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Abstract 14 

On a surface, microbes grow into a multi-cellular community. When a community becomes densely 15 

populated, cells migrate away to expand it. How microbes regulate surface motility to optimize the 16 

expansion remains poorly understood. Here, we characterized surface motility of Proteus mirabilis. P. 17 

mirabilis is well known for its extraordinary ability to expand its colony rapidly on a surface. Cursory 18 

visual inspection of an expanding colony suggests partial migration, i.e., one fraction of a population 19 

migrates while the other is sessile. Quantitative real-time imaging with a microscope reveals that this 20 

migration pattern is determined by temporally and spatially dynamic regulation of cell motility. Further 21 

analyses reveal that this spatio-temporal regulation is well accounted for by nutrient-dependent repression 22 
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of cell motility by the Rcs system. Alleviating this repression increases the colony expansion speed but 23 

results in a rapid drop in the number of viable cells, lowering population fitness. These findings 24 

collectively demonstrate a fundamental trade-off underlying bacterial colonization of a surface, and how 25 

Rcs dynamically regulates cell motility to increase the fitness of an expanding bacterial population.   26 
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Introduction 27 

In nature, bacteria often grow on a surface and develop a multi-cellular community (1, 2). When a 28 

community becomes densely populated, cells migrate away to expand their community (3). This process 29 

poses significant industrial and medical challenges because it leads to the spread of biofouling and 30 

chronic infections (4-6). However, several fundamental questions remain unanswered. Specifically, 31 

dispersal is mediated by phenotypic (or genotypic) “variants” (7). What are the ecological factors that 32 

drive the generation of these migratory variants? What are the signal transduction pathways that are used 33 

to sense these ecological factors and trigger the generation of migratory variants?  34 

These questions are not limited to bacteria, as migration is a fundamental process of living organisms (8, 35 

9). Migration results in a profound change in population density in space and time, altering local 36 

ecological interactions, e.g., species competition and spread of invasive species (10-15). Interestingly, a 37 

wide variety of organisms exhibit partial migration, where a fraction of a population moves away while 38 

the rest remains sessile. This type of migration has been documented for mammals, birds, fish, 39 

amphibians, and insects (16). However, how and why a population diversifies when expanding its 40 

territory is poorly understood. While several theoretical studies have proposed potential benefits of partial 41 

migration (17-19), they have not been experimentally tested.    42 

In this study, we characterized the surface expansion of bacterial communities in the context of partial 43 

migration. We chose Proteus mirabilis as a model system because of its superior ability to expand its 44 

community (20). This superior ability underlies the pathogenesis of this bacterium as it enables P. 45 

mirabilis cells to reach across the urethra and colonize the bladder and kidneys, and leads to rapid surface 46 

fouling of newly inserted catheters (21-25). This superior ability can be visualized on agar surfaces in a 47 

laboratory, as P. mirabilis can expand its colony on high agar concentrations (>1 %), which are too stiff 48 

for other model bacteria including Escherichia coli or Bacillus subtilis (9, 26-28). Here, we investigated 49 

the expansion dynamics of P. mirabilis to identify a regulatory mechanism and strategy for its surface 50 

colonization. 51 
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Materials and Methods 52 

Bacterial growth conditions.  53 

P. mirabilis ATCC 7022 and its derivatives were used; see Supplementary Table 1 for the strain 54 

information. Liquid cultures were prepared in Luria-Bertani (LB) broth at 37°C with shaking at 200 rpm. 55 

Cells were inoculated from an -80°C frozen stock a day before an experiment and grown overnight. A 56 

small volume of an overnight culture was suspended in fresh medium to prepare an experimental culture. 57 

Cells were grown in an experimental culture for at least five doubling before measurements were made as 58 

described in the text. Cell density was determined by quantifying the optical density at 600 nm 59 

wavelength (OD600) using a Genesys20 spectrophotometer (Thermo Fisher) with a standard cuvette 60 

(16.100-Q-10/Z8.5; Starna Cells). See Supplementary Methods for further details. 61 

Microscopy and image analysis. 62 

The cells were imaged using an inverted microscope (Olympus IX83P2Z). The microscope was 63 

controlled by the MetaMorph software (Molecular Devices) and housed in a microscope incubator 64 

(InVivo Scientific) which maintained the temperature of samples at 37°C during the experiments. Images 65 

were captured using a Neo 5.5 scientific CMOS camera (Andor). Images were analyzed using MicrobeJ, a 66 

freely available plug-in for ImageJ, or a custom-built MATLAB software. See Supplementary Methods 67 

for further details. 68 

Results 69 

Expansion dynamics of a surface-attached P. mirabilis colony. 70 

We studied the expansion of a wild-type (WT) P. mirabilis population by depositing an inoculum droplet 71 

on a surface of an LB medium solidified with ~2% agar. When deposited on a surface, a WT P. mirabilis 72 

population first grows in its original inoculum zone and forms a colony; see Supplementary Fig. 1a. Only 73 

after a colony reaches a high cell density (~109 cells/cm2), it initiates migration; Supplementary Fig. 1b 74 

and caption. Migration is visualized by the appearance of a faint halo beyond the distinct boundary of a 75 
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densely-packed parental colony (Fig. 1A). Throughout population migration, the boundary of the parent 76 

colony remains stationary and distinct, suggesting that a majority of cells remain in the parental colony.  77 

We then directly determined the migrating fraction in a colony. P. mirabilis cells migrate on stiff surfaces 78 

by differentiating to the hyperelongated and hyperflagellated phenotype (20). Cells exhibiting this motile 79 

phenotype can migrate across a surface through a process known as swarming (9, 26-29). We and others 80 

have shown that differentiation occurs in a subpopulation of cells (30, 31). Here, we quantified the 81 

fraction of this subpopulation by harvesting the entire population and determining the number of 82 

hyperelongated cells with a microscope (see Supplementary Fig. 2 and Methods for detail). We found that 83 

only ~1% of cells exhibited the motile phenotype (Fig. 1C, green).  84 

Severe repression of migration in the inner region of an expanding colony.  85 

How and why is the migratory fraction kept at such a low level? We first sought to unravel a regulatory 86 

mechanism controlling the migratory fraction by characterizing the spatio-temporal dynamics of the 87 

motile phenotype. The flhDC gene encodes the master regulator for differentiation into the motile 88 

phenotype (32, 33). We constructed a transcriptional fusion of the flhDC and green fluorescent protein 89 

(gfp) genes and tracked flhDC expression by monitoring GFP intensity in a colony over time. We found 90 

that as a colony matures, GFP intensity increases in cells at the colony edge (Supplementary movie 1 left 91 

panel). These GFP-bright cells differentiate to the motile phenotype and migrate away from the parental 92 

colony. In the inner region of the colony, however, GFP intensity remained low, and no differentiation 93 

occurred (Supplementary Movie right panel). This severe repression of motility in the inner region 94 

explains how a large fraction of a population remains sessile in an expanding colony.   95 

This movie also revealed a narrow, distinct band of cells at the colony edge, where the most of GFP-96 

bright cells were located (Supplementary Movie left panel). The formation of this band can be described 97 

by the coffee ring effect, a well-known physical phenomenon caused by capillary flow which pushes 98 

particles to the edge of a droplet (34). This effect was also frequently observed in previous studies of 99 

bacterial colony formation (35, 36). We wondered whether the formation of this band is responsible for 100 
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the preferential increase in GFP intensity at the colony edge. To avoid this effect, we started colonies 101 

from single cells by diluting and spreading an inoculum droplet over a large area of agar surface. Colonies 102 

originating from single cells did not exhibit such bands, and yet GFP intensity was still preferentially 103 

higher at the colony edge (Fig. 2A).  104 

Having characterized the spatial dynamics of flhDC expression, we then focused on its temporal 105 

dynamics. We found that as a colony grows, the GFP intensity in the colony center increases initially (left 106 

of the grey region in Fig. 2B). This intensity increase is likely due to an increase in cell density, rather 107 

than due to specific regulation, as we observed a similar fluorescence increase in a growing colony of 108 

cells constitutively expressing fluorescent proteins (Supplementary Fig. 3A). What is striking is that GFP 109 

intensity drops abruptly at 180 min (grey region in Fig. 2B), indicating the repression of flhDC 110 

expression. Importantly, simultaneous measurements of colony size reveal that the onset of this repression 111 

occurs concurrently with the onset of colony growth slowdown (Supplementary Fig. 4).  112 

Nutrient depletion leads to the repression of cell motility.  113 

This concurrent occurrence suggests that colony growth slowdown and repression of flhDC expression 114 

share the same underlying mechanism. Previous studies of colony growth on agar surface have shown that 115 

cells in the inner region of a colony experience nutrient depletion (37-39). Due to nutrient depletion, cells 116 

located just several cell lengths inside the colony edge can already exhibit slower growth, especially in a 117 

mature colony (40, 41). This is consistent with the results from our control experiments with stable and 118 

degradable GFPs. In our previous experiments, we tracked colony growth of a strain that constitutively 119 

expressed stable GFP. We found that the GFP intensity is significantly higher at the colony center than 120 

edge, due to higher cell density (Supplementary Fig. 3B). We repeated this experiment using a strain that 121 

constitutively expresses a degradable GFP. The fluorescence intensity of degradable GFP is directly 122 

related to the growth rate of cells, and thus it has been used to detect slow-growing cells in a liquid 123 

culture or colony (40, 42) . In contrast to our findings with stable GFP, the fluorescence intensity of 124 

degradable GFP was significantly lower in the colony center than edge (Supplementary Fig. 5B), 125 
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indicating slow cell growth in the center. These findings by us and others collectively suggest that 126 

nutrient depletion in the colony center is responsible for an overall slowdown of colony growth. Then, 127 

one likely explanation for the observed concurrent occurrence of colony growth slowdown and repression 128 

of flhDC expression is that nutrient depletion also causes this repression. 129 

Testing nutrient-dependent repression of cell motility.  130 

We tested this hypothesis, i.e., nutrient-dependent repression of flhDC expression, through several 131 

independent experiments. First, we lowered nutrient concentration in the external environment. In 132 

previous experiments, we used an agar solidified with 1 LB. When we used 0.2 LB, we observed a 133 

more severe decrease in flhDC expression in the colony center (blue squares in Fig. 2C), supporting 134 

nutrient-dependent repression of flhDC expression. (Note that the flhDC expression continued to decrease 135 

at the end of the experiment, but it was difficult to continue the measurement because of the interference 136 

by motile cells generated from other colonies.)  137 

We further tested our hypothesis by investigating a potential molecular factor mediating this repression of 138 

fhlDC expression. To do so, we searched for mutants that do not exhibit this repression. In the WT strain, 139 

this repression is manifest in its migration pattern as discussed above; the boundary of a parental colony 140 

remains stationary and distinct during expansion, which indicates that a majority of cells do not 141 

participate in migration (Fig. 1). (Migration is visualized by a faint halo around the fixed colony 142 

boundary.) During our transposon mutagenesis screening, we identified mutants that showed different 143 

expansion dynamics: they shifted the entire colony boundary outward during migration (Fig. 1B and 144 

Supplementary Fig. 6). We found that these mutants have the transposon insertion in the rcsC or rcsB 145 

genes, two components of the Rcs phosphorelay system (43-45). As transposon insertion might be 146 

unstable, we performed clean knockout of these genes (See Supplementary Methods). These mutants 147 

exhibited the same, outward shift of the colony boundary. We next tracked the radius of the population 148 

edge, which showed that the edge moves faster in the mutant colony than WT colony (Supplementary Fig. 149 

7).   150 
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The observed, robust expansion of the colony boundary exhibited by these mutants suggests that a large 151 

fraction of the population migrates. We confirmed this by quantifying the fraction of cells expressing the 152 

motile phenotype in a rcsC population. We found that ~50% of a population participates in migration 153 

(Fig. 1C, red), a fraction significantly higher than the ~1% observed in the WT population (Fig. 1C, 154 

green). Importantly, this large increase in the migratory fraction suggests that rcsC knockout relieved the 155 

repression of flhDC expression (note that flhDC is the master regulator for differentiation into the motile 156 

phenotype (32, 33)). This is consistent with our and others’ previous findings that flhDC is a member of 157 

the Rcs regulon (43-49).  158 

To examine whether this repression by Rcs is nutrient-dependent, we first compared the spatio-temporal 159 

dynamics of flhDC expression between the rcsC and WT strains. Our previous temporal measurements 160 

showed that the WT strain exhibited an abrupt repression of flhDC expression in the colony center, where 161 

nutrient depletion is severe (grey region in Fig. 2C). When we repeated this experiment with the rcsC 162 

strain, however, we did not observe such a repression; see a monotonic increase in flhDC expression in 163 

the regime where WT exhibits a decreased expression (grey region in Fig. 2D). This difference was also 164 

evident in raw fluorescence images of their colonies. In the WT colony, flhDC expression is significantly 165 

lower in the colony center than edge (Fig. 2A). In the mutant colony, flhDC expression is uniform across 166 

the colony (Supplementary Fig. 8). These findings support that the Rcs system mediates nutrient-167 

dependent repression of flhDC expression. 168 

We further tested this nutrient dependence by examining flhDC expression at different distances away 169 

from the colony center. In contrast to the colony center, cells near the colony edge have access to 170 

nutrients diffusing from the surrounding environment (40, 41). If flhDC repression is indeed nutrient-171 

dependent and mediated by the Rcs system, flhDC expression near the edge must not decrease at 172 

increasing colony size. This prediction is supported by our finding, which showed that at 0.6 times the 173 

colony radius (Fig. 2E) and larger (Supplementary Fig. 9), flhDC expression does not decrease as a 174 

colony grows but remains largely constant in the WT strain (green symbols). We found a similar pattern 175 
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in the rcsC strains (red symbols). This similarity between WT and rcsC strains at the colony edge (but 176 

not in the center) further supports that flhDC repression by Rcs is nutrient-dependent.  177 

We next used a liquid culture to further examine the nutrient-dependence of Rcs-mediated flhDC 178 

repression. An advantage of a liquid culture is that it can be shaken and well-mixed, providing a better 179 

control for a nutrient condition. We found that flhDC expression in rcsC and WT strains grown in 1 180 

LB liquid cultures was comparable (Fig. 3A). In a lower nutrient condition (0.2 LB), however, flhDC 181 

expression in the rcsC strain was more than 20-fold higher than that in WT, which, again, supports our 182 

hypothesis that the repression of flhDC expression by Rcs is nutrient-dependent.  183 

Fitness advantage of the WT (rcsC+) strain. 184 

A rcsC colony expands faster than a WT colony (Supplementary Fig. 7), because it has a much higher 185 

fraction of migratory cells (Fig. 1C). Then, what is the advantage of keeping the migratory fraction low? 186 

To address this question, we compared the fitness of WT and rcsC strains. Specifically, we spread cells 187 

on an agar surface and evaluated the biomass yield by measuring OD600  ml and cell viability by 188 

counting colony forming units (CFU) over time. We used 0.2 LB agar because the repression is 189 

pronounced in a low-nutrient environment (Fig. 2C). We found that the rcsC strain produced less 190 

biomass than WT in a given territory, although the difference is marginal (Fig. 3B, open symbols). 191 

Importantly, the rcsC strain exhibited a noticeably steeper decrease in cell viability than WT (Fig. 3B, 192 

solid symbols), revealing a trade-off between population expansion and viability.   193 

Discussion 194 

Our quantitative real-time imaging uncovered intricate spatio-temporal dynamics of cell motility 195 

governing partial migration of a population. We then systematically analyzed the dynamics (colony center 196 

vs. edge, WT vs. rcs strains, high vs. low nutrient levels on agar surface and in liquid culture), which 197 

revealed an important role of the Rcs system in these dynamics. The Rcs system is widespread in the 198 

Enterobacteriaceae family (50) and known to regulate a wide range of cellular functions including 199 
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capsular polysaccharide or colanic acid synthesis, cell envelope maintenance, cell division and virulence 200 

(51). However, physiological cues inducing this system and its functional role in colonizing territories 201 

were unclear. Our present work reveals that nutrient-dependent repression of flhDC expression by this 202 

system leads to intricate spatio-temporal dynamics of cell motility in an expanding population, thereby 203 

having a major impact on the surface colonization pattern.  204 

We additionally found that this Rcs-mediated repression of cell motility provides a substantial fitness 205 

advantage. Swimming in liquid costs about 2% of metabolic budget in bacteria (52). The cost of surface 206 

motility (swarming) has not been measured, but is thought to be much greater (26, 53). Consistent with 207 

this view, we found that P. mirabilis cells that are actively moving on a surface reproduce at a very low 208 

rate or do not reproduce (Supplementary Fig. 10), indicating a severe cost of surface motility. This cost is 209 

likely more burdensome in nutrient-limiting conditions, where cells already suffer from a limited 210 

metabolic budget. Our studies show that, although inducing migration in the face of this cost (rcs strain) 211 

does lead to faster population expansion, it severely impairs population fitness. Nutrient-dependent 212 

repression of cell motility by Rcs can minimize this cost in nutrient-limited cells while enabling migration 213 

only for a small number of privileged cells that have access to nutrients. This mode of partial migration 214 

can provide one mechanism to mediate a trade-off, helping a population maintain its fitness during 215 

expansion, thereby facilitating surface colonization.   216 

Interestingly, previous studies suggest an additional mechanism for fitness advantage. RpoS is a general 217 

stress sigma factor that is widely present in Enterobacteriaceae (54). In our previous studies with E. coli, 218 

we have shown that in nutrient-limiting conditions, RpoS plays a critical role in conserving a limited 219 

metabolic budget for starvation survival (55). Such a protective role of RpoS is well documented for a 220 

wide variety of other bacterial species (54). Interestingly, recent studies have found that RpoS expression 221 

is induced by Rcs (56, 57). Therefore, Rcs not only represses cell motility in the nutrient-limited region 222 

(as discussed in the preceding paragraph) but also is expected to induce the expression of the important 223 

stress sigma factor (RpoS). This two-pronged response is likely to contribute to fitness advantage 224 
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conferred by Rcs. Importantly, migration is expected to incur a high cost of dispersal in other organisms 225 

as well, impairing their reproduction rate and survival (58-60). A similar strategy could be used in these 226 

organisms to optimize territory expansion.    227 

Our findings also shed new light on a surface-attached microbial community, biofilm. Surface motility is 228 

known to have a dramatic effect on biofilm formation (27, 61). We found that motility is strongly 229 

repressed by Rcs in a dense region of a colony (Fig. 2A), which ensures that a majority of cells remain 230 

sessile within the colony. Due to this repression, the boundary of a parental colony remains distinct and 231 

stationary during expansion (Fig. 1A), which enables the maintenance of the original densely-packed 232 

community. The same mechanism is likely at play in a biofilm, where rcs ensures the formation of a 233 

robust biofilm by inhibiting premature dispersal. This is consistent with previous studies of E. coli, P. 234 

mirabilis, and other bacteria, which have shown that rcs deletion leads to the formation of defective 235 

biofilms (44, 62, 63).   236 
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Figure legends 385 

Figure 1. Different migration pattern of WT and rcsC strains. (A) WT colony 7 hr after inoculation. 386 

(B) rcsC colony 6 hr after inoculation. Note that a rcsC colony begins colony expansion ~1 hr earlier 387 

than a WT colony. Purple-line zones indicate the original inoculum area. (C) Percentage of migratory 388 

cells. Error bars indicate one standard deviation from two independent experiments. ~800 cells were 389 

analyzed in each experiment. See Materials and Methods, and Supplementary Fig. 2 for the detail of 390 

experiments and analyses. 391 

Figure 2. Characterizing spatio-temporal regulation of cell motility. (A) Phase contrast and 392 

fluorescence images of a WT micro-colony right before the onset of migration (~6 hr after inoculation). A 393 

PflhDC – gfp transcriptional fusion construct was used. See Supplementary Fig. 8 for rcsC micro-colony 394 

images. (B-D) flhDC expression at the colony center. GFP intensities in the centroid of the colony and its 395 

four nearest-neighbor pixels were averaged and normalized by the mean GFP intensity of the entire 396 

colony. (E) flhDC expression away from the colony center. The colony radius (r) was identified, and 397 

flhDC expression at 0.6  r was averaged and normalized by the mean GFP intensity of the entire colony. 398 

See Supplementary Fig. 9 for a similar plot of flhDC expression beyond 0.6  r. Two independent 399 
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experiments were performed. In each experiment, ~10 colonies were analyzed. Error bars indicate one 400 

standard deviation from the two independent experiments.  401 

Figure 3. PflhDC – gfp expression in liquid cultures and the fitness effect of Rcs. (A) flhDC expression 402 

in liquid cultures. (B) Biomass (OD600  ml) and cell viability (CFU). For each data set, measured values 403 

were normalized by the value of WT at the first time point. WT biomass data (open green circles) are not 404 

clearly visible in some cases because they overlapped with viability data (solid green circles). Error bars 405 

represent standard deviation from two independent experiments. 406 

 407 
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