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Abstract –Microbial colonies cultured on agar Petri dishes have become a model system to study
biological evolution in populations expanding in space. Processes such as clonal segregation and
gene surfing have been shown to be affected by interactions between microbial cells and their
environment. In this work we investigate the role of mechanical interactions such as cell-surface
adhesion. We compare two strains of the bacterium E. coli: a wild-type strain and a fimbriae-
and flagella-deficient mutant strain that adheres less to agar. We show that the mutant strain
has a selective advantage over the wild type: although both strains grow with the same rate in
liquid media, the mutant strain produces colonies that expand faster on agar. This allows the
mutant strain outgrow the wild type when both strains compete for space. We hypothesise that,
in contrast to a more common scenario in which selective advantage results from increased growth
rate, the higher fitness of the mutant strain is caused by reduced adhesion and friction with the
agar surface.

Introduction. – Micro-organisms – µm-sized single-1

celled organisms that usually replicate by binary fission –2

are the most numerous organisms on Earth. They repre-3

sent all domains of life (bacteria, archaea, and eukaryota)4

and take many forms (spherical, rod-shaped, spirals) [1].5

When provided with sufficient nutrients and a surface6

to attach to, a single microbial cell can create a macro-7

scopic (mm- to cm-sized) colony in just one day. Micro-8

bial colonies growing on agar Petri dishes are a beautiful9

example of self-organisation [2]. Depending on the type10

(species) of microbe and growth conditions, colonies of dif-11

ferent shapes are produced: compact, circular-symmetric12

colonies, concentric rings, “curly-hair” colonies, spirals,13

terraces, and branched, tree-like colonies [2, 3]. Experi-14

mental and theoretical work [4–10] has shown that these15

complex patterns often arise through a simple, reaction-16

diffusion mechanism due to the interplay between growth,17

nutrient consumption, death, chemotaxis, as well as other18

interactions between microbial cells.19

In the last 10 years, microbial colonies have become a20

popular model system to study the role of spatial structure21

on the dynamics of a population of organisms that expands 22

in space into a new territory (“range expansion” [11]). In a 23

typical experiment, a mixture of two types of cells (“wild- 24

type” and “mutant”) is deposited in a small droplet of 25

liquid on the surface of an agar-filled Petri dish [12–16]. 26

In the simplest case, the wild-type and the mutant have 27

the same growth rate (fitness) but are genetically modi- 28

fied to express different fluorescent proteins which makes 29

them easy to distinguish when illuminated with light of 30

appropriate wavelength. After incubation, a colony with 31

a distinct pattern of “sectors” of both types of cells is 32

obtained (Figure 1A-C). Similar patterns are obtained if 33

the colony is initiated from a single cell whose progeny 34

can spontaneously switch to the “mutant” phenotype with 35

small probability [17]. 36

The emergence of sectors is the result of demographic 37

fluctuations in the number of cells at the colony’s edge. 38

The phenomemon is similar to fixation/extinction of mu- 39

tants in fixed-size population models such as the Moran 40

process [18]. Fluctuations cause some sectors to grow at 41

the expense of other sectors that collapse, and mutants 42
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A B C

D E F

Fig. 1: A-C: sectoring patterns in a mixed colony of fluores-
cent and non-fluorescent E. coli. Images show the same colony
at different times: tA = 15, tB = 23, tC = 56h. D-F: three
examples of colonies (WT strain RJA002 on LB+agar) which
developed visible protrusions (“sectors”) of cells that outgrew
the parent colony. The colony started from a single cell de-
posited on agar and was incubated at 37◦C for 48h.

that stay at the front of the expanding colony are more43

likely to attain high frequencies. This is called “gene surf-44

ing” [19], and a surfing probability Psurf (a “soft” equiva-45

lent of the fixation probability [20]) can be defined as the46

probability that a mutant cell forms a macroscopic sector47

that stays at the expanding frontier.48

The number of sectors and their size depend on the49

surfing probability of beneficial mutations, which in turn50

correlates with the mutant’s selective advantage s de-51

fined as the ratio of the growth rates minus one, s =52

gmutant/gwild−type − 1. If the mutant grows at the same53

rate as the wild type (s = 0), it forms sectors of an an-54

gular size that does not increase in time once they have55

grown big enough that demographic fluctuations can be56

neglected [13]. For this reason, the number of sectors is57

finite in large colonies. However, if the mutant has a selec-58

tive advantage s > 0, the sectors become funnel-like; their59

angular size increases over time until eventually they com-60

pletely occlude the wild type [13,15,21].61

The relationship between fixation probability and selec-62

tive advantage in idealized models of biological evolution63

such as the Moran process is a classical result of population64

genetics [20]. In the well-mixed case, the fixation probabil-65

ity Pfix
∼= s for s� 1. The proportionality Pfix ∝ s gener-66

alizes to other models, modulo a numerical factor [20,22].67

However, the equivalent relationship between Psurf and s68

in real bacterial colonies is not well understood and is not69

universal. Models of expanding colonies predict that Psurf70

does not have to be linear in s [12, 13], and that it de-71

pends on the thickness and roughness of the growing layer72

of cells at the colony’s edge [23,24]. Computer simulations73

and experiments suggest that these quantities in turn are74

strongly affected by nutrient abundance [8,25], cell shape75

[23, 26], and interactions between cells and the agar [24].76

Experimental work described above uses fluorescently77

labelled cells to visualize the emergence of sectors. How- 78

ever, sectors of apparently faster-growing cells arise spon- 79

taneously in wild-type populations. The most popular mi- 80

crobe used in these experiments is the bacterium E. coli – 81

the “workhorse” of the microbiology lab. The bacterium is 82

spherocylindrical, ∼ 0.8−1µm in diameter and ∼ 2−4µm 83

in length [27,28]. When cultured on agar plates with abun- 84

dant nutrients, E. coli often produces a few sectors (Figure 85

1D-F) [3]. The surface of the sectors has a slightly differ- 86

ent visual appearance to the rest of the colony, and the 87

sectors protrude outward from the colony. Similar sectors 88

emerge in colonies of P. fluorescens and N. gonorrhoeae 89

[29,30]. We note that the bacteria are not motile in these 90

experiments, so the presence of the sectors cannot be ex- 91

plained by switching to a motile phenotype. 92

The stochastic nature of the sectors, their relatively low 93

frequency, and the fact that they occur even when the 94

colony grows from a single cell suggests that the process 95

responsible for the sectors (i) is a genetic mutation or a 96

rare epigenetic alteration (phenotype switch) that hap- 97

pens during colony expansion, and (ii) it enables cells to 98

spread faster on agar plates and outcompete the parent 99

strain. The selective advantage is unlikely to be caused 100

by an increase in the exponential-phase growth rate (max- 101

imum growth rate when nutrients are abundant), because 102

E. coli is already very well adapted to growth on rich me- 103

dia. It could however be that cells switch to a different, 104

heritable metabolic state which makes them less sensitive 105

to the decrease in nutrient concentration or the accumu- 106

lation of waste products. 107

An alternative explanation is that the selective advan- 108

tage of cells in such spontaneously produced sectors is con- 109

ferred not by the difference in growth rates but by their 110

ability to spread on agar. Since bacteria are non-motile, 111

this change in spreading must be attributed to reduction 112

in adhesion which would enable the cells to slide faster 113

on the surface of agarose when being pushed by other 114

growing cells. The idea that physical interactions between 115

bacterial cells, and between the cells and the surface on 116

which they grow, affect biological evolution, is relatively 117

new to evolutionary biology but not surprising to a physi- 118

cist. In particular, in our previous work we have used 119

computer models to show that mechanical (physical) in- 120

teractions significantly affect the surfing probability [24] 121

and horizontal gene transfer [31] in bacterial colonies. 122

Here we present experimental evidence that cell-surface 123

interactions play a tangible role in population dynamics 124

of E. coli colonies on agar plates. Specifically, we perform 125

competition experiments between a wild-type bacterium 126

and a fimbriae- and flagella-deficient mutant which ad- 127

heres less strongly to agar, and from here on will be re- 128

ferred to as “shaved”. We show that although the growth 129

rate of the mutant strain is the same as the non-mutated, 130

wild-type strain in liquid cultures, the shaved strain forms 131

colonies that expand faster on agar plates. When both 132

strains grow next to each other, the shaved strain outcom- 133

petes the wild type. We hypothesise that this is because 134
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the mutant adheres less to the agar and is able to slide135

past wild-type cells and gain better access to nutrients.136

Results. – We created the shaved mutant AD32 by137

knocking out (deleting) two genes of the wild-type strain138

MG1655 of E. coli: fimA and fliF (Experimental Meth-139

ods). FimA is the major subunit of the type-1 fimbriae140

(pili) [32]. Other components of the pilus are the adaptor141

proteins FimG and FimF, and the adhesin FimH attached142

at its distal end. While we have not deleted those genes,143

functional pili cannot be produced without fimA. FliF is a144

protein required for the formation of the MS ring which an-145

chors the flagellum (an appendage used for swimming) in146

the cytoplasmic membrane [33]. Without FliF, functional147

flagella cannot form; we confirmed by imaging dilute sus-148

pensions of AD32 in LB that these bacteria do not swim.149

We also created a fluorescent strain RJA002 (a derivative150

of MG1655) with intact fimA and fliF genes. In what fol-151

lows we shall refer to AD32 as the shaved strain, whereas152

RJA002 will be referred to as the wild-type strain.153

Shaved strain adheres less strongly to agar. We first154

sought to establish how well the shaved strain adheres to155

agar. We created an agar microfluidic channel (Fig. 2A)156

and filled it with a dilute 1:1 mixture of shaved and wild-157

type bacteria. We used AD104 – a brightly fluorescent158

version of AD32 (Methods) – as the shaved strain in these159

experiments because it can be distinguished from the wild160

type more easily under the microscope.161

Shortly after filling the channel with bacterial suspen-162

sion, some bacteria attached to the agar (Fig. 2B). After163

5 mins we flushed the channel for 10 mins (fluid velocity164

≈ 10µm/s at the distance of 5µm from the surface). We165

reasoned that drag and shear forces from the flow would166

affect shaved bacteria more than wild-type cells and cause167

them to detach. Indeed, we observed shaved cells to de-168

tach from the surface, whereas the number of wild-type169

cells actually increased (Fig. 2C). Moreover, the number170

of cells in colonies formed on the surface before and after171

the flow decreased much more for the shaved than the WT172

strain (Fig. 2D).173

Shaved and wild-type strain have the same growth rate174

in liquid media. To confirm that genetic modifications175

to the shaved strain did not affect its growth rate in liquid176

media, we incubated both strains in a 96 well plate filled177

with growth media M9 or LB and recorded the optical178

density in each well over a 48h period. Figure 3A,B shows179

LB growth curves. Variability between replicates is low,180

but curves for different strains differ slightly. This may be181

due to both strains clumping or adhering to walls of the182

plate in different ways (see also SI, Section II). M9 growth183

curves display much higher variability (Fig. 3C,D). We184

then extracted the exponential growth rate g,185

OD(t) = OD(0)egt, (1)

by fitting Eq. (1) to OD(t) for individual curves in their186

exponential phase (OD< 0.1), and calculated the growth187
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Fig. 2: Shaved cells adhere less to agar and are flushed away
by flow. A: schematic of the experiment. B: image of a small
region of the agar channel during flow (false colours, average
over 10 images in a 40-second interval). Shaved (strain AD104,
red), and wild type (RJA002, green) adhered bacteria are vis-
ible. C: Number of cells N(t) after t minutes of flow relative
to the initial number N(0) for both types. D: Distribution of
colony sizes before (t = 0) and after t = 10min of the flow.
Error bars are standard errors (s.e.).

advantage s = gshaved/gWT − 1 of the shaved strain over 188

the WT strain. Figure 3E shows that s is close to zero for 189

both growth media M9 and LB. 190

To check whether both strains continue to grow at the 191

same rate at higher densities, and whether the differences 192

between the curves from Fig. 3A,C are artefacts specific 193

to growth in a micro-plate, we performed competition ex- 194

periments. We incubated a mixture of both strains in 195

a well-aerated and vigorously shaken flask to saturation, 196

and measured the initial and final frequency of cells of 197

each strain. We then used Bayesian inference to estimate 198

the distribution of growth advantage s consistent with the 199

observed frequencies. Figure 3E shows that the average s 200

is close to zero (within error bars) which agrees with no 201

growth advantage being found from direct measurements 202

of the growth rates. 203

Shaved strain exhibits a selective advantage on agar. 204

We next grew isolated colonies of the shaved and wild- 205

type strains on agar plates (Fig. 4A). Most colonies were 206

round in appearance (Fig. 4B), with a distinct ring cor- 207

responding to the initial “coffee-stain” ring of deposited 208

cells. We measured the speed of radial expansion of a 209

few colonies by imaging them at regular intervals. Figure 210

4C shows the colony radius as a function of time, for two 211

colonies of the shaved and wild-type strain. The shaved- 212

strain colony expands faster (Fig. 4D) than the wild-type 213

colony despite having a smaller initial radius. 214

We next determined the difference between the final and 215

initial radii of colonies for both strains and the two growth 216

media, M9 and LB, after incubating colonies for 24h (LB) 217

or 72h (M9). Figure 4E shows a small difference in favour 218

of the shaved strain; the distance travelled by the colony’s 219
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front appears to be slightly larger than for the wild type.220

The spread in the data is however too big to draw a definite221

conclusion from this experiment.222

To confirm that the difference in radial expansion veloc-223

ities was due to different properties of the two strains and224

not e.g. differences in preparing agar plates or the growth225

medium, we inoculated agar plates with a diluted mixture226

(approx. 1:1) of cells of both strains. The high density227

of cells led to many collisions between colonies of different228

strains (Fig. 5A). If both strains grew at the same rate,229

the interface between the two colliding colonies should be230

a straight line [15]. We observed curved interfaces (Fig.231

5B) which means that the shaved strain expanded slightly232

faster than the wild-type strain. Assuming constant ex-233

pansion velocity (vWT and vS for the wild-type and shaved234

strain, respectively), Eq. (18) from Ref. [15] relates the235

radius of curvature R of the interface to the initial dis-236

tance l of the two cells that initiated the colonies and the237

expansion advantage sexp = vshaved/vWT− 1 of the faster-238

spreading strain: R = l
1+sexp

sexp(2+sexp) (Fig. 5C). We thus239

have240

sexp =

√
l2 + 4R2 + l − 2R

2R
. (2)

When we applied Eq. (2) to our colliding colonies, we ob-241

tained sexp = 0.125 ± 0.007 on M9 and sexp = 0.140 ±242

0.015 on LB (mean ± s.e.), i.e., the shaved strain has243

a statistically-significant advantage over the wild-type.244

Note that sexp calculated in this way does not have to245

be equal to growth advantage s since the latter quantifies246
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the increase in the ratio of the number of cells of the mu- 247

tant to wild type, nshaved/nWT, in one generation, q = 2s. 248

However, we show in SI, Section III, that the ratio also in- 249

creases in experiments from Fig. 5, and therefore s > 0. 250

Computer simulations show that lower cell-surface fric- 251

tion leads to selective advantage. The origin of the selec- 252

tive advantage cannot be explained by differences in the 253

growth rate, but rather by different colony expansion ve- 254

locities. This in turn can be attributed to differences in 255

the interactions with agar for the two strains. To sup- 256

port this hypothesis, we performed computer simulations 257

of growing colonies. We used the model from Ref. [23]. 258

Bacteria were represented as two-dimensional rods with 259

spherical caps. Cells consumed nutrients diffusing in two- 260

dimensional agar underneath the colony, elongated, repli- 261

cated by binary fission, and repelled each other mechani- 262

cally via contact forces (Hertzian model). 263

Interaction with the agar surface was simulated as a 264

drag force proportional to the velocity of the cell, F = 265

−ζlv, where l is the cell length. We varied the propor- 266

tionality coefficient ζ to model different levels of friction 267

caused by the presence/absence of fimbriae and flagella. 268

All parameters were as in Ref. [23], except for the growth 269
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and uptake rates which we decreased three times to ac-270

count for the reduced growth rate on M9. To save on the271

computation time, we only simulated a strip of cells of272

width L = 320µm as in Ref. [24]. To measure the speed of273

the colony’s front, simulations were initiated from a line of274

cells and were run until the speed of the front stabilized.275

Figure 6A shows that the front speed decreases with in-276

creasing friction coefficient ζ. We can read off from this277

plot that a 13% increase in the speed of the shaved mu-278

tant could be explained by a 20% reduction of the friction279

coefficient. Our model is of course highly idealised, so this280

value should be treated with caution. It shows, however,281

that a moderate decrease in friction is enough to produce282

a measurable difference in the expansion velocity.283

To calculate the surfing probability Psurf , we inserted284

mutants at random locations in the first line of cells from285

the steady-state configurations obtained in the speed mea-286

surement runs. We run the simulation until the growing287

layer was made only of one type (wild-type or mutant).288

The simulation was repeated 1000 times for each ζ and289

Psurf was estimated as the proportion of runs in which the290

mutant fixed in the growing layer. Figure 6B shows that291

even a relatively small increase in the expansion speed of292

the mutant leads to Psurf � 0.293

We have also investigated a theoretical possibility that294

the shaved mutant has reduced cell-cell (rather than cell-295

surface) adhesion. While this could explain the results of296

the colliding-colony experiments, it is at odds with the297

increased ability of AD32 to form clusters which indicates298

increased cell-cell adhesion (Supplementary Information299

(SI), section II).300
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to reproduce the average expansion velocity vWT = 15µm/h of
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versus sexp = vshaved/vWT − 1.

Shaved strain outcompetes the wild-type strain in mixed 301

colonies. To confirm the results of computer simula- 302

tions, we performed standing-variation experiments such 303

as those in Fig. 1A-C. Figure 7A-C shows images of 304

colonies obtained from mixtures of the shaved and wild- 305

type bacteria in proportion 1 : 8.4. As expected, the 306

shaved strain forms expanding sectors on agar plates. To 307

estimate the final fraction of shaved cells at the colony’s 308

boundary, we used two methods: we either summed up 309

angular or linear sizes of all sectors for each colony. In 310

the absence of selection, the final fraction should remain 311

close to the initial fraction of 0.106. Figure 7D shows that 312

the fraction is higher than 0.2, confirming that the shaved 313

strain outcompetes the wild type. 314

Conclusion and outlook. – We have shown that the 315

lack of fimbriae and flagella enables E. coli to spread faster 316

on agar, which confers a selective advantage in competi- 317

tion experiments. Faster spreading is likely to be caused 318

by reduced adhesion to the agar, which in turn decreases 319

friction between bacteria and the agar. 320

The effect of surface adhesion has been already inves- 321

tigated theoretically [34, 35] and experimentally [29, 30, 322

36, 37]. In particular, sector boundary chirality has been 323

linked to reduced surface adhesion in certain strains of E. 324

coli [36]. We did not see any chirality in our experiments 325

(Fig. 7), perhaps due to selection being the dominant 326

effect, or residual adhesion mediated by surface proteins 327

other than fimbriae and flagella. 328

In other microorganisms such as N. gonorrhoeae it has 329

been shown that the loss of type IV pili confers selec- 330

tive advantage, and that it can arise through switching 331

phenotypes (phase variation) [29, 37]. If adhesion can be 332

modulated by secreted polymers, an interesting coopera- 333

tive behaviour can be observed. For example, populations 334

of P. fluorescens generate mutants that produce a mucoid 335

polymer that serves as lubricant and helps both the wild- 336

type and mutant cells spread on agar plates [30]. 337

Our results underscore the role of mechanical interac- 338

tions in bacterial colonies from the population dynam- 339

ics perspective and show that such interactions may be 340

important for biological evolution of bacteria. Although 341
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from the total size of all sectors of the shaved type. Errors
are s.e. Blue line shows the expected proportion (equal to the
initial proportion) in the absence of selection.

the expansion advantage of our shaved mutant is only342

sexp ∼ 13%, this is enough to significantly alter the fre-343

quency of the mutant in just one day (Fig. 7). It would344

be interesting to see if complete removal of all other sur-345

face adhesion proteins (surface antigens, curli, type IV pili,346

LPS) could lead to larger sexp and even stronger selection.347

E. coli is known to switch between phenotypes ex-348

pressing different levels of fimbriae and other surface ap-349

pendages; this affects colony morphology [38]. Such rare,350

heritable variations in adhesion could be responsible for351

the emergence of sectors from Fig. 1. We have not di-352

rectly tested this hypothesis, but our results support it.353

Mutants that form bigger colonies on agar plates have354

been observed in P. fluorescens [39], but they grow slower,355

and are eventually selected against. In contrast, we do not356

see any fitness cost in liquid media our shaved strain. Our357

results might thus suggest that reduced adhesion should358

be selected for. However, a Petri dish is a very different en-359

vironment to what bacteria experience in nature, and one360

must not draw far-reaching conclusions from such simple361

experiments.362

It therefore remains to be seen whether changes in ad-363

hesion and friction affect biological evolution in naturally364

occuring bacterial conglomerates such as biofilms [40].365

Biofilms grow on solid surfaces (the inside of a water tank,366

catheter, tooth enamel) immersed in a liquid (water, urine,367

saliva). Biofilms are of paramount interest to medicine368

and industry, and mechanical interactions (in particular369

adhesion) play a very important role in the formation and370

growth of biofilms [41, 42]. For example, adhesion medi-371

ated by type-1 pili enables E. coli to attach to uroepithelial372

cells in the urinary tract, invade them, and form intracel-373

lular colonies [32] which contribute to the persistence of374

urinary infections. Comparative genomics shows evidence 375

of selection towards increased adhesion [43]. However, it 376

may be that intermediate levels of adhesion are actually 377

better than no or too much adhesion. We believe that 378

elucidating the coupling between mechanical interactions 379

and biological evolution in biofilms will be an exciting area 380

of future research. 381
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Experimental methods. – This is a brief summary 389

of the experimental methods. See SI, Section I for details. 390

Bacterial strains. We used three different strains of 391

the bacterium E. coli: a yellow-fluorescent reporter strain 392

RJA002, a “shaved mutant” double knockout (fliF, fimA), 393

non-fluorescent strain AD32, and a bright green fluores- 394

cent AD104 (AD32 expressing eGFP). All strains have 395

been derived from K-12 MG1655, see SI and Refs. [44–46]. 396

Growth media. We used two different growth media: 397

the M9 minimal medium with 0.2% glucose, and the LB 398

medium. Agar was added to the concentration 1.5% to 399

create solid media for colony expansion experiments. 400

Growth rate in liquid media. To obtain growth curves, 401

a 96-well plate was filled with M9 or LB medium (200µl 402

per well) and inoculated with 5µl of 1 : 103 diluted ex- 403

ponential culture (OD≈ 0.1) of RJA002 or AD32. The 404

plate was incubated in a CLARIOstar plate reader (BMG 405

Labtech) at 37◦C and optical density was measured ev- 406

ery 2 mins. Details of the competition experiment can be 407

found in SI, Section I.D. 408

Expansion velocities. RJA002 and AD32 were grown 409

overnight on LB and diluted into a fresh LB (50µl into 10 410

ml). After approx. 1h of incubation at 37◦C in a shaken 411

incubator (OD ≈ 0.1), 1µl of the suspension (approx. 412

10,000 cells/µl as obtained by CFU count) was placed in 413

the middle of an agar-filled Petri dish. The Petri dish was 414

sealed with Parafilm to reduce evaporation, and continu- 415

ously imaged in a 37◦C static incubator with a source of 416

light (white LED) and a camera (Tecknet C016 USB HD 417

720P Webcam) for up to 72h. 418

Colliding colonies assay. A 1 : 105 dilution was made 419

from the exponential-phase cultures of AD32 and RJA002 420

in phosphate-saline buffer (PBS). 500µl of each strain was 421

mixed together and 150µl of the mixture spread onto a 422

Petri dish. Cultures were incubated for 72h (M9) or 24h 423

(LB). Each plate was photographed using a SafeImager 424

blue light transilluminator and an amber filter. 425

Quantification of bacterial adhesion. 10µl of overnight 426

culture of AD104 and RJA002 was added to a conical 427

flask containing 10mL LB, and incubated for 1h. Bacteria 428

were injected into a 15mm x 2mm x 0.15mm agarose-lined 429
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micro-channel using a 1ml BD plastic syringe in a syringe430

pump (NE-1000, New Era Pump Systems Inc) connected431

to the device by an elastic tube. Cells were imaged using a432

Nikon epifluorescent microscope with a 20x dry objective433

in both brightfield and GFP channels. Cells were allowed434

to adhere for 5 min and then attempted to flush away with435

a 5µL/min flow. Images were recorded at ≈ 1s intervals.436

Sectoring experiments. A 1:8.4 mix of AD32:RJA002437

(proportion estimated from ODs of initial cultures) was438

prepared from the exponential-phase cultures. 1µl of the439

mixture was placed in the centre of an LB-agar Petri dish440

as described in Expansion velocities. Plates were incu-441

bated at 37◦C for up to 48h and photographed using the442

transillumination box/amber filter.443

Image analysis. Images were analysed using ImageJ444

and Wolfram Mathematica. After tresholding, the JFil-445

ament2D plugin [47] was used to trace the perimeter of446

each colony. A list of coordinates (700-1000) determining447

the perimeter was imported into a custom-written Math-448

ematica script. Colony area was obtained by converting449

the points to a convex polygon. The radius was calculated450

as the average distance between the points and the cen-451

tre of mass (CM) of the colony. The radius of curvature452

R of the collision front was obtained by tracing points at453

the inteface using JFilamend2D [48]; the region of small-454

est curvature was used to calculate R using a Mathemat-455

ica script. To find the distance between the colonies we456

manually fitted two circles to the colliding colonies and457

calculated the distance between their centres.458
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