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 9 
Abstract  10 
 11 
Surface-attached cells can sense and respond to shear flow, but planktonic (free-12 
swimming) cells are typically assumed to be oblivious to any flow that carries them. Here 13 
we discover that planktonic bacteria can transcriptionally respond to flow, inducing 14 
expression changes that are beneficial in flow. Specifically, we use microfluidic 15 
experiments and quantitative modeling to show that in the presence of flow, planktonic P. 16 
aeruginosa induce shear-rate-dependent genes that promote growth in low oxygen 17 
environments. Untangling this mechanism revealed that in flow, motile P. aeruginosa 18 
spatially redistribute, leading to cell density changes that activate quorum sensing, which 19 
in turn enhances oxygen uptake rate. In diffusion-limited environments, including those 20 
commonly encountered by bacteria, flow-induced cell density gradients also 21 
independently generate oxygen gradients that alter gene expression. Mutants deficient in 22 
this newly-discovered flow-responsive mechanism exhibit decreased fitness in flow, 23 
suggesting that this dynamic coupling of biological and mechanical processes can be 24 
physiologically significant.  25 
 26 
Significance statement 27 
 28 
Bacterial pathogens commonly encounter flow in the human bloodstream and urinary 29 
tract. While previous studies have largely focused on how flow affects surface-attached 30 
bacteria, little is known about the biophysical and molecular interactions of flow with 31 
bacteria that are free-swimming and “go with the flow”. Our study focuses on the important 32 
human pathogen, P. aeruginosa, which is commonly associated with flow-associated 33 
infections. We discovered that under confined shear flow, planktonic P. aeruginosa 34 
induce expression of genes crucial for survival in low oxygen environments. We reveal 35 
that this unexpected response emerges from a flow-dependent interaction between 36 
bacterial motility mechanics, cell signaling, and oxygen-related cellular processes. 37 
Furthermore, our results suggest that this coupling of mechanical and biological 38 
responses can be physiologically beneficial.  39 
 40 
 41 
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Main text 43 
 44 
Bacteria encounter complex and diverse mechanical environments in their lifestyle (1, 2). 45 
For example, human pathogens can cause infections in environments with flow, including 46 
the bloodstream, urinary tract, and catheters (3–5). Previous studies have focused on the 47 
effects of flow that moves past surface-attached bacteria (6–8). At the molecular level, 48 
these studies reported flow-dependent increase in intracellular cyclic-di-GMP levels (6) 49 
and increase in expression of the fro operon (7). While previous studies have mostly 50 
focused on surface-attached (sessile) bacteria, the effect of flow on gene expression of 51 
free-swimming (planktonic) bacteria that are being transported within the bulk of the flow 52 
has not been previously examined. Prior studies have reported that planktonic bacterial 53 
cells can spatially redistribute themselves in flow due to hydrodynamic coupling between 54 
bacterial motility and shear gradients (9, 10). Since the shear stresses experienced by 55 
individual bacterial cells are smaller than those that the bacteria experience when 56 
swimming in the absence of flow (11), hydrodynamic considerations alone would suggest 57 
that in such environments flow passively transports planktonic bacteria (12–14). As a 58 
result, the general expectation is that planktonic bacteria are carried along with the flow 59 
as inert objects, and therefore, that shear flow would not alter the gene expression of 60 
planktonic bacteria (10). However, it remains unknown whether such hydrodynamic 61 
interactions actually affect gene expression and whether bacteria can actively adapt to 62 
such environments.  63 
 64 
Here, we directly test whether bacteria respond to being transported by flow using the 65 
bacterium Pseudomonas aeruginosa (PAO1), a common pathogen implicated in cystic 66 
fibrosis, bacteremia, and urinary tract infections. Surprisingly, we find that shear flow does 67 
induce significant transcriptional responses in planktonic P. aeruginosa. Biophysical and 68 
molecular analyses reveal that this unexpected response emerges from a flow-dependent 69 
interaction between bacterial motility mechanics, cell signaling, and oxygen-related 70 
cellular processes under confined shear flow. This previously unappreciated bacterial 71 
response is likely to be physiologically significant, as we demonstrate that it promotes 72 
metabolic adaptation that is crucial for fitness in flow environments. Our findings also 73 
suggest that the strong coupling of physical and biological processes could help to 74 
understand other aspects of how bacteria adapt and thrive in physiologically important 75 
complex environments. 76 
 77 
Results 78 
  79 
Transcriptomics reveals flow-sensitive gene regulation in planktonic bacteria 80 
 81 



To determine whether flow alters the gene expression of planktonic P. aeruginosa, we 82 
designed a long microfluidic channel that enabled us to expose bacteria to flow for 83 
significant lengths of time and then be fixed as they exit the channel. The experiments 84 
mimic the kinds of shear flows characteristic of a wide variety of confined flow 85 
configurations. Since the shear rate varies across the channel cross-section, we 86 
characterized flow conditions in our experiments using the wall shear rate (see 87 
supplementary text). Using this microfluidic system, we performed bulk RNA-Seq analysis 88 
of planktonic bacteria that flowed for 55 min at a shear rate of 20 s-1, and compared gene 89 
expression of this population with a control population of planktonic bacteria under similar 90 
conditions with no flow (Figure 1a, Supplementary Figure 1). We note that this shear 91 
rate is in the range that bacteria would encounter in environments like the bloodstream 92 
or urinary tract (15, 16), and that the flow field is laminar. Despite the fact that we expected 93 
that bacteria would not respond to the flow, our experiment revealed several genes that 94 
were differentially regulated between planktonic cells with and without flow 95 
(Supplementary Table 1). Among the most strongly flow-induced genes were several 96 
gene clusters that were previously associated with the response to low oxygen conditions 97 
(17–19), including nar, arc, and hcn (Figure 1b, Supplementary Table 1).  98 
 99 
To study flow-dependent transcriptional responses in single cells and to monitor the 100 
dynamics, we engineered an arc transcriptional reporter PAO1 strain in which the arc 101 
operon promoter is fused to YFP and a constitutive rpoD promoter (20) is fused to mKate2 102 
for normalization. Consistent with our RNA-Seq data, we observed that the arc reporter 103 
signal significantly increased with time under flow for over 1 h (Figure 1c). To determine 104 
the quantitative relationship between flow rate and arc induction, we examined the arc 105 
reporter under flow after 1 h at shear rates of 0 (no flow), 2, 20, and 200 s-1. We observed 106 
that the induction of the arc reporter increased monotonically with shear rate, suggesting 107 
that planktonic bacteria under shear flow exhibit a low-oxygen transcriptional response in 108 
a flow-sensitive manner (Figure 1d and Supplementary Figure 2).  109 
 110 
Shear flow causes swimming bacteria to redistribute and form cell density 111 
gradients 112 
 113 
How might flow affect planktonic bacteria? To gain insight into the mechanism underlying 114 
the flow-dependent arc induction we examined the physical response of planktonic 115 
bacteria to shear flow in a defined rich media, EZ. Specifically, we performed phase 116 
contrast microscopy to image planktonic bacteria in shear flow in the middle of the 117 
channel (away from the surface). We observed that these bacteria distributed to create 118 
spatial gradients with more cells concentrated towards the channel walls and fewer cells 119 
concentrated towards the channel center (Figure 2a). We quantified this response at 120 
varying shear rates and found that the cell depletion near the channel center and the 121 



corresponding cell enrichment near the walls both increased with shear rate (Figure 2b 122 
and Supplementary Figure 3). For example, at a shear rate of 20 s-1, the cell density 123 
decreased by ~2-fold near the channel center and increased by ~2-fold near the channel 124 
walls compared to no-flow conditions.  125 
 126 
Previous studies have suggested that hydrodynamic interactions between self-propulsion 127 
motility and shear gradients could affect the distribution of bacteria in flow (9, 10). We 128 
thus tested the effect of Type IV pilus (T4P) and flagellum-dependent motility mutants on 129 
our flow-dependent redistribution pattern. We found that flagellar mutants no longer 130 
established cell density gradients, while the behavior of pilus mutants resembled that of 131 
wild type PAO1, suggesting that flagellar motility is required for shear-induced cell 132 
redistribution (Figure 2c and Supplementary Figure 4). Our observations on cell 133 
redistribution in flow are consistent with previous studies on the effects of flow on rod-134 
shaped bacteria with active swimming motility (21). This transverse redistribution of 135 
swimming bacteria in response to shear gradients has been modeled as a “shear-136 
trapping” mechanism (Figure 2d) (21–23). In the shear-trapping model, bacteria near the 137 
channel walls encounter a transverse diffusive-like redistribution from the velocity 138 
gradient that aligns the cell body along the flow direction, and this counteracts rotational 139 
noise from swimming. This effect causes bacteria that are closer to the walls to remain 140 
more aligned with the flow and thus remain close to the wall (Supplementary Figure 5), 141 
while bacteria closer to the channel center (low shear rates) are more likely to swim away 142 
from the center. In this manner, flow causes bacteria to tend to migrate away from the 143 
center of the channel and get trapped near the walls over a short diffusive timescale (22, 144 
23).  145 
 146 
A key feature of the shear-trapping model is that it depends on the velocity gradient, 147 
whose magnitude is the shear rate, but not the shear stress. To test if the shear-trapping 148 
model is likely to explain the cell density gradients we observed, we varied the viscosity 149 
of the cell media because increased viscosity increases the shear stress without 150 
increasing shear rate for a given flow rate. We found that the bacterial cell density 151 
distribution in flow did not change significantly upon increasing viscosity (Supplementary 152 
Figure 6), confirming that the velocity gradient is the primary driver in setting the cell 153 
density profiles in flow.  154 
 155 
The transcriptional flow response requires flagellar motility, quorum sensing, and 156 
oxygen sensing 157 
 158 
The experiments above demonstrate that flow induces both transcriptional induction of 159 
arc and cell density changes. Furthermore, the density changes require flagellar motility 160 
(21) and arc is known to be regulated by the Anr oxygen sensing system (24). To 161 



understand how each of these processes affect arc induction in flow, we assayed flow-162 
dependent arc induction and cell density redistribution in mutants that disrupt cell density 163 
sensing (the quorum sensing master regulator, lasR (25, 26)), cell motility (fliC for flagellar 164 
motility and pilA for T4P (27, 28)), and oxygen sensing (anr) (24, 29). pilA had no effect 165 
on cell density or arc induction compared to wild-type (WT), both anr and lasR deletion 166 
cells resembled WT with respect to cell density gradients but failed to induce arc in flow, 167 
and fliC was defective in both cell density redistribution and arc induction (Figure 2c, 2e, 168 
and Supplementary Figure 4). We also validated the flow response of the anr and lasR 169 
mutants by complementation (Supplementary Figure 7). Based on these data, we 170 
hypothesize that the cell density gradients that are established in flow due to flagellar 171 
motility subsequently induce arc expression through the LasR and Anr regulators.    172 
 173 
Bacterial redistribution in flow leads to increased oxygen uptake rate via cell 174 
density sensing 175 
 176 
The dependence of arc induction in flow on motility-driven cell gradient formation 177 
suggested that the cell density gradient that occurs in flow might produce an oxygen 178 
concentration gradient that activates Anr. To test this hypothesis, we obtained in situ 179 
measurements of oxygen concentration in the middle of the channel by measuring the 180 
fluorescence of an oxygen-sensitive dye dissolved in EZ media after 1 h of shear flow 181 
(see supplementary text). Counter to our hypothesis, we did not observe an oxygen 182 
gradient in these conditions, suggesting that there is an alternative mechanism explaining 183 
arc induction in flow (Figure 3a). For example, if flow caused bacteria to consume oxygen 184 
at a higher rate, the overall level of oxygen would decrease more quickly in flow than in 185 
the absence of flow, causing Anr to be activated by flow despite the absence of a spatial 186 
oxygen gradient. Consistent with this idea, our oxygen sensor revealed that overall 187 
oxygen levels decreased in flow faster than in the absence of flow over the course of one 188 
hour in EZ media (Figure 3b). We then quantified oxygen uptake rate by averaging the 189 
measured oxygen concentration across the field of view and comparing this average 190 
value measured at different locations along the channel (equivalently, in time). Under 191 
flow, the wild-type PAO1 consumed oxygen at a rate that was ~30% higher than the no-192 
flow condition (Figure 3c).  193 
 194 
Why do P. aeruginosa cells consume oxygen at higher rates under flow? We wondered 195 
if this increased uptake rate of oxygen in flow was related to the other transcriptional 196 
regulator we found to affect flow-dependent arc induction, the LasR quorum sensing 197 
master regulator. Indeed, the oxygen consumption rate of ΔlasR mutants was not flow 198 
dependent and resembled the oxygen consumption rate that WT exhibited under no flow 199 
conditions even when ΔlasR was exposed to 20 s-1 flow for one hour (Figure 3c and 200 
Supplementary Figure 8). Similarly, loss of flagellar motility, which eliminated the cell 201 



density redistribution, also caused the bacteria to lose the flow dependence of oxygen 202 
consumption. Meanwhile, anr mutants maintained flow-dependent oxygen consumption 203 
similar to that of WT (Figure 3c and Supplementary Figure 8). These results suggest 204 
that motility-dependent changes in bacterial cell density activate quorum sensing through 205 
LasR and that LasR induction increases the oxygen consumption rate.  206 
 207 
To determine if the LasR-mediated regulation of oxygen uptake rate depends on flow, we 208 
also quantified the oxygen uptake rate in WT and ΔlasR strains using spent media or 209 
increased cell concentration in the absence of flow within the microfluidic channel. We 210 
observed that only the wild-type strain showed an increase in oxygen uptake rate in both 211 
conditions, suggesting that the regulation of oxygen uptake rate via lasR is a flow-212 
independent response (Supplementary Figure 9). This result is consistent with previous 213 
studies that have implicated quorum sensing in P. aeruginosa in metabolic changes that 214 
can explain the effect of cell density on oxygen consumption rate (17, 19, 30–32). At the 215 
transcriptional level, quorum sensing regulates multiple genes involved in both aerobic 216 
and anaerobic metabolism, as nearly 20% of the quorum sensing regulon is associated 217 
with oxygen-related cellular pathways including carbon compound catabolism, 218 
denitrification, amino acid metabolism, arginine biosynthesis, and energy metabolism (30, 219 
31). Prior studies have also reported that under oxygen-limiting conditions such as those 220 
encountered in cystic fibrosis, a deficiency in quorum sensing via lasR induces anaerobic 221 
metabolic pathways (19, 33, 34). Together, these data suggest that shear flow of 222 
planktonic bacteria leads to an overall increase in oxygen uptake rate, and this requires 223 
the coupling of swimming motility with the ability to sense cell density changes in flow. 224 
 225 
Diffusion-limited conditions can lead to oxygen gradients in shear flow 226 
 227 
To better understand oxygen sensing at a quantitative level we developed a reaction-228 
diffusion model to describe how flow affects oxygen concentration fields in the presence 229 
of cell density gradients. This model suggested that spatial oxygen gradients should 230 
emerge when oxygen diffusion is slower than the oxygen consumption rate 231 
(Supplementary Figure 10). To test if the absence of an oxygen gradient observed in 232 
WT PAO1 in EZ media is due to the rapid diffusion of oxygen in these conditions with cell 233 
density gradients, we decreased oxygen diffusion 10-fold by increasing the viscosity of 234 
the EZ media with added Ficoll (7) (the diffusion versus viscosity correspondence follows 235 
the Stokes-Einstein relation). To focus on changes in oxygen diffusion rather than effects 236 
on oxygen consumption rate, we performed these experiments in ΔlasR mutants. As 237 
predicted by the model, we found that Ficoll supplementation caused these bacteria to 238 
produce significant oxygen gradients, as measured by our oxygen sensor dye (Figures 239 
3d and 3e). Moreover, we also discovered that in these diffusion-limited conditions, arc 240 
induction occurred even in the absence of lasR (Figure 3f). These results suggest that 241 



motility-dependent cell density changes in flow can sustain spatial oxygen gradients that 242 
are sufficient to alter bacterial gene expression when oxygen diffusion is limited.  243 
 244 
We were surprised to discover that unlike in EZ media, oxygen gradients were sustained 245 
in LB media even in the absence of Ficoll (Figures 3d and 3e). To quantify the effect of 246 
LB on oxygen diffusion we turned to our validated reaction-diffusion model. The measured 247 
oxygen diffusion coefficient in water at room temperature is 2x10-9 m2/s. Using this value 248 
accurately captures our experimentally-measured oxygen gradient profile in EZ media 249 
without Ficoll, and reducing this value 10-fold accurately captured the gradients measured 250 
in EZ media with Ficoll supplementation (Figure 3e). However, this oxygen diffusion 251 
coefficient failed to fit our data for LB. Varying the oxygen diffusion coefficient value 252 
revealed that the model fit was best with an oxygen diffusion coefficient of 0.7x10-9 m2/s 253 
(Supplementary Figure 11). The viscosity of LB and EZ media are similar, suggesting 254 
that their difference in oxygen diffusion could result from oxygen’s interactions with the 255 
complex macromolecules found in LB but absent from EZ. We tested this interpretation 256 
by adding tryptone and yeast extract (complex components of LB) individually to EZ 257 
media in concentrations typically used for LB. In both cases, we observed that adding 258 
these components produced small gradients in oxygen concentration across the channel 259 
width, suggesting that macromolecular components in LB media tend to slow the diffusion 260 
of oxygen (Supplementary Figure 11). 261 
 262 
Oxygen sensing promotes planktonic bacterial fitness in shear flow 263 
 264 
Our observations that planktonic bacteria induce a transcriptional response to shear flow 265 
raise the question of whether this transcriptional response provides a fitness advantage. 266 
To assess the potential fitness benefits of flow-induced transcription we compared the 267 
growth rates of planktonic WT PAO1 and mutants defective in arc induction in flow. 268 
Specifically, we monitored the growth of each strain after subjecting the cells to flow at 269 
varying shear rates for over 2.5 hours (roughly two doubling times). In WT PAO1 we 270 
observed no growth rate changes as a function of flow. We next assayed growth in Δanr 271 
mutants, as these cells redistribute to form cell gradients and exhibit flow-induced 272 
changes in oxygen uptake, but are defective in oxygen sensing. We observed that the 273 
Δanr strain showed a significant decrease in growth rate at higher shear rates (Figure 274 
4a), suggesting that there is an adaptive benefit to oxygen sensing for planktonic cells in 275 
flow. In contrast, ΔfliC cells, which do not redistribute and thus do not preferentially 276 
deplete oxygen in flow, and ΔlasR cells, which do not increase oxygen uptake and thus 277 
also do not preferentially deplete oxygen in flow, had similar growth rates across all flow 278 
rates. These data suggest that WT PAO1 utilizes the Anr oxygen sensing pathway to help 279 
it adapt to the low oxygen environment induced by flow’s effects on motile planktonic 280 
cells.  281 



 282 
Discussion 283 
 284 
Here we present data suggesting a biophysical model for how interactions between 285 
hydrodynamics and bacterial processes like motility, metabolism, and signaling cause 286 
planktonic bacteria to alter their gene expression to provide adaptive benefits in the 287 
presence of shear flow (Figure 4b). First, shear flow causes bacterial cells to redistribute 288 
and become more crowded near the channel walls via shear trapping, which results from 289 
the interaction of flagellar motility and hydrodynamics of shear flow. Unexpectedly, we 290 
found that under conditions where oxygen diffusion is not limited, the changes in cell 291 
distribution caused by shear trapping leads to significant gene expression changes that 292 
influence key aspects of bacterial physiology like oxygen uptake rate. The resulting 293 
increased oxygen uptake reduces the overall oxygen concentration in the flow 294 
environment. This lower oxygen concentration is sensed by Anr, resulting in flow-induced 295 
upregulation of genes associated with microaerobic and anaerobic conditions. 296 
Independent of quorum sensing, if the cells are present in an environment where oxygen 297 
diffusion is limited, the greater oxygen consumption resulting from the higher cell density 298 
near the walls is sufficient to establish a spatial oxygen gradient, resulting in low-oxygen 299 
niches and an Anr-mediated transcriptional response. Previous studies showed that 300 
surface-attached bacteria can transcriptionally respond to flow (6–8) and swimming 301 
bacteria can hydrodynamically respond to flow (21, 22). However, our results provide the 302 
first evidence that planktonic bacteria modulate their gene expression profiles in flow. 303 
Importantly, this newfound adaptive response to flow appears to be functionally significant 304 
because mutants that cannot transcriptionally respond to flow exhibit compromised 305 
fitness in flow environments. 306 
 307 
Our study highlights how the coupling of bacterial mechanics in shear flow and regulation 308 
of cell density-dependent metabolic processes can lead to unexpected behaviors of 309 
bacterial populations in complex environments. We note that a purely mechanics-based 310 
consideration would have predicted that planktonic bacteria should form cell density 311 
gradients in flow and be passively transported by flow and thus not have any molecular 312 
responses to flow. The finding that the bacterial motility and signaling pathways enable 313 
them to sense and respond to flow thus illustrate the complex behaviors that can emerge 314 
when living systems interact with their mechanical environments.  315 
 316 
While the conditions we tested here used a simple channel geometry and standard culture 317 
media, our study also points to the possibility of diverse interactions between populations 318 
of planktonic cells and flow in physiologically relevant contexts. For example, most current 319 
studies assume that the diffusion of oxygen in biological systems is similar to the diffusion 320 
of oxygen in water. However, our observation that oxygen diffusion is limited in media 321 



with complex solutes suggests that biological fluids such as blood and plasma can 322 
present constraining environments for the free diffusion of oxygen (35). This finding thus 323 
calls for a careful reevaluation of oxygen diffusion in biological systems instead of 324 
assuming a standard value across all media compositions and conditions.  325 
 326 
While our study was primarily focused on oxygen transport and metabolism under flow, 327 
the motility-dependent cell density gradients established in flow could also lead to 328 
concentration gradients of other molecules such as nutrients, signaling molecules, 329 
proteins, and secondary metabolites. Indeed, these molecules all diffuse more slowly than 330 
molecular oxygen, so they would be predicted to form even stronger gradients 331 
(Supplementary Figure 9). This further points to the possibility that cells are likely to 332 
encounter a complex spatially stratified biochemical landscape under confined shear flow, 333 
which would not be seen in standard laboratory growth conditions. The effect of such a 334 
complex biochemical landscape around bacteria in shear flow on physiological fitness 335 
and adaptation over both short and long-timescales remains to be explored in detail.  336 
 337 
Given how intricately the swimming motility of bacteria is coupled with the biophysical and 338 
molecular response under flow, it remains to be seen how other cell types respond when 339 
they are carried along by flow. To begin to address this question we tested another rod-340 
shaped swimmer E. coli, and observed shear-trapping induced cell redistribution in flow 341 
similar to P. aeruginosa (Supplementary Figure 12a). However, unlike P. aeruginosa, 342 
E. coli did not exhibit flow-induced low oxygen transcriptional response under similar 343 
conditions (Supplementary Figure 12b), highlighting how different species respond 344 
differently to flow. Moreover, cells with distinct shapes or motility mechanisms will have 345 
different hydrodynamic interactions with shear flow that could result in different emergent 346 
behaviors. Beyond examining how additional bacterial and eukaryotic species respond to 347 
flow individually, it will prove interesting to understand how flow affects the biophysical 348 
and biochemical interactions of planktonic polymicrobial communities like those of free-349 
floating microbiome bacteria in the lumen and mucosa of the human gastrointestinal tract 350 
(36). Thus, our findings that bacteria are not merely transported by flow but rather actively 351 
respond to this complex environment presents an important step towards understanding 352 
the interconnected ways by which the coupling of biology and mechanics can produce 353 
surprising yet physiologically-significant adaptations.   354 
 355 
  356 



Methods 357 
 358 
Bacterial strains and culture conditions 359 
 360 
A list of the strains used in this study can be found in Supplementary Table 2, the 361 
plasmids used are described in Supplementary Table 3, and the primers used are 362 
described in Supplementary Table 4.  363 
 364 
P. aeruginosa PAO1 was grown overnight in liquid EZ rich defined medium (37) 365 
(Teknova) or lysogeny broth (LB) Miller (Difco) in a floor shaker at room temperature of 366 
25°C. Prior to flow experiments, overnight-grown cultures were diluted 1:200 in fresh 367 
media and grown to mid-exponential phase (OD of 0.4-0.5). For experiments involving 368 
Ficoll, cells were first grown to mid-exponential phase as described above in media 369 
without Ficoll, and when the cells reached the desired OD, the media was supplemented 370 
with 15% Ficoll prior to flow.  371 
 372 
For cloning, PAO1 was grown on LB Miller agar (1.5% Bacto Agar) and on Vogel-Bonner 373 
minimal medium (VBMM) agar (200 mg/l MgSO4.7H2O, 10 g/l K2HPO4, 2 g/l citric acid, 374 
3.5 g/l NaNH4HPO4.4H2O, and 1.5% agar) at 37°C, and on no-salt LB (NSLB) agar (5 g/l 375 
yeast extract, 10 g/l tryptone, 5% sucrose, and 1.5% agar) at 30°C. Escherichia coli S17 376 
was grown in liquid LB Miller (Difco) in a floor shaker and on LB Miller agar (1.5% Bacto 377 
Agar) at 30°C or at 37°C. Antibiotics were used at the following concentrations: 200 μg/mL 378 
carbenicillin in liquid (300 μg/mL on plates) or 10 μg/mL gentamycin in liquid (30 μg/mL 379 
on plates) for Pseudomonas, and 100 μg/mL carbenicillin in liquid (100 μg/mL on plates) 380 
or 30 μg/mL gentamycin in liquid (30 μg/mL on plates) for E. coli. 381 
 382 
Strains and plasmid construction 383 
 384 
PAO1 deletion strains were constructed following the two-step allelic exchange protocol 385 
(38) using the plasmid pEXG2. Fragments ~500 bp directly upstream and downstream of 386 
the target gene were amplified from WT PAO1 using primer pairs P1/P2 and P3/P4 387 
(Supplementary Table 4), respectively. The resulting upstream and downstream 388 
fragments were fused using overlap-extension PCR with primer pair P1/P4. The resulting 389 
fragment was cloned into the HindIII site of plasmid pEXG2. The pEXG2 plasmid was 390 
then integrated into P. aeruginosa PAO1 through conjugation with the donor strain E. coli 391 
S17. Mating was performed on LB plates, and the exconjugants were selected on VBMM 392 
plates containing 30 μg/mL gentamycin. Mutants of interest were counter-selected on 393 
NSLB plates supplemented with 15% (w/v) sucrose. Several single colonies were 394 
screened for the correct mutation using PCR and amplicon sequencing (SNPsaurus) with 395 
the primer pair P1/P4.  396 
 397 



For constructing arc transcriptional reporter strains of PAO1, the fragment containing the 398 
PaQa promoter region within the plasmid pPaQa (20) was replaced with a fragment 399 
containing the arc operon promoter. First, the plasmid pPaQa was digested and linearized 400 
using restriction enzymes XhoI and BamHI to remove the PaQa promoter region. 401 
Thereafter, a region ~490 bp upstream of the start codon of the arc operon which 402 
contained the arc promoter was PCR amplified, and the resulting amplicon together with 403 
the digested plasmid were Gibson assembled. The resulting plasmid was electroporated 404 
into E. coli S17 for maintenance. Selective media containing carbenicillin was used for 405 
the plasmid maintenance. Plasmids were then purified from the S17 maintenance strain 406 
using the Qiagen miniprep kit and then introduced into PAO1 using electroporation.  407 
 408 
For complementing the mutations in the Δanr and ΔlasR strains, the open reading frames 409 
(ORFs) for the genes were amplified from the wild-type strain using PCR, and the ORFs 410 
were cloned into the plasmid pJN105 (39) between the EcoRI and XbaI sites via Gibson 411 
assembly. The resulting plasmid was electroporated into E. coli S17 and selective media 412 
containing gentamycin was used for plasmid maintenance. Purified pJN plasmids were 413 
introduced into the corresponding PAO1 mutants containing the arc reporter via 414 
electroporation, and colonies were selected using media containing gentamycin and 415 
carbenicillin. 0.1% arabinose was used in media to induce gene expression.  416 
 417 
Microfluidic system design and flow conditions 418 
 419 
Microfluidic channels were custom-fabricated using polydimethylsiloxane (PDMS) 420 
bonded to large glass slides (Ted Pella, USA). Molds for PDMS channels were 3D printed 421 
on an ABS-like WaterShed XC 11122 material (Proto Labs, USA). The channel had a 422 
rectangular cross-section with a depth and width of 450 μm and 1500 μm, respectively. 423 
The channel length followed a serpentine geometry with 34 straight sections that were 424 
each 150 mm long, corresponding to a total channel length of approximately 5 m. Flow 425 
conditions were characterized using the wall shear rate, given by: 426 

Shear	rate = 6 Flowrate
width × (height)!	. 427 

Our channel geometry enabled bacteria to be transported in flow within the channel for 428 
up to 1 h at a shear rate of 20 s-1. A 6 mL bacterial suspension in media was loaded 429 
completely into a 10 mL syringe and the solution was injected into the channel using a 430 
syringe pump. The flow rate was adjusted according to the desired shear rates. For 431 
experiments at shear rate of 200 s-1, a peristaltic pump was used in place of syringe pump 432 
to recirculate bacteria within the channel and enable long-duration exposure of bacterial 433 
cells to flow. All flow experiments were performed at room temperature.  434 
 435 
RNA-Seq of planktonic bacteria in shear flow 436 



 437 
For the RNA-Seq experiments, a branched channel section near the device outlet was 438 
used to inject 37% Formaldehyde at a flow rate equal to 1/8th of the main channel to fix 439 
planktonic bacteria in a 4% Formaldehyde (final concentration) media solution after they 440 
flowed for 55 min within the device and prior to exiting the channel (Supplementary 441 
Figure 1). This allowed us to collect a sufficient number of fixed bacterial cells required 442 
to perform transcriptomics on a population that was exposed to flow for a set duration. 443 
For the no-flow control, bacterial cells were incubated for 55 min under static flow 444 
conditions within the channel and then pipetted out and fixed for the same duration as 445 
flow-exposed cells. Three biological replicates were used for each condition. 446 
 447 
RNA was extracted from fixed cells using the Qiagen RNeasy Mini kit with the following 448 
modifications to the protocol. Fixed cells were spun down at 6000 ×g for 5 min and 449 
resuspended in an 80 µL volume containing 30 mM Tris-HCL (pH 8.0), 2 mM EDTA, and 450 
0.1% Triton-X 100, and 20 mg/mL lysozyme. Lysis was performed at 37oC for 20 min, 451 
followed by Proteinase K digestion at 65oC for 1 h. In addition, on-column DNase 452 
digestion was performed during RNA extraction as per the Qiagen RNeasy protocol. The 453 
extracted total RNA was then sent to SeqCenter (Pennsylvania) who generated libraries 454 
using Illumina Stranded RNA library preparation and RiboZero Plus rRNA depletion. 455 
Sequencing was performed by SeqCenter on either an Illumina NextSeq2000 platform 456 
providing up to 12 million paired end reads (2×51 bp) per sample, or NovaSeq X Plus, 457 
producing up to 12 million paired end 150bp reads per sample. After sequencing, 458 
SeqCenter conducted an intermediate RNA-analysis and provided normalized gene 459 
expression data for each sample and quantified differential gene expression. Quality 460 
control and adapter trimming were performed with Illumina’s software bcl-convert, read 461 
mapping was performed with HISAT2 (40), and read quantification was performed using 462 
Subread’s featureCounts (41) functionality. Thereafter, read counts were loaded into R 463 
and normalized using edgeR’s Trimmed Mean of M values algorithm (42), and the values 464 
were converted to counts per million (CPM). Differential expression analysis was 465 
performed using edgeR’s glmQLFTest functionality using no-flow condition as the control 466 
group and flow condition as the treatment group. Subsequently, a volcano plot for 467 
differential gene expression was generated by plotting log2(Fold-change) and p-value for 468 
each gene. For the volcano plot, a p-value of 0.01 was used as the threshold for 469 
significance. The parameters and versions of the tools used for RNA-Seq analysis are 470 
mentioned in Supplementary Table 5. 471 
 472 
Cell density measurements in flow 473 
 474 
Phase contrast microscopy was used to measure the cell distribution of planktonic 475 
bacteria in shear flow. Imaging was performed using a 10x objective on a Nikon Eclipse Ti 476 



microscope connected to a digital CMOS camera (Hamamatsu ORCA-FLASH4.0). A 477 
short exposure time corresponding to the flowrate was used to avoid cell streaking and 478 
minimize scatter from the channel edges. The imaging region was chosen to be the 479 
middle of the channel cross-section, i.e., halfway deep, away from the walls at a location 480 
approximately 4 m from the channel inlet and the region of interest spanned the entire 481 
channel width. Between successive measurements at different flowrates, at least 10 min 482 
was provided for the cell density distribution to equilibrate. Thereafter, five images were 483 
taken at a given shear rate in 1 min intervals. The cell density distribution was obtained 484 
by averaging across these measurements. A custom MATLAB script was developed to 485 
calculate the cell density distribution from experimental images. Briefly, the raw images 486 
were denoised, background subtracted using a threshold, and binarized to identify 487 
individual bacterial cells and their corresponding centroids. Thereafter, the channel width 488 
was binned into 100 sections, and within each section the total number of cells was 489 
computed and normalized by mean number of cells across each section in the field of 490 
view. The resulting normalized value of cell counts was plotted versus the bin centers to 491 
obtain the cell density distribution. 492 
To obtain the distribution of cell orientations in flow, higher resolution imaging was 493 
performed using a 60x/0.7 NA ELWD objective. Images were processed and analyzed in 494 
ImageJ (43). Briefly, raw images were denoised, background subtracted, and binarized 495 
using a threshold to identify individual cells. Thereafter, the images were skeletonized 496 
based on the threshold and were analyzed using the directionality plugin in ImageJ. 497 
 498 
Transcriptional reporter assays 499 
 500 
For the transcriptional reporter assays, the reporter strains were first subject to flow at 501 
varying shear rates and durations within the channel. The high speeds of bacteria during 502 
flow within the channel precluded direct fluorescence imaging of the cells during flow. 503 
Therefore, after subjecting the cells to a set duration in flow, the cell solution from the 504 
channel was immediately collected in a 1.5 mL Eppendorf tube and a ~10 μL volume of 505 
the solution was sandwiched between a cover glass and glass slide and imaged. Phase 506 
contrast and fluorescence (YFP, mKate2) microscopy was performed on a 100x/1.4 NA 507 
objective on a Nikon Eclipse Ti microscope connected to a Hamamatsu ORCA-FLASH4.0 508 
camera. Fluorescence values from individual cells were quantified using ImageJ. The 509 
reporter signal is calculated as the mean fold-change of the fluorescence ratio of YFP 510 
and mKate2 obtained for flow conditions compared to no-flow conditions, averaged 511 
across at least 30 cells from three independent experiments.  512 
 513 
In situ oxygen concentration and uptake rate measurements  514 
 515 



Oxygen concentration fields within the microfluidic channel were measured using an 516 
oxygen-sensitive fluorescent dye, tris(2,2'-bipyridyl)dichloro-ruthenium(II) hexahydrate 517 
(RTDP). RTDP was dissolved in the respective media at a final concentration of  5 mg/ml. 518 
Imaging was performed on Nikon Eclipse Ti microscope connected to a Hamamatsu 519 
ORCA-FLASH4.0 camera using a 10x objective and using a blue wavelength excitation 520 
and a far-red wavelength emission filter set. The calibration between oxygen 521 
concentration and RTDP fluorescence quenching was obtained by titrating varying 522 
amounts of dissolved oxygen in media and using the Stern-Volmer relation: 5"/5 = 1 +523 
9#$[;!], where 5" and 5 are the fluorescence intensities without and with oxygen 524 
respectively, 9#$ is the Stern-Volmer quenching constant, and [;!] is the concentration 525 
of the oxygen. All measurements including the calibration were performed within the 526 
microfluidic channel using the same illumination intensity and exposure time settings to 527 
maintain consistent fluorescence readouts. Oxygen uptake rates for each condition were 528 
calculated by measuring the average oxygen consumption over 1 h of the experiment 529 
normalized by the total number of bacterial cells.  530 
 531 
Growth rate measurements  532 
 533 
Growth rate measurements were performed using a peristaltic pump (Masterflex L/S, 534 
USA) connected to the microfluidic channel and flow within a closed-loop. Overnight-535 
grown cells were back diluted 1:200 in fresh media and grown to an OD of 0.1 at room 536 
temperature in culture tubes with shaking. Then, the cells were loaded from the culture 537 
tubes into the channel using the pump to completely fill the channel and the connecting 538 
tubing. Thereafter, the flow loop was closed, and cells were subject to varying flow 539 
conditions for 2.5 h. After exposure to flow, the cell suspension from within the channel 540 
was collected and the final optical density (OD) at 600 nm was measured using a 541 
spectrophotometer. Growth rate was calculated according to the formula:  542 

Growth	rate = 1
2.5	h ln A

final	OD
initial	OD	E 543 

 544 
Reaction-diffusion transport model 545 
 546 
To model the dynamics of oxygen concentration during flow of planktonic bacteria, we 547 
invoked the unsteady, one-dimensional reaction-diffusion model. Using the channel width 548 
coordinate F centered at channel middle, cell density distribution G(F), diffusivity of 549 
oxygen H, cellular oxygen consumption rate I, the evolution of oxygen concentration 550 
J(F, L) in time t was modeled as: 551 

MJ
ML = H M

!J
MF! − IG(F). 552 

Refer to the Supplementary Text for details on model assumptions, derivations, and 553 
parameters. A custom MATLAB code was used to solve the above equation and simulate 554 



the evolution of oxygen and other species’ concentration fields in flow for a given 555 
experimentally-obtained distribution of planktonic bacteria. 556 
 557 
Statistical analysis 558 
 559 
Statistical analyses were performed using GraphPad Prism software version 9. 560 
 561 
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List of Main Figures 691 
 692 

 693 
 694 

Figure 1. Flow induces transcription of low-oxygen genes in planktonic 695 
P. aeruginosa. (A) Schematic of microfluidic system used in this work to study the 696 
interaction between planktonic bacteria and shear flow. Refer to Supplementary Figure  697 
1 for detailed chip configuration and dimensions. (B) Volcano plot representing 698 
significance versus fold-change of transcripts from bulk RNA-Seq of P. aeruginosa that 699 
flowed in the channel for 55 min at 20 s-1 compared to transcripts from cells under no flow 700 
conditions within the channel for the same duration. Gene expression was evaluated 701 
using three biological replicates for each condition. A p-value of 0.01 is used as the  702 
threshold for significance. Symbols in magenta represent genes that are upregulated 703 
under low oxygen conditions (see Supplementary Table 1 for a complete list of these 704 
genes and for all the genes that are upregulated by at least three-fold due to flow). Also 705 
indicated by solid lines are genes from the arc operon. (C) Representative phase contrast 706 
and fluorescence microscopy images of cells after subjecting them to shear flow of 20 s−1 707 
for 0, 30, and 60 min. YFP and mKate2 represent transcriptional reporter signals from 708 
individual cells corresponding to the transcription of the arc operon and constitutively 709 
expressed rpoD, respectively. Scale bar: 8 μm. (D) Relative fold change of arc 710 
transcriptional signal for flow at 2, 20, and 200 s-1 compared to no-flow conditions. The 711 
transcriptional signal for each condition was obtained as the normalized ratio of YFP to 712 
mKate2 fluorescence from individual cells, averaged across at least 30 cells from three 713 
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independent experiments. Error bars represent the s.d. from the three replicates and each 714 
flow condition is significantly different from the other (✱✱✱: p < 0.001, ✱✱: p = 0.006, 715 
✱: p = 0.02). Statistical significance is calculated using one-way ANOVA.   716 



 717 
Figure 2. Flagellar motility causes planktonic bacteria to form cell density gradients 718 
in flow, and flow-mediated arc induction requires flagellar motility, quorum 719 
sensing, and oxygen sensing. (A) Instantaneous cell distribution of WT P. aeruginosa 720 
measured across the channel width under no-flow (0 s-1) and flow at a shear rate of 20 s-721 
1. Five images were taken for each flow condition. Scale bar: 250 μm. (B) Cell density 722 
distribution across the channel width averaged within the field of view at shear rates of 0, 723 
2, 10, 20, and 40 s-1. The solid line and shaded regions for each condition represents the 724 
mean and standard deviation of the distribution from across five independent 725 
measurements. The channel width is normalized by the half-width of the channel. (C) Cell 726 
density distribution across the channel width averaged within the field of view for WT, 727 
Δanr, ΔfliC, ΔpilA, and ΔlasR strains for flow at a shear rate of 20 s-1. (D) Schematic of 728 
the shear-trapping model. (E) Normalized arc transcriptional reporter signal for WT, Δanr, 729 
ΔfliC, ΔpilA, and ΔlasR strains for flow at a shear rate of 20 s-1, averaged across at least 730 
30 cells from three independent experiments. Error bars represent the standard deviation. 731 
Statistical significance is calculated using one-way ANOVA (✱✱✱: p < 0.001, ns: not 732 
significant).    733 
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 734 
Figure 3. Quorum sensing increases oxygen uptake rate in flow, and spatial oxygen 735 
gradients form under diffusion-limited conditions. (A)  Heatmaps depicting measured 736 
oxygen concentration fields within the channel versus time for no flow and flow at 20 s-1 737 
of planktonic WT P. aeruginosa in EZ rich media, measured using RTDP fluorescent dye 738 
dissolved in the media (see supplementary text). RTDP fluorescence is quenched by 739 
oxygen, so an increase in fluorescence indicates reduced oxygen concentration. Scale 740 
bar: 400 μm. (B) Average oxygen concentration within the field of view versus time for 741 
WT P. aeruginosa in EZ rich media for no flow and flow at 20 s-1. Plotted are the mean 742 
values from three independent experiments and the error bars represent the standard 743 
deviation. (C) Average oxygen consumption rate for no flow conditions of WT and for flow 744 
at a shear rate of 20 s-1 of planktonic WT, Δanr, ΔfliC, and ΔlasR strains. Shown are the 745 
mean values and standard deviation from three independent experiments. Statistical 746 
significance is calculated using one-way ANOVA (✱✱✱✱: p < 0.0001, ns: not significant).   747 
(D) Heatmaps of measured oxygen concentration fields within the channel after 1 h of no 748 
flow and flow at 20 s-1 of ΔlasR strain in EZ, EZ + 15% Ficoll, and LB media. Scale bar: 749 
400 μm. (E) Measured oxygen concentration (solid lines) averaged across the 750 
streamwise direction within the field of view versus channel width after 1 h of flow at shear 751 
rate of 20 s-1 of ΔlasR strain in EZ, EZ + 15% Ficoll, and LB media. Dashed lines represent 752 
predictions based on the reaction-diffusion model. The channel width is normalized by 753 
the half-width of the channel. (F) Normalized arc transcriptional reporter signal for ΔlasR 754 
strains for the same conditions as (E), averaged across at least 30 cells from three 755 
independent experiments. Error bars represent the standard deviation. Statistical 756 
significance is calculated using unpaired t-test (✱✱: p < 0.01).   757 
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 758 

 759 
 760 
Figure 4. Oxygen sensing provides a fitness advantage to planktonic bacteria in 761 
flow. (A) Growth rate measurements of planktonic WT, Δanr, ΔfliC, and ΔlasR strains of 762 
P. aeruginosa strains in batch culture and at varying shear rates of 0, 2, 20, 200 s-1. 763 
Shown are individual values from three independent experiments and indicated are the 764 
mean and standard deviation. Statistical significance is calculated with respect to the no-765 
flow condition (0 s-1) using one-way ANOVA (ns: not significant, ✱✱: p < 0.01, ✱✱✱✱: p < 766 
0.0001). (B) Biophysical mechanistic model for the interaction between shear flow and 767 
planktonic bacteria. Shown in green hexagons are factors that are derived purely from 768 
mechanics. A purely biological mechanism is indicated by the yellow ellipses. Blue 769 
rectangles indicate phenomena that result from combined mechanical and biological 770 
mechanisms. At each step in the mechanistic model, the corresponding genes or 771 
pathways are indicated. The black arrows represent a mechanism where there is an 772 
increase in oxygen uptake rate resulting from the coupling of flagellar motility, quorum 773 
sensing, and oxygen sensing. The gray arrows indicate a mechanism that occurs when 774 
oxygen diffusion is limited, independent of quorum sensing. 775 
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 797 
Supplementary Text 798 
 799 
Model for chemical species transport during shear flow of planktonic bacteria 800 
 801 
We here present a continuum model based on reaction-diffusion transport to predict 802 
concentration profiles of chemical species around planktonic bacteria in shear flow. Our 803 
primary focus here is to model oxygen concentration profiles across the channel width, 804 
although a similar formulation can be used to model chemical interactions of bacteria with 805 
other chemical species in flow. The key idea underlying our model is that spatial gradients 806 
of bacterial cell density within the flow field resulting from shear-trapping can generate 807 
and sustain chemical species gradients via transport processes. Since the streamwise 808 
(along the flow direction) gradients in species concentration are typically much smaller 809 
than the gradients in the spanwise direction (along the channel width), we neglect local 810 
streamwise variations while describing species concentration profiles across the channel 811 
width. Therefore, we here model the species concentration distribution J as a function of 812 
the channel width coordinate F, flowrate O, and time L that bacteria are exposed to flow.  813 
 814 
In our model, species concentration gradients originate from motility-dependent 815 
redistribution of cells under shear flow. We assume for simplicity that the cell density 816 
distribution G does not change with time. This is because cells initially redistribute over a 817 
short time scale (governed by rotational diffusion) compared to the longer time scales of 818 
interest that determine species transport. Further, we assume that over the time scales 819 
of interest, cells do not divide and change in number significantly. Therefore, under these 820 
assumptions, for a given flowrate O, the cell density distribution is only a function of the 821 
spatial location and flow conditions, i.e., G(F, O, L) ≈ G(F, O). Denoting the species 822 
diffusivity by H, the evolution of species concentration J(F, O, L) across the channel width 823 
is governed by cellular uptake and species diffusion, and is thus modeled as 824 
 825 
 MJ(F, O, L)

ML = H M
!J
MF! −

IJG(F, O)
J + 9 	, (1) 

 826 
In Eq. (1), we have assumed Monod-type kinetics for species consumption by the cells, 827 
with Monod constant 9 and maximum consumption rate I (with units mol/cell/s). In our 828 
experiments, the value of oxygen concentration in the media is in the ~100 μM 829 
concentration range and is much higher than the Monod constant for oxygen, which is 830 
typically around ~100 nM,(45) i.e., J ≫ 9. Further, we note that in our model formulation, 831 
the effect of flow conditions is implicitly incorporated in Eq. (1) via the cell density 832 
distribution term G(F, O), and therefore, the spatiotemporal evolution of the spanwise 833 
species concentration distribution J does not have an explicit dependence on flowrate.  834 
Therefore, we can simplify the model in Eq. (1) as 835 



 836 
 MJ(F, O, L)

ML = H M
!J
MF! − I	G(F, O). (2) 

 837 
To obtain oxygen concentration profiles in Figure 3e and Supplementary Figure 8a, we 838 
numerically integrate Eq. (2) assuming experimentally derived values for uptake rate I =839 
0.14	amol/cell/s and the measured spatial cell density distribution G(F, O) which depends 840 
on the flowrate. We assume no-flux boundary conditions at the channel walls since 841 
diffusion of oxygen across the thick PDMS channel walls precludes efficient oxygen 842 
transport over our time scales of interest. We further assume an initial condition J" for 843 
oxygen concentration equal to 250 μM and assume an average cell density concentration 844 
G" of 2x108 cells/ml based on our experimental conditions.  845 
 846 
Further, to predict species concentration profiles in a more general way (Supplementary 847 
Figure 7), we non-dimensionalize Eq. (2) by normalizing species concentration J by its 848 
initial value J", cell density G by the average value G", spatial coordinate F by channel 849 
half-width W, and time L by the diffusive time scale W!/H, to obtain    850 
 851 
 MX

MY =
M!X
MZ! − Da	Ρ. (3) 

 852 
Here, X = J/J", Z = F/W, Y = LH/W!, Ρ = G/G", H\ = %&!

'!
("

)  is the Damköhler number of 853 

the second kind, and the non-dimensional cell density Ρ depends on flow conditions. Da 854 
is a non-dimensional number that represents the uptake rate versus the rate of diffusion, 855 
or equivalently, the ratio of the diffusion timescale across the channel width versus the 856 
timescale of cellular uptake. Therefore, for a given uptake/consumption rate, a lower 857 
species diffusivity corresponds to a higher Da. Lastly, to obtain steady-state species 858 
concentration profiles (which is typically obtained after several diffusion time scales) in 859 
Supplementary Figure 7, we set the left-hand side in Eq. (3) to zero.  860 
  861 



 862 

 863 
Supplementary figure 1. Detailed schematic of the microfluidic chip used in this study. 864 
Bacterial solution was flowed into the channel from the inlet and a channel length of ~ 5 m  865 
enabled flow of cells at 20 s-1 for 1 h. A branched channel was optionally used in RNA-866 
Seq experiments to flow in 37% Formaldehyde at 1/8th of the flowrate in the main channel 867 
to fix bacteria prior to exiting the channel at the outlet. 868 
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 873 
 874 
 875 

Supplementary figure 2. Phase contrast and fluorescence microscopy images of cells 876 
after subjecting them to flow at varying shear rates of 0, 2, 20, and 200 s-1 for 60 min. 877 
YFP and mKate2 represent transcriptional reporter signals from individual cells 878 
corresponding to the transcription of the arc operon and constitutively expressed rpoD, 879 
respectively.  880 
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 884 
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 886 
 887 
Supplementary figure 3. Cell distribution of WT P. aeruginosa measured across the 888 
channel width for shear rates of (A) 2 s-1, (B) 10 s-1, and (C) 40 s-1. Scale bar: 300 μm. 889 
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 915 

 916 
 917 
 918 
Supplementary figure 4. Cell distribution measured across the channel width at a shear 919 
rate of 20 s-1 for the following P. aeruginosa strains in EZ media: (A) WT (same as 920 
Fig. 2A), (B) ΔfliC, (C) ΔlasR, (D) Δanr, and (E) ΔpilA. Scale bar: 300 μm. 921 
  922 

WT Δ fliCA B C Δ lasR

D Δ anr Δ pilAE

flow



 923 
 924 
Supplementary figure 5. Instantaneous images of planktonic, wild-type P. aeruginosa in 925 
the microfluidic channel under (A) no flow (0 s-1) and (B) flow at 20 s-1, taken at locations 926 
near the channel center (Z = 0) and near the channel wall (Z	 = 0.7). For each flow 927 
condition and location, also shown is the corresponding distribution of bacterial cell 928 
orientation (in degrees) relative to the flow direction, averaged across three independent 929 
measurements. Scale bar: 25 μm. 930 
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 933 

 934 
 935 
 936 
Supplementary figure 6. Cell distribution of WT P. aeruginosa measured across the 937 
channel width at a shear rate of 20 s-1 using (A) EZ rich media (same as Fig. 2A), (B) LB 938 
media, and (C) EZ rich media supplemented with 15% Ficoll. (D) Cell density distribution 939 
across the channel width averaged within the field of view for (A), (B), and (C). Scale bar: 940 
300 μm. 941 
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 946 

Supplementary figure 7. Relative fold change of arc transcriptional reporter signal for 947 
flow at shear rate of 20 s-1 compared to no-flow conditions for Δanr and ΔlasR strains with 948 
and without complementation using the pJN105 plasmid backbone. Data shown are 949 
reporter signals averaged across at least 30 cells from three independent experiments. 950 
Data for WT PAO1 is the same as Figure 2E. Δanr and ΔlasR strains carrying the empty 951 
pJN105 backbone exhibited similar behavior to the Δanr and ΔlasR mutants in Figure 2E. 952 
Error bars represent the standard deviation. Statistical significance is calculated using 953 
one-way ANOVA (✱✱✱: p < 0.001, ✱✱: p < 0.01, ns: not significant).   954 
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 957 

Supplementary figure 8. Average oxygen concentration within the field of view versus 958 
time for flow of ΔfliC, ΔlasR, and Δanr strains of P. aeruginosa at a shear rate of 20 s-1. 959 
Plotted are the mean values from three independent experiments and the error bars 960 
represent the standard deviation. 961 
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Supplementary figure 9. Average oxygen consumption rate of WT and ΔlasR strains 969 
obtained by reconstituting cells in spent media from overnight culture or by reconstituting 970 
cells at twice the initial cell concentration within the same media. Data presented here are 971 
under no-flow conditions for cells within the microfluidic channel. Error bars represent the 972 
standard deviation. Statistical significance is calculated using one-way ANOVA (✱✱: 973 
p < 0.01, ns: not significant). 974 
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 981 
Supplementary figure 10. Concentration fields obtained from the reaction-diffusion 982 
model. (A) Approximate parabolic distribution for cell density distribution across the 983 
channel width used in the model, based on experimental observations for flow of WT 984 
P. aeruginosa at 20 s-1. (B) Predicted steady-state concentration fields of species for 985 
varying Damköhler number (of the second kind), Da. Da is a non-dimensional number 986 
that represents the ratio of cellular uptake/consumption rate relative to the species 987 
diffusion rate. For a given uptake rate, a decrease in species diffusivity corresponds to a 988 
proportional increase in Da.  989 
  990 
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 992 
 993 
Supplementary figure 11. (A) Measured oxygen concentration (solid lines) averaged 994 
across the streamwise direction within the field of view versus channel width after 1 h of 995 
flow at shear rate of 20 s-1 of ΔlasR strain in LB media. Dashed lines represent the best 996 
fit using the reaction-diffusion model with an effective oxygen diffusivity of 0.7x10-9 m2/s. 997 
(B) Measured oxygen concentration profiles for similar conditions as (A) but using EZ 998 
media supplemented with tryptone and yeast extract in concentrations typically used for 999 
LB. 1000 
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Supplementary figure 12. (A) Cell density distribution of E. coli strain MG1655 1006 
measured across the channel width for shear rates of 0 and 20 s-1 in EZ media. (B) Low-1007 
oxygen induced frdA transcriptional reporter signal (46, 47) for E. coli under the same 1008 
conditions as (A). Error bars represent the standard deviation. Statistical significance is 1009 
calculated using unpaired t-test (ns: not significant). 1010 
 1011 
  1012 

A B



Supplementary table 1. Genes in planktonic PAO1 significantly upregulated by at least 1013 
3-fold in 20 s-1 flow compared to no flow based on RNA-Seq data. Highlighted genes  1014 
correspond to marked symbols in Figure 1b which indicate genes that are typically 1015 
associated with response to low-oxygen conditions.  1016 
 1017  1018 

 1019 

Gene Description log2(fold change)
PA1137 oxidoreductase 4.97

narI respiratory nitrate reductase subunit gamma 4.91
narJ respiratory nitrate reductase subunit delta 4.87

PA1746 hypothetical protein 4.61
ccpR cytochrome C551 peroxidase 4.04

PA3871 PpiC-type peptidyl-prolyl cis-trans isomerase 3.75
arcB ornithine carbamoyltransferase 3.70

PA0141 hypothetical protein 3.58
narH respiratory nitrate reductase subunit beta 3.51
arcC carbamate kinase 3.41

ccoO2 cbb3-type cytochrome C oxidase subunit II 3.38
narG respiratory nitrate reductase subunit alpha 3.26

moaA1 molybdenum cofactor biosynthesis protein A 2.90
arcA arginine deiminase 2.87
hcnC hydrogen cyanide synthase subunit HcnC 2.55

PA1668 hypothetical protein 2.53
ccoN2 cbb3-type cytochrome C oxidase subunit I 2.45

PA1658 hypothetical protein 2.44
PA1666 hypothetical protein 2.38
PA1657 hypothetical protein 2.30

hcnB hydrogen cyanide synthase subunit HcnB 2.29
PA0087 hypothetical protein 2.27
PA1662 ClpA/B-type protease 2.25
PA1660 hypothetical protein 2.24
PA1669 hypothetical protein 2.09
PA1663 transcriptional regulator 1.95
PA1667 hypothetical protein 1.95
PA1659 hypothetical protein 1.93
PA1665 hypothetical protein 1.92
PA0083 hypothetical protein 1.91
PA0088 hypothetical protein 1.88
PA5266 hypothetical protein 1.85
PA0086 hypothetical protein 1.81

nirS nitrite reductase 1.80
PA3519 hypothetical protein 1.80
PA0084 hypothetical protein 1.75
PA3518 hypothetical protein 1.73
vgrG1 type VI secretion system protein VgrG 1.69
nosR regulatory protein NosR 1.68

PA1845 hypothetical protein 1.68
clpV1 secretion protein ClpV1 1.66
oprG outer membrane protein OprG 1.65

PA0089 hypothetical protein 1.64



Supplementary table 2.  List of strains used in this study. 1020 
 1021 

 1022 
 1023 
 1024 
 1025 
Supplementary table 3.  List of plasmids used in this study. 1026 
 1027 

 1028 
 1029 
  1030 

Strain Description Reference
E. coli
ZG54 Wild-type S17 used for cloning and conjugation Lab stock
ZG1845 S17 donor strain for Δanr  knockout in PAO1 This study
ZG1846 S17 donor strain for ΔlasR  knockout in PAO1 This study
ZG1847 S17 maintenance strain for pArc This study
109-AZ02_B5 MG1655 strain with GFP fused to frdA  promoter Ref. 41
ZG40 DH5α strain with the plasmid pJN105 Ref. 39
ZG1848 S17 maintenance strain for pJN-anr This study
ZG1849 S17 maintenance strain for pJN-lasR This study
P. aeruginosa
ZG500 Wild-type PAO1 from Manoil transposon mutant library Lab stock
ZG1850 PAO1 Δanr , in frame deletion of anr This study
ZG1851 PAO1 ΔlasR , in frame deletion of lasR This study
ZG1593 PAO1 ΔfliC , in frame deletion of fliC Lab stock
ZG525 PAO1 ΔpilA , in frame deletion of pilA Lab stock
ZG1852 PAO1 Δanr , with pArc plasmid This study
ZG1853 PAO1 ΔlasR , with pArc plasmid This study
ZG1854 PAO1 ΔfliC , with pArc plasmid This study
ZG1855 PAO1 ΔpilA , with pArc plasmid This study
ZG1856 PAO1 Δanr , with pArc plasmid and pJN-anr for complementation This study
ZG1857 PAO1 ΔlasR , with pArc plasmid and pJN-lasR for complementation This study

Plasmid Description Reference
pEXG2 Vector for generating deletion mutants Ref. 38
pEXG2-DlasR ΔlasR  knockout construct This study
pEXG2-Danr Δanr  knockout construct This study
ZG1190-pPaQa pUCP18 backbone with PPaQa::YFP, PrpoD::mKate2 Ref. 20
pArc pUCP18 backbone with Parc::YFP, PrpoD::mKate2 This study
pJN105 Vector for complementing expression using araC -PBAD cassette Ref. 39
pJN-anr pJN105 with anr  gene to complement anr  deletion This study
pJN-lasR pJN105 with lasR  gene to complement lasR  deletion This study



Supplementary table 4.  List of primers used in this study. 1031 
 1032 
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 1035 
Supplementary table 5.  List of tools used for RNA-Seq analysis. 1036 
 1037 

 1038 

Primer Sequence Reference
DlasR_P1 GATACAAAGCTTGTGAACCCGGGGACCAGGTGTG This study
DlasR_P2 GGCAAGATCAGAGAGTAATAAGACCTCAACCAAGGCCATAGCGCTACG This study
DlasR_P3 CGTAGCGCTATGGCCTTGGTTGAGGTCTTATTACTCTCTGATCTTGCC This study
DlasR_P4 GATACAAAGCTTCGATCATCTTCACTTCCTCC This study
Danr_P1 GATACAAAGCTTCATGTACTTCGAGGAAGGCC This study
Danr_P2 CAATGGCCGAAACCATCCAGCTGGAAGGCTGAAGC This study
Danr_P3 GCTTCAGCCTTCCAGCTGGATGGTTTCGGCCATTG This study
Danr_P4 GATACAAAGCTTCCTGGGAAAGCTGTACATGC This study
Parc_F acaatgaacccccgcTCGAGCAAATGAAGAGCCCGGCG This study
Parc_R ccttattttctgcaccgggatcCCTATAGGAATTGAGAGTGAAGACATTAGG This study
Anr_F gtttttttgggctagcgaattcatggccgaaaccatcaaggtg This study
Anr_R gcggtggcggccgctctagatcagccttccagctggc This study
LasR_F gtttttttgggctagcgaattcatggccttggttgacggt This study
LasR_R gcggtggcggccgctctagatcagagagtaataagacccaaattaacggc This study

Tool Version Parameters
bcl-convert 4.2.4 default parameters

hisat2 2.2.1 default parameters + ‘--very-sensitive’
subread 2.0.6 featureCounts; default parameters + ‘-Q 20’

featureCounts 2.0.1 default parameters + ‘-Q 20’
R 4.0.2 default parameters

edgeR 1.14.5 default parameters


