown to undergo diffusiophoretic migration toward higher salt
concentration. Because that migration occurred in non-motile cells and across different
bacterial types and morphologies, it supports the interpretation that native bacterial surface
charge can drive a non-specific diffusiophoretic response in salt gradients.

That said, we agree with the reviewer that a genetic control would provide a stronger test
against receptor-mediated chemotaxis. We will therefore perform additional experiments
using a AcheA strain. Because CheA is required for canonical chemotactic signal transduction,
observing the same directional migration in the AcheA mutant would directly test whether
the NaCl gradient response persists in the absence of receptor-mediated chemotaxis. We will
include these new data and revise the manuscript to more explicitly distinguish
diffusiophoretic drift from chemoreceptormediated salt taxis.

Reviewer #2 (Public review):
Summary:

The authors investigate how salt gradients influence the transport of Pseudomonas
putida in confined microfluidic environments. They report that salt gradients enhance
directional migration, increase run persistence, and promote transport toward
contaminant-rich regions. To explain these observations, the authors propose a physical
steering mechanism in which differential diffusiophoretic mobilities of the cell body and
flagellar bundle generate an aligning torque that reorients cells along the salt gradient.

Strengths:

The study addresses an interesting question at the interface of microbiology, complex
fluids, and active matter. Their experiments suggest that salt gradients influence
bacterial transport behavior and lead to more persistent, directional motion. Once
confirmed, the proposed mechanism would broaden our understanding of how
environmental gradients can shape microbial migration through physical interactions in
addition to more traditional sensing-based pathways.

Weaknesses:

The main limitation of the current study is that the proposed steering mechanism is not
directly demonstrated. The evidence for the diffusiophoretic torque is largely inferred
from trajectory statistics and theoretical modeling. While the observed transport
behavior is convincing, the causal link between the observed migration patterns and the
proposed reorientation mechanism remains less well established. In particular, the
manuscript focuses primarily on cell trajectories and transport properties, whereas the
proposed mechanism fundamentally involves changes in cell orientation. Additional
evidence connecting orientation dynamics to the proposed torque mechanism would
strengthen the conclusions.

We thank the reviewer for the constructive comments. We agree that the proposed steering
mechanism should be supported by evidence that directly connects the salt gradient response
to bacterial orientation dynamics, not only to trajectory-level transport statistics.

We would like to clarify that the original manuscript already includes an orientation-based
analysis in Figure 4f,g in the main text. The corresponding methodology and results are
described in lines 173-183 and in the Supporting Information. Specifically, we quantified cell
steering by measuring the change in body angle, A6, along individual run trajectories as a
function of arc length, s, using the orientation correlation {cos(A8)). In the absence of salt
gradients, the orientation correlation decays slowly with arc length, indicating persistent
swimming along the initial
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Author response image 1.Instantaneous angular velocity as a function of heading angle relative to the salt
gradient orientation. (a) Experimental and (b) simulated mean angular velocity of cells as a function of heading
angle 8 (measured relative to the gradient direction; 8 = 0° points toward the gel/high-salt side) in the absence
(blue) and presence (red) of a NaCl gradient. Positive and negative values indicate counterclockwise and clockwise
rotation, respectively, with arrows showing rotation direction. Under the gradient, both experiments and
simulations show a signed, angle-dependent rotation rate that is largest near 8 = £90° and approaches zero near 6
=0° and 180°, consistent with a restoring torque that steers cell heading toward the gradient direction.
Simulations reproduce this behavior with comparable magnitude to the experimental measurements, and in the
absence of a gradient, angular velocity remains relatively small in the no-gradient case with no consistent
directional bias across heading angles.

run direction. Under a salt gradient, the correlation decays more rapidly, indicating stronger
directional reorientation during runs. Because the tumble statistics do not change
significantly between the no-gradient and salt-gradient conditions, this enhanced
orientational decorrelation is not attributed to increased tumbling or rotational noise.
Instead, it is consistent with continuous deterministic steering during runs, as expected from
a diffusiophoretic torque acting on the cell body-flagellar bundle system.

To further address the reviewer’s concern, we performed an additional orientation-dynamics
analysis using the same dataset shown in Figure 4. Following the approach used by Stehnach
et al. [2], we calculated the instantaneous angular velocity during individual runs as a
function of the cell heading angle relative to the salt gradient direction. The cell orientation
was obtained from the run trajectories, and tumble events were excluded because they
produce large transient angular velocity spikes that are not representative of continuous
steering during runs.

The new analysis is shown in Author response image 1. Under the no-gradient condition, the
angular velocity remains small and nearly independent of heading angle. In contrast, under
the salt gradient condition, the angular velocity becomes strongly heading-dependent. The
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angular velocity is largest when cells swim nearly perpendicular to the salt gradient, where a
steering torque is expected to be maximal. Moreover, the sign of the angular velocity
indicates rotation toward alignment with the gradient direction. This behavior is consistent
with the proposed diffusiophoretic torque mechanism and provides a direct link between the
observed transport behavior and salt-gradient-induced reorientation dynamics.

We plan to add this angular velocity analysis to the revised manuscript and revise the
relevant text to make the connection between trajectory statistics, orientation dynamics, and
the proposed torque mechanism clearer.

A related concern is whether alternative physical mechanisms associated with the
imposed salt gradients have been fully excluded. For example, weak flow-mediated
effects or other hydrodynamic influences could potentially contribute to the observed
transport behavior. The manuscript would benefit from a more thorough discussion of
such possibilities and a clearer justification for why the proposed diffusiophoretic
mechanism should be regarded as the dominant explanation.

We thank the reviewer for raising this important point. We agree that alternative physical

mechanisms associated with the imposed salt gradient should be considered explicitly. In the
revised manuscript, we will add a more detailed discussion explaining why flow-mediated or
other hydrodynamic mechanisms are unlikely to account for the observed steering behavior.

First, the characteristic diffusiophoretic drift velocity in our experiments is approximately uy
= 1 um/s, corresponding to only about 1-5% of the typical swimming speed of P. putida. Thus,
the proposed mechanism does not require externally driven advection of the cells. Instead,
the salt gradient produces a weak but persistent differential diffusiophoretic slip on the cell
body and flagellar bundle, which can generate a reorienting torque during active swimming.

We also considered whether diffusio-osmotic flow along the channel walls could generate
sufficient shear to induce rheotaxis. In a dead-end channel, the diffusio-osmotic velocity
profile can be estimated as [3]

v,(z,2) = % d;;r;c [z ((%)2 - 1)] @

which gives a wall shear rate (at z = h) of

d?lnc

7wall = 1-‘w

This value is below the shear rate threshold reported by Marcos et al. [2], where rheotactic
drift becomes negligible for S < 0.1 s™1. Therefore, the shear generated by diffusio-osmotic
wall flow in our experiments is too weak to explain the observed directional reorientation.
This effect would be even smaller for P. putida, whose thin flagellar bundle is expected to
experience weaker shear-induced alignment than organisms with larger flagellar structures.

We further considered viscotaxis as a possible mechanism. However, the viscosity difference
between 1 mM and 100 mM NaCl solutions is marginal. This contrast is far smaller than the
approximately 4-5-fold viscosity difference reported to induce strong viscophobic turning in
bacteria [4]. Thus, salt-gradient-induced viscosity variations are insufficient to account for the
measured steering response.

Taken together, these estimates indicate that hydrodynamic shear, rheotaxis, and viscotaxis
are too weak under our experimental conditions to explain the observed migration and
orientation dynamics. In contrast, the proposed nonuniform diffusiophoretic mechanism
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naturally accounts for the key observations: directional migration up the salt gradient,
enhanced curvature during runs, heading-dependent angular velocity, and the absence of
significant changes in tumble statistics. We will include this analysis in the revised
manuscript to clarify why diffusiophoretic steering is the dominant mechanism under the
present conditions.

The manuscript would also benefit from a clearer positioning within the broader
literature on physically induced microbial transport and swimmer reorientation. Previous
studies have demonstrated directed migration arising from rheotaxis (Marcos et al.,
2012, PNAS) and viscosity-gradient-induced steering (Stehnach et al., 2021, Nature
Physics). While the mechanism proposed here appears distinct, a more explicit discussion
of how the present work relates to these earlier studies would help readers better
understand the specific conceptual advance being made.

We thank the reviewer for this helpful suggestion. We agree that the manuscript should more
clearly position the proposed mechanism within the broader literature on physically induced
microbial transport and swimmer reorientation.

In the revised manuscript, we have added a discussion comparing our results with prior
studies on rheotaxis and viscosity-gradient-induced steering. Specifically, we now discuss the
work of Marcos et al. [4], which showed that shear flow can generate a torque on the helical
flagellum of Bacillus subtilis, producing rheotactic alignment independent of chemical
sensing. We also discuss the work of Stehnach et al. [2], which showed that viscosity gradients
can steer Chlamydomonas reinhardtii through asymmetric viscous drag on its two flagella,
producing viscophobic turning down the viscosity gradient.

The mechanism proposed in the present work is distinct from both of these cases. Unlike
rheotaxis, it does not require externally imposed shear flow. Unlike viscophobic turning, it
does not rely on a substantial viscosity contrast. Instead, we propose that a salt concentration
gradient generates differential diffusiophoretic motion of the cell body and flagellar bundle,
producing a torque that continuously reorients swimming cells along the gradient. This
mechanism therefore identifies salt gradients as a distinct physical cue capable of steering
bacteria through surface-mediated transport rather than through flow, viscosity contrast, or
canonical chemoreceptor signaling.

We have added the following text to the revised manuscript: Our findings also relate to other
physical mechanisms of microbial reorientation. Bacterial rheotaxis, arising from a torque
generated by shear flow acting on the helical flagellum, steers Bacillus subtilis independent of
any chemical gradient [4]. Viscosity gradients similarly drive a viscophobic turning in the
alga Chlamydomonas reinhardtii, where uneven viscous drag on its two flagella produces a
torque that reorients cells down the gradient [2], a behavior confirmed by measuring angular
velocity as a function of heading angle and revealing a sinusoidal form, w(8) = - ;g Sin(H),
which resembles what we report here for diffusiophoresis in (Figure S4). This identifies salt
gradients, independent of flow or viscosity, as a distinct physical route by which swimming
cells can be steered and guided, broadening the set of known nonchemoreceptor mechanisms
for directed microbial transport.” References
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