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Abstract  31 
The spread of pathogenic bacteria in unsaturated porous media, where air and liquid coexist in pore spaces, 32 
is the major cause of soil contamination by pathogens, soft rot in plants, food spoilage, and many pulmonary 33 
diseases. However, visualization and fundamental understanding of bacterial transport in unsaturated 34 
porous media are currently lacking, limiting the ability to address the above contamination and disease 35 
related issues. Here, we demonstrate a previously unreported mechanism by which bacterial cells are 36 
transported in unsaturated porous media. We discover that surfactant-producing bacteria can generate 37 
flows along corners through surfactant production that changes the wettability of the solid surface. The 38 
corner flow velocity is on the order of several mm/h, which is the same order of magnitude as bacterial 39 
swarming, one of the fastest known modes of bacterial surface translocation. We successfully predict the 40 
critical corner angle for bacterial corner flow to occur based on the biosurfactant-induced change in the 41 
contact angle of the bacterial solution on the solid surface. Furthermore, we demonstrate that bacteria can 42 
indeed spread by producing biosurfactants in a model soil, which consists of packed angular grains. In 43 
addition, we demonstrate that bacterial corner flow is controlled by quorum sensing, the cell-cell 44 
communication process that regulates biosurfactant production. Understanding this previously 45 
unappreciated bacterial transport mechanism will enable more accurate predictions of bacterial spreading 46 
in soil and other unsaturated porous media.   47 

Significance Statement 48 
Here, we demonstrate a previously unreported mechanism of bacterial spreading in unsaturated porous 49 
media, which can inform understanding of soil contamination by pathogens, soft rot in plants, and potentially 50 
many pulmonary diseases. We discover that surfactant-producing bacteria establish self-generated flows 51 
along corners by producing surfactants that change the wettability of the solid surface. We validate this 52 
corner flow mechanism in a model soil consisting of packed grains. These results provide a mechanistic 53 
explanation for many previously non-understood observations that the spread of bacteria increases with 54 
increasing surfactants in soil and plants. In our experiments, the biosurfactant-driven corner flow has an 55 
average velocity of mm/h, which is significant in terms of the spread of bacteria, e.g., pathogens, in soil and 56 
other unsaturated porous media.  57 
 58 
Main Text 59 
 60 
Introduction 61 
 62 
Bacteria are widely present in unsaturated porous media, where air and liquid coexist in pore spaces, such 63 
as in natural soils (1), plant tissues (2), food storage and packaging (3), and the lungs (4). The spread of 64 
pathogenic bacteria in these unsaturated porous media is the major cause of soil contamination by 65 
pathogens (5,6), soft rot in plants (7), food spoilage (8,9), and many pulmonary diseases (10). Fundamental 66 
understanding of the transport of bacterial cells in unsaturated porous media is key to addressing the above 67 
contamination and disease related issues. However, most current studies focus on bacterial transport in 68 
bulk liquids, driven by fluid advection, diffusion, and bacterial swimming and gliding motilities (11-14), and 69 
in liquid films on flat surfaces, due to solid-surface locomotion, biofilm expansion (15-19), and the production 70 
of a spatial gradients of biosurfactants that drive Marangoni flows, which are due to surface tension 71 
gradients (20-21). The transport of bacterial cells in unsaturated porous media, to our knowledge, has not 72 
been directly visualized and remains to be characterized.  73 
 74 
Current understanding of bacterial transport in unsaturated porous media is primarily inferred from 75 
macroscopic observations and statistical analyses. For example, in soil science, researchers estimate the 76 
bacterial transport rate by injecting a bacterial solution into a sand column or aquifer for a short duration 77 
and then measure the concentration of bacterial cells at different distances, e.g., a few meters away from 78 
the injection site as a function of time (22-24). Many of these studies show that the transport of bacterial 79 
cells in soil increased after adding surfactants (24-26). In plant pathology, investigation of the invasion of 80 
bacterial mutants revealed that surfactant-producing bacteria cause more severe disease in host tissues or 81 
soft-rot (7). In addition, the development of many lung diseases is closely related to the functionality of 82 
some surfactant-producing genes (10, 27). The above observations highlight the importance of surfactants 83 
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in bacterial transport in unsaturated porous media. However, the mechanisms by which surfactants affect 84 
bacterial transport in these contexts are not clear. 85 
 86 
Here, we demonstrate a previously unreported role of biosurfactants in inducing bacterial spreading in 87 
unsaturated porous media by generating corner flow. We discover that surfactant-producing bacteria 88 
generate flows along corners by producing surfactants that coat the solid surface and change its wettability. 89 
It has been known for decades that when a wetting liquid is placed in the corner region of a container or an 90 
angular pore, the air-water interface curves at the corner to maintain a constant contact angle at the solid 91 
surface, whose value is determined by the properties of the liquid and the solid surface (28-34). The 92 
triangular geometry of the corner requires the air-water interface to be concave when the sum of the contact 93 
angle and half the corner angle is less than π/2 (28,29). Classic corner flow theory suggests that when a 94 
wetting liquid forms a concave interface at the corner, a pressure gradient will build up along the corner due 95 
to the surface tension across the interface and the corner geometry (28-32). This pressure gradient 96 
generates a flow along the corner, which has been shown to play an important role in the transport of 97 
wetting liquids in soil (30,34). However, the transport of initially non-wetting liquids and bacteria, along 98 
corners and in soil, due to the production of biosurfactants that changes the contact angle has not been 99 
reported previously.  100 
 101 
In this work, we first visualize bacterial flows in transparent, triangular prism-shaped chambers with different 102 
corner angles to mimic angular pores of unsaturated porous media. The material of the chamber, 103 
transparent polydimethylsiloxane (PDMS), is a compound with a silicon-oxygen main chain and 104 
hydrocarbon side chains, which acts as a surrogate for natural hydrophobic hydrocarbon-covered soils. We 105 
grow Pseudomonas aeruginosa, a typical biosurfactant-producing soil bacterium and major human 106 
pathogen, in water that initially does not wet the chamber, and we discover that this biosurfactant-producing 107 
bacterium can self-generate flows along corners, a phenomenon that, to our knowledge, has not been 108 
observed or suggested previously. Second, we demonstrate that the corner flow is induced by bacteria-109 
produced biosurfactants and the corner geometry, rather than bacterial motility or the Marangoni effect. We 110 
successfully predict the critical corner angle for the bacterial corner flow to occur based on classic corner 111 
flow theory developed for pure uniform wetting liquids lacking bacteria. Third, we demonstrate biosurfactant-112 
producing bacteria can indeed spread in a model soil, which consists of irregular PDMS grains packed in a 113 
confined space, while surfactant-deficient bacteria cannot. Finally, we demonstrate that the bacterial corner 114 
flow is controlled by quorum sensing, the cell-cell communication process that regulates biosurfactant 115 
production.  116 
 117 
Results 118 
 119 
Bacteria self-generate angle-dependent corner flow. To investigate whether and how bacteria are 120 
transported in a single angular pore space, we grew wild-type (WT) P. aeruginosa in modified M9 medium 121 
in a prism-shaped gas-permeable PDMS chamber with three different corner angles, namely 30°, 60°, and 122 
90° (Fig. 1). The prism shape is a simplification of a macro-size pore in soil, which has corners, or corner-123 
like shapes, formed between packed sand (0.05 – 2.0 mm) and gravel (> 2.0 mm). The modified M9 medium 124 
consists of M9 salts, 0.4% glucose, and micronutrients (see Methods). The WT cells harbored the green 125 
fluorescent protein (GFP) enabling visualization of the distribution of cells as the bacteria grew. The 126 
chamber was placed in a humidity- and temperature-controlled incubator, illuminated by a blue LED light, 127 
and imaged using a digital camera placed after a green light filter (see Methods). At tg = 0 hours (h), the 128 
initial cell suspension had OD600 = 0.2-0.3. The bacteria grew for approximately 7 h, and a self-generated 129 
flow was observed at the 30° corner, but not at the 90° corner (Fig. 1 and Movie S1). A weak flow was 130 
observed at the 60° corner. No flow was observed in control experiments lacking cells (Movie S2), 131 
suggesting that it is the P. aeruginosa cells rather than the growth medium that generated the angle-132 
dependent corner flow.  133 
 134 
We note that after about 30-40 h of incubation, approximately 80% of the water had evaporated (Fig. S9). 135 
Thus, over the course of the corner flow (tg = 7 – 12 h), we estimate that about 10% (≈ !"

#$"
× 80%) of the 136 

water evaporated. We expect that evaporation may affect our estimate of the speed of the bacterial corner 137 
flow by 10%.  138 
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 139 
We repeated the experiment eight times and observed similar corner flows at the 30° corner in all replicates. 140 
In contrast, corner flow observed at the 60° corner was not consistent, i.e., a weaker flow was observed at 141 
the 60° corner in some but not all replicate experiments (e.g., Movie S3). Furthermore, the flow at the 60° 142 
corner was suppressed if the initial cell density was increased to OD600 = 0.8 (Movie S4). Suppression of 143 
an induced flow likely occurs because at higher cell density, nutrients become depleted such that the level 144 
of surfactant, in this case rhamnolipids, produced diminishes (35-37). The experimental results suggest that 145 
there is a critical corner angle below which corner flow occurs and this critical angle is near 60°. 146 
 147 
 148 

 149 
Fig. 1. P. aeruginosa, a soil bacterium and human pathogen, generated an angle-dependent corner flow. 150 
A liquid culture of cells labeled with GFP was placed in a prism-shaped gas-permeable PDMS chamber 151 
shown in the left-most sketch. 𝑡%  represents the time of bacterial growth in the chamber and Δℎ&'( 152 
represents the tip positions of the corner flows at the 30° corners relative to their initial positions at 𝑡% = 0 153 
h. The images became oversaturated after 𝑡% = 7 h. The images were cropped so that the chamber height 154 
was 12.5 mm for consistency between different experiments shown in Fig. 2.  155 
 156 
Bacterial corner flow is driven by biosurfactant production regulated by quorum sensing. To 157 
determine the mechanism underlying bacteria-driven corner flow, we carried out the above experiments 158 
with P. aeruginosa strains lacking flagella (ΔfliC), type IV pili (ΔpilA), the ability to retract type IV pili (ΔpilTU), 159 
biosurfactant production (ΔrhlA), and quorum sensing (ΔlasR). The flagella and pili enable motility of the 160 
bacteria; biosurfactants (rhamnolipids for P. aeruginosa) are compounds similar to other common surface-161 
active materials that change the surface tensions of solutions and the contact angles on solid surfaces in 162 
contact with solutions (38); quorum sensing is a process of bacterial cell-cell communication that controls, 163 
among other processes, biosurfactant production in P. aeruginosa (39-40). The tip or front positions of the 164 
corner flows at the 30° corner (shown in Fig. 1) were plotted versus time for the wild-type cells and all of 165 
the mutants, as shown in Fig. 2(a). 166 
 167 
Bacterial swimming and twitching motility, assisted by flagella and pili, respectively, have been recognized 168 
as common mechanisms for bacterial to self-spread in bulk liquids and saturated porous media (11-14). 169 
However, our experiments show that the WT strain and strains lacking motility (ΔfliC, ΔpilA, ΔpilTU) all 170 
generate corner flows at around tg = 7 h, with little difference. This result indicates that the generation of 171 
corner flow where bacteria are observed to spread does not require bacterial motility.  172 
 173 
In contrast to the negligible impact of bacterial motility on the bacterial corner flow, no corner flow occurred 174 
for the strain that was incapable of biosurfactant production (ΔrhlA) during the two-day incubation 175 
experiment (Fig. S2(b) and Movie S5). This result indicates that biosurfactants are required for bacterial 176 
self-generated corner flows. Recent studies show that bacteria can drive flows on flat surfaces by producing 177 
spatially heterogeneous distributions of biosurfactants that induce surface tension gradients, or a 178 
Marangoni flow (20-21). Therefore, it is possible that spatially heterogenous production and distribution of 179 
biosurfactants drove Marangoni flows at the corner. However, in the following sections we eliminate this 180 
Marangoni-related mechanism as a possible explanation for our results. 181 
 182 
For the biosurfactant-producing bacteria, the WT strain, and strains lacking motility (ΔfliC, ΔpilA, ΔpilTU), 183 

60° 30° tg = 0 h tg = 7 h tg = 9 h tg = 11 h

Initial
position

△htip
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no corner flow occurred before tg = 7 h, suggesting that bacteria must grow to sufficient cell density and/or 184 
produce sufficient amounts of biosurfactants to generate the corner flow. This hypothesis is consistent with 185 
the fact that biosurfactants are produced when the bacterial population reaches a particular threshold cell 186 
density, a process regulated by quorum sensing molecules called autoinducers (39,41). Moreover, a 187 
significant delay in the generation of corner flow occurred in the strain that was defective in quorum sensing 188 
(ΔlasR), which controls cell-density-dependent biosurfactant production (39,40). The movement of the 189 
ΔlasR strain at around tg = 22 h is consistent with the fact that biosurfactant production is controlled by two 190 
quorum-sensing systems (Las and Rhl) such that deleting the lasR gene does not completely eliminate 191 
biosurfactant production because the Rhl system assumes control at later times (42-43). Thus, longer times 192 
are required to accumulate sufficient biosurfactant to generate the corner flow in the ΔlasR strain than the 193 
WT strain. 194 
 195 
The speeds of the corner flows for the WT strain and the strains lacking motility were on average 1.6 mm/h, 196 
which is similar to the speed of bacterial swarming, one of the fastest modes of bacterial surface 197 
translocation known (19, 44). Compared with swarming that requires both biosurfactant production and 198 
bacterial motility (45, 46), the bacterial corner flow observed here only requires biosurfactant production. 199 
The observed flow speeds suggest that bacterial corner flows, as observed here, could induce significant 200 
fluid and bacterial fluxes in soil and other unsaturated porous materials where angular pores with corners 201 
are common (30, 47).  202 
 203 
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 204 
 205 
 206 
Fig. 2. Bacterial corner flow was induced by the production of biosurfactants, a process controlled by 207 
quorum sensing. (a) The time evolution of the tip positions of corner flows at the 30° corners, Δhtip (Fig. 1), 208 
for different bacterial strains. The symbols and error bars represent the means and the standard errors, 209 
respectively, of at least two biological replicates for each bacterial strain. When the tip of the corner flows 210 
reached the upper boundary of the image, Δhtip reached a plateau. Note that for consistency, the images 211 
for each experiment were cropped so that the chamber height is about 12.5 mm for each experiment. The 212 
black line shows the average velocity of the corner flows that occur during tg = 7-12 h. (b) and (c) show the 213 
time evolution of the contact angle on the PDMS surface 𝜃), the surface tension 𝛾, and the cell density 214 
OD600, of the solutions with WT and ΔrhlA cells, respectively. The error bar or uncertainty of OD600 was 0.1, 215 
the upper bound of the difference in OD600 between two biological replicates (see Methods). The 216 
uncertainties of 𝛾 and 𝜃) were calculated as the standard deviations of measurements of at least three 217 
liquid drops from the two culture samples combined together. The contact angle of the solution at tg = 0 h 218 
was around 120°, similar to the angle reported for water on PDMS (48). 219 
 220 
Corner flow occurs due to a biosurfactant-induced change in wettability of the solid surface. To 221 
understand how biosurfactants generate corner flow, we measured the time evolution of surfactant-related 222 
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parameters and the corresponding cell densities of the WT and ΔrhlA cultures. Specifically, we measured 223 
the contact angles (𝜃)) on PDMS surfaces of the solutions, the surface tensions (𝛾) of the solutions, and 224 
the bacterial cell densities (OD600) at different times as 5 mL cultures of bacteria grew in 50 mL culture 225 
tubes. The cells were grown under identical conditions as in the PDMS chamber, i.e., the same 226 
temperature, initial cell density, growth medium, and oxygen (see Methods). Note that we did not directly 227 
sample the solutions from the PDMS chamber because the volumes of the solutions in the chambers were 228 
too small to allow measurements of 𝜃), 𝛾, and OD600. We caution that the cells might have grown somewhat 229 
differently in the culture tubes than in the PDMS chambers, but the general trends should be similar. 230 
 231 
The time evolution of 𝜃) , 𝛾 , and OD600 for the WT and ΔrhlA strains are shown in Fig. 2(b) and (c), 232 
respectively. For the WT strain, 𝜃) and 𝛾 began to change dramatically around tg = 6-7 h, which is the time 233 
window when corner flow began (Fig. 2(a)) and also the time when the bacterial culture achieved a cell 234 
density of OD600 ≈ 1 (Fig. 2(b)). The coincidence in time supports the hypothesis that the bacterial corner 235 
flow was induced by biosurfactants produced exclusively at high cell density (38,39). Note that while our 236 
data show that P. aeruginosa cells produce biosurfactants in M9 medium (see Methods), we caution that 237 
P. aeruginosa only produces surfactants (rhamnolipids) when there is excess carbon (35-37). Furthermore, 238 
the corner flow was initiated when the contact angle of the solution on the PDMS surface changed from 239 
effectively non-wetting (𝜃) > 90°) to wetting (𝜃)< 90°), suggesting that the corner flow may be caused by a 240 
change in the wettability of the solid surface. The change in the wettability of the solid surface is likely 241 
caused by the sorption of the biosurfactant on both the air-water interface and the water-solid interface. In 242 
contrast to the WT strain, as the cells grew, no change in 𝜃) was observed for the ΔrhlA strain that is 243 
incapable of biosurfactant production (Fig. 2(c)), i.e., the PDMS surface was always non-wetting (𝜃) > 90°). 244 
Consistent with the non-wetting of the solid surface, no corner flow was observed for the ΔrhlA strain (Fig. 245 
S2(b)), further suggesting that the biosurfactant-induced corner flow is likely caused by a change in the 246 
wettability or the contact angle of the solution on the solid surface. 247 
 248 
The critical corner angle can be predicted by the contact angle using theories developed for 249 
homogeneous pure wetting liquids. To understand how bacteria generate corner flow by changing the 250 
wettability or the contact angle of the bacterial solution on a solid surface, we investigate the relationship 251 
between the critical corner angle (𝛼)*'& ) below which corner flow occurs and the contact angle of the 252 
bacterial solution on the solid surface (𝜃)). Specifically, we compared the relationship between 𝛼)*'& and 𝜃) 253 
with classic corner flow theory developed for homogenous pure wetting liquids lacking cells or surfactants 254 
(29-33). 255 
 256 
Classic corner flow theory suggests that pure homogeneous wetting liquids can flow along corners only if 257 
the corner angle, α, and contact angle of the pure wetting liquid on the solid surface, 𝜃), satisfy 𝛼/2 + 𝜃) < 258 
π/2 (28). This result occurs because when 𝛼 /2 + 𝜃) < π/2, based on the geometry, the air-water interface 259 
at the corner is concave (Fig. 3). According to force balance across a spherical interface, the relationship 260 
between the pressure in the solution psol and the pressure in the air pair is 𝑝+,- = 𝑝.'* −

/0
1
, with R 261 

representing the radius of curvature (in a plane, this is the radius of an inscribed circle).  This equation 262 
means that the smaller R the smaller the 𝑝+,- ; thus, as the height z increases along the corner, 𝑝+,- 263 
decreases because R decreases. This decrease of the pressure in the solution with increasing z, i.e., 2(!"#	

24
 264 

< 0, drives flow along the corner (29-33). In contrast, if 𝛼 /2 + 𝜃) > π/2, the air-liquid interface will be convex, 265 
such that 𝑝+,- = 𝑝.'* +

/0
1
 and 𝑝+,- increases with increasing z, and thus no corner flow will occur because 266 

liquids flow from high pressure to low pressure.  267 
 268 
According to the classic corner flow criterion (𝛼 /2 + 𝜃)  < π/2), if we assume the bacterial solution is 269 
homogeneous, then to generate corner flow, the corner angle 𝛼 must be smaller than a critical angle 𝛼)*'& =270 
2(π/2	 − 𝜃)). In our experiments with surfactant-producing WT P. aeruginosa, the corner flow occurred 271 
when the contact angle changed from 𝜃) ≈ 120° to 𝜃) ≈ 60° at tg ≈ 7 h (Fig. 2(b)). At tg < 7 h,  𝜃) ≈ 120°, 272 
such that 𝛼)*'& = 2(π/2	 − 𝜃)) < 0°, which is physically impossible, thus no corner flow would occur. Once 273 
the biosurfactant changed the contact angle to 𝜃) ≈ 60° (tg > 7 h), the critical corner angle becomes 𝛼)*'& =274 
2(π/2	 − 𝜃)) ≈ 60°, suggesting that corner flow only occurs at 𝛼 < 𝛼)*'& ≈ 60°. Consistent with this 275 
supposition, at tg < 7 h, we observed no corner flow, and at tg > 7 h, we observed no flow at 90°, a weak 276 
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flow at 60°, and significant and consistent corner flow at the 30° corner (Fig. 1). Our direct observations of 277 
corner flow also suggest that the critical corner angle to generate corner flow is 60°. The agreement 278 
between our observed 𝛼)*'& and the 𝛼)*'& predicted using the corner flow criterion based on the measured 279 
𝜃)  confirms our hypothesis that bacterial corner flow is caused by the biosurfactant-induced change in 280 
contact angle 𝜃), or the wettability of the solid surface. Furthermore, the corner flow criterion assumes a 281 
uniform surface tension: thus, the agreement between our observed 𝛼)*'&  and the predicted 𝛼)*'&  also 282 
suggests that bacterial corner flow is driven by the corner geometry, which induces a gradient in the air-283 
water interface curvature along the corner, and is not driven by the Marangoni effect, or a spatial gradient 284 
of surfactants or surface tension.  285 
 286 

 287 
Fig 3. Criterion for generation of corner flow for homogeneous wetting liquids. (a) Given the contact angle 288 
of a solution on a solid surface 𝜃), corner flows occur when the corner angle 𝛼 satisfies 𝛼/2 + 𝜃) < π/2, such 289 
that the air-water interface is concave. A concave interface demands that the pressure in the solution is 290 
lower than the pressure in the air, pair > psol, such that a negative pressure gradient forms in the vertical (z) 291 
direction, 2(!"#	

24
 < 0. This pressure gradient drives corner flow. (b) No corner flows occur when 𝛼/2 + 𝜃) > 292 

π/2, because, under this condition, the air-water interface is convex such that pair < psol so no negative 293 
pressure gradient exists in the z direction. 294 
 295 
Corner flow likely occurs in unsaturated porous media. To test our hypothesis that the Marangoni 296 
effect, or a surface tension gradient, is not required for the bacterial corner flow observed in our 297 
experiments, we conducted corner flow experiments using homogeneous solutions with biosurfactant 298 
present but no cells. Specifically, we obtained the bacterial solution from WT P. aeruginosa at tg = 13 h, 299 
when the contact angle on PDMS and the surface tension of the solution had reached equilibrium (Fig. 300 
2(b)). After removing the bacterial cells using a 0.2 μm filter and adding a small amount of a fluorescently 301 
labeled molecule (0.004 % 2-NBDG glucose) to the solution (see Methods), we homogenized the cell-free 302 
culture fluid using a vortex mixer so that any biosurfactant would be uniformly distributed, i.e., there should 303 
be no surface tension gradient. We transferred this homogeneous solution into the prism-shaped chamber 304 
and imaged the resulting fluorescence of the fluid in the chamber (Fig. 4(a)). Immediately after the fluid was 305 
transferred into the chamber tin = 0, corner flow began to occur at the 30° corner, but no flow occurred at 306 
the 90° corner and only a weak flow occurred at the 60° corner. The corner flow that occurred in the 307 
homogenous solution lacking any cells was similar to that that occurred when growing cells were present 308 
(Fig. 1), indicating that bacterial corner flow is driven by the curvature gradient at the corner and not by a 309 
surface tension gradient. Therefore, the mechanism that transports bacteria at corners that we have 310 
identified is distinct from that previously reported for bacterial flows driven by the Marangoni effect, or by 311 
surface tension gradients (20-21). 312 
 313 
The fact that biosurfactant solutions lacking cells generated corner flows is consistent with our observation 314 
that mutants lacking motility also generated corner flows (Fig. 2(a)), while cells incapable of biosurfactant 315 
production did not (Figs. 2(c) and S1(b)). Thus, corner flows are driven by biosurfactants that bacteria 316 
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produce or, possibly in natural settings, that are produced by other bacterial cells in the vicinal community. 317 
Biosurfactants are "public goods", compounds that, because they are released, can be accessed by all 318 
members of a community irrespective of whether or not a particular member participated in their production 319 
(36,37,49). To explore whether biosurfactants are public goods that can be exploited to enhance bacterial 320 
spreading, we carried out our corner flow experiment using a mixture of 50% WT P. aeruginosa cells without 321 
GFP and 50% ΔrhlA cells with GFP. As shown in Fig. 4(c), the ΔrhlA cells with GFP were transported with 322 
the corner flow generated by the WT cells, which started at around tg = 9 h. The delay of the start time of 323 
the corner flow compared to the case with 100% WT cells (Fig. 1) is presumably a consequence of only 324 
half of the cells producing biosurfactant. The transport of ΔrhlA cells with the WT cells suggests that 325 
biosurfactants are indeed public goods that benefit all bacteria in terms of spreading, possibly in soil and 326 
other niches with corners or other similar narrow geometries. Therefore, quorum-sensing-controlled 327 
biosurfactants may provide a survival benefit to bacteria by facilitating their dissemination to new territory 328 
when the cell density becomes high (36,37,49). 329 
 330 
We anticipate that the previously unreported mechanism of bacterial transport, due to the production of 331 
biosurfactants, the change of surface wettability, and corner geometry, is widely present in unsaturated 332 
porous media, such as soils, where angular pores with corners are common (30, 47). To test our hypothesis, 333 
we simulated a soil by packing angular PDMS grains, with grain size ds ranging from 0.5 to 1.0 mm, in a 334 
confined cuboid-shaped PDMS chamber. The four corner angles of the chamber are 90° such that no corner 335 
flow is generated along the corners of the chamber. The model soil was placed above a drop of bacterial 336 
solution with initial OD600 = 0.2-0.3. Bacterial solutions consisting of WT P. aeruginosa with GFP and ΔrhlA 337 
cells with GFP were incubated separately in duplicate soil chambers and the experiments were repeated 338 
four times. Similar to the corner flow experiments shown in Fig. 1, the soil chambers were placed in a 339 
humidity- and temperature-controlled incubator and imaged from the front of the chamber. After incubation 340 
for 12 h, only the surfactant-producing WT cells penetrated into the soil, while the surfactant-deficient ΔrhlA 341 
cells did not (observed all four times), showing that bacterial cells can indeed be transported in unsaturated 342 
porous media, such as soil, by producing biosurfactants. This biosurfactant-driven bacterial transport in a 343 
model soil demonstrates that the previously unreported bacterial transport mechanism we imaged in a 344 
model angular pore, due to the generation of surfactants that drive corner flow after altering the wettability 345 
of the solid surface, is present in unsaturated porous media such as soil.  346 
 347 
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 348 
Fig. 4. Corner flow is a previously unappreciated mechanism of bacterial transport and occurs in 349 
unsaturated porous media. (a) A homogenous biosurfactant solution lacking cells drives corner flow. The 350 
solution was composed of cell-free culture fluid prepared from WT P. aeruginosa grown for 13 h, such that 351 
the contact angle for the homogenous solution had reached equilibrium (Fig. 2(b)). tin = 0 min indicates the 352 
time when the solution was transferred into the PDMS chamber. Fluorescence visualization was achieved 353 
by the addition of 0.004% fluorescent 2-NBDG glucose. (b) Surfactant-deficient bacteria (ΔrhlA) are 354 
transported with the corner flow generated by surfactant-producing WT bacteria. The experimental setup is 355 
similar to that in Fig. 1, except that the solution is a mixture of 50% WT P. aeruginosa without GFP and 356 
50% ΔrhlA cells harboring GFP. The black circle at the lower right corner of the chamber is a bubble, 357 
possibly generated from evaporation. (c) Bacterial surfactants drive bacterial spreading in a model soil, 358 
which consists of dry angular PDMS grains packed in a confined chamber placed above a drop of bacterial 359 
solution. 𝑡% represents the time of bacterial growth in the chamber and the initial bacterial culture had OD600 360 
= 0.2-0.3.  361 
 362 
Discussion 363 
 364 
We have documented a here-to-fore unrecognized bacterial transport mechanism, i.e., bacteria can self-365 
generate flows along corner-like geometries by producing biosurfactants that change the contact angle of 366 
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liquid on solid surfaces. In addition, we quantitatively predicted the critical corner angle for the bacterial 367 
corner flow to occur based on the changes in contact angle due to bacterial biosurfactant production. 368 
Furthermore, we demonstrated similar bacterial surfactant-driven transport in a typical unsaturated porous 369 
media, in this case, a model soil of packed angular grains. This previously unreported mechanism provides 370 
a mechanistic basis for rationalizing many previous unsolved puzzles: the observations that surfactants 371 
enhance bacterial transport in soil (24-26), and that the soft rot of plants is closely linked to bacteria that 372 
harbor genes encoding surfactant biosynthetic components (7).  373 
 374 
We anticipate that the bacterial transport mechanism documented here plays an important role in the 375 
spreading of bacteria in unsaturated porous media, because the speed of the observed bacterial corner 376 
flow is on average 1.6 mm/h, which is the same magnitude as bacterial swarming, one of the fastest modes 377 
of bacterial surface translocation known (19, 44). Further, the spread of pathogens in soil and the 378 
development of plant and human lung diseases often occur over days to months (7, 50, 51), thus the corner 379 
flow with velocity about 1.6 mm/h or 4 cm/day (or 1 m/month) is significant considering that the length scales 380 
of many plants, human organs, and soil areas are on the order of tens of centimeters to meters. This 381 
biosurfactant-induced bacterial spreading mechanism has not been incorporated into current bacterial 382 
transport models, which consider advection, diffusion, bacterial motility, and Marangoni effects (21, 52, 53). 383 
Therefore, the spreading of microbes in unsaturated porous materials may have been significantly 384 
underestimated in current studies. The transport mechanism identified here could underpin improved 385 
predictions and simulations of bacterial spreading in soils and the associated biogeochemical cycle, which 386 
is a function of bacterial biomass (54-56), as well as improve predictions of the spreading of pathogenic 387 
bacteria in soil, plants, and other unsaturated porous media such as human tissues. 388 
 389 
Our results suggest that biosurfactants and quorum-sensing molecules provide survival benefits to bacteria 390 
by facilitating their dissemination to new territory when cell density becomes high. This phenomenon may 391 
explain the existence of a large variety of biosurfactant-producing bacteria in many unsaturated porous 392 
media, such as soil (57). Furthermore, the corresponding transport of surfactant-deficient bacteria, as free-393 
riders when present with surfactant-producing bacteria, shows that biosurfactants are public goods, 394 
consistent with previous studies (36,37,49), and moreover, that transport does not necessitate that a 395 
particular bacterium be capable of either motility or biosurfactant production.  396 
 397 
Finally, biosurfactants produced by P. aeruginosa, rhamnolipids, are biodegradable (58). Thus, our results 398 
also suggest that it may be possible to enhance bioremediation outcomes by using rhamnolipid-producing 399 
bacteria or adding rhamnolipids to bioremediation solutions to enhance the transport of bacterial-400 
biodegraders that do not themselves make biosurfactants. Furthermore, in addition to rhamnolipids, other 401 
biosurfactants, such as glycolipids produced by Lactococcus lactis, can also make some initially non-402 
wetting surfaces into wetting surfaces (59, 60). Therefore, we anticipate that biosurfactants produced by 403 
other bacteria may similarly enable relatively rapid bacterial transport in unsaturated porous materials. 404 
 405 
Materials and Methods 406 
 407 
Strains and growth conditions. The bacterial strains and primers used in this study are described in Table 408 
S1. P. aeruginosa was grown in liquid LB in a roller drum, and on LB agar (1.5% Bacto Agar) at 37°C. 409 
Gentamicin (Sigma) was used at 30 μg/mL. The rhlA deletion construct was generated by the lambda Red 410 
recombinase system using the aacC1 ORF between the flanking regions of the targeted gene of interest 411 
(61). 412 
 413 
Bacterial solution. We grew P. aeruginosa strains from frozen stocks in LB overnight (around 16 h). 414 
Cultures were subjected to centrifugation at 4,000 rpm for 10 min in a 10 mL tube. After withdrawing the 415 
supernatant from the tube, the bacterial pellet was resuspended in M9 medium at an OD600 = 0.2 - 0.3. The 416 
M9 medium used here included 0.4% D-glucose and was supplemented with 0.03 μM (NH4)6(Mo7)24, 4 μM 417 
H3BO3, 0.3 μM CoCl2, 0.1 μM CuSO4, 0.8 μM MnCl2, 0.1 μM ZnSO4, and 0.1 μM FeSO4. When noted, 418 
0.004% (w/v) fluorescent 2-NBDG glucose was added. 419 
 420 
Fabrication of the PDMS chambers and grains. The PDMS liquid was prepared by mixing PDMS base 421 
elastomer and curing agent (Dow Sylgard 184) at a 1 to 0.075 ratio. We molded the PDMS chambers by 422 
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pouring uncured PDMS liquid into a petri dish with molds of different shapes. For the triangular prism-423 
shaped chamber, the mold was a laser-cut prism-shaped aluminum mold (4 mm height of the cross-424 
sectional triangle and 2 cm chamber height). For the cuboid chamber, the mold (1 cm length by 4 mm width 425 
by 3 cm height) was printed using a 3D printer (Formlabs Inc., MA, USA) using standard grey resin. The 426 
petri dish was placed in a 60 °C oven for about 2.5 h. After curing and cooling, extra PDMS around the 427 
prism mold was eliminated and the PDMS chamber was removed from the mold. 428 
 429 
To prepare PDMS grains, the same PDMS liquid was poured into a petri dish and cured. Subsequently, the 430 
slabs were cut into smaller pieces and placed inside a coffee grinder (Cuisinart DBM-8 Supreme Grind, 431 
Cuisinart, CT, USA) to prepare PDMS grains. The PDMS grains were ground at the finest grain size setting, 432 
and microscopic images show that ground grains resembled angular sand with a size distribution of about 433 
0.5 – 1 mm (Fig. S8). Subsequently, the PDMS grains were collected and placed in 70% ethanol overnight 434 
for sterilization.   435 
 436 
Corner flow experiment. At the start of experiments, such as that shown in Fig. 1, we transferred 55 μL 437 
of the prepared bacterial culture at OD600 = 0.2-0.3 into a PDMS chamber using a pipette. The inoculated 438 
chamber was placed in an incubator with a transparent front door, temperature 36 ± 2 °C, and relative 439 
humidity 80 ± 10%. To visualize the bacterial-induced corner flow, we illuminated the PDMS chamber from 440 
the front using a collimated beam of blue light (wavelength 475 ± 18 nm). The beam size was significantly 441 
larger than the chamber size to ensure that the entire bacterial culture was uniformly illuminated. Upon 442 
excitation by blue light, P. aeruginosa harboring GFP or the solution containing fluorescent 2-NBDG glucose 443 
emitted green light that could be quantified by passage through a 530 ± 22 nm filter (M470L4, Thorlabs, 444 
Inc., NJ, USA). Emission was recorded over time using a digital camera (Blackfly S BFS USB3, Teledyne 445 
FLIR, OR, USA) with a macro lens (105 mm 1:2.8 DG Macro, Sigma, NY, USA) at 1 to 2 min intervals 446 
between image acquisitions for 2 days. The distance from the lens to the filter set was 2.5 cm, and the 447 
distance from the filter to the sample was about 15 cm. An image of the experimental setup and schematic 448 
diagrams are shown in Fig. S1. Note that while the height of the prism-shaped chamber is about 2 cm, only 449 
a portion of the chamber height is captured by the camera due to limited field of view. To keep the results 450 
consistent, we cropped the images and maintained the chamber height around 12.5 mm for each 451 
experiment shown in Fig. 2(a). Only a subset of data was shown in Fig. 2(a) for visual clarity. The tip 452 
positions of the corner flows were estimated by image processing using routines in MATLAB by first 453 
identifying the bacterial culture via analysis of the fluorescence intensity of the image with a threshold cutoff, 454 
and subsequently, identifying the top position of the culture near the corner. The link to the MATLAB codes 455 
is shared at the end of the Methods section. 456 
 457 
For the corner flow with the ΔlasR strain (Fig. 2(a)), the amplitude of the corner flow, which started one day 458 
after initiation of the experiment, may be affected by evaporation that occurred over the 2 days (Fig. S9). 459 
However, we anticipate that the starting time of the corner flow should not be affected by evaporation 460 
because experiments with different humidities (>50%) and different amounts of liquid in the chamber had 461 
similar starting times. The identical setup was used to record the corner flow of a solution lacking bacterial 462 
cells (Fig. 4(a)). In order to capture the rapid motion of the corner flow in the experiment in Fig. 4(a), the 463 
solution was transferred into the chamber using a needle and a tube connected to a 1 mL syringe instead 464 
of a pipette. Because the resolution of the syringe is 5 μL and there was likely an empty space in the needle 465 
before the injection of the solution, the volume of the solution transferred in the chamber may not be exactly 466 
55 μL. The volume of the solution should not affect the results because the solution was homogenized. 467 
 468 
Bacterial transport in a model soil experiment. The bacterial solutions were prepared as described as 469 
above. 400 μL of each solution was transferred to the cuboid shaped chamber using a pipette. Next, 0.6 g 470 
of PDMS grains were transferred and packed manually, using a lab spatula, over the top of solutions inside 471 
each chamber. The grains were packed such that the bottom layer of the PDMS grains came in contact 472 
with the liquid solution in the chamber. The chamber was placed in the same incubator and imaged using 473 
the same imaging system as in the corner flow experiments.  474 
 475 
Contact angle and surface tension measurements. We measured the contact angle 𝜃), surface tension 476 
𝛾, and bacterial cell density (OD600). Because the amount of solution in the PDMS chamber (< 100 μL) 477 
made direct sampling impossible, we used bacterial cultures grown in 50 mL centrifuge tubes when aliquots 478 
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were needed. Specifically, we grew 5 mL of P. aeruginosa cultures (OD600 = 0.2-0.3) in 50 mL tubes and 479 
placed the tubes in a 200 rpm shaking incubator at 36 ± 2 °C to mimic the corner flow experiments. To 480 
study the time evolution of OD600, 𝛾 , and 𝜃) , at each sampling time, two bacterial culture tubes were 481 
removed from the incubator. We first transferred 600 μL of bacterial culture from each tube to cuvettes and 482 
measured the OD600. Each OD600 data point in Fig. 2(b) and (c) represents the average of the cell densities 483 
in the two sample tubes. The error bar/uncertainty of each OD600 data point was 0.1, the upper bound of 484 
the difference in the cell densities of the two samples. As a reference, we estimated, using colony forming 485 
units, that the number of viable cells for a bacterial culture of maximum OD600 ≈ 1.6 is around 1010 cells/mL. 486 
Given that the shape of P. aeruginosa is a rod of 1-5 μm length and 0.5-1 μm diameter, we estimated that 487 
the volume fraction of the bacteria in the solution at OD600 ≈ 1.6 was around 0.2 - 4%. 488 
 489 
To measure 𝛾 and 𝜃), we first combined the two bacterial cultures sampled at each time point. To remove 490 
bacterial cells, we subjected the samples to centrifugation at 10,000 rpm for 10 min. The supernatant was 491 
filtered through a 0.2 μm filter. We transferred the filtered solution into a syringe with an 18-gauge needle. 492 
To measure the surface tension 𝛾 of the filtered solution, we gently forced a drop out of the syringe, and 493 
recorded the shape of the pendant drop below the needle. 𝛾 was estimated by fitting the profile of the drop 494 
edge to an analytical profile based on the algorithm proposed by Rotenberg et al. (62) using the MATLAB 495 
code developed by the Stone group. The advancing contact angle 𝜃)  was estimated using the same 496 
solution. In this case, we placed the syringe on a syringe pump connected to a needle on top of a PDMS 497 
surface. The PDMS surface was produced identically to the PDMS chambers. We forced the solution out 498 
of the syringe using the pump at 1-20 μL/min and recorded the shape of the moving drops on the PDMS 499 
surface using a digital camera. After identifying the edges of the moving drops, we estimated 𝜃) as the 500 
angle between the PDMS surface and the tangent line of the drop edge near the contact line. The MATLAB 501 
codes for image processing and the estimation of surface tension and contact angle are shared on github: 502 
https://github.com/JudyQYang/Bacterial_corner_flow_codes. 503 
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