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Abstract 22 

Surface-associated microbial communities are omnipresent on Earth. As individuals grow 23 

and divide within these communities, they undergo range expansion during which 24 

different cell-types arrange themselves across space to form spatial patterns (referred to 25 

as spatial self-organization). Metabolic interactions are important determinants of the 26 

spatial self-organization process, where they direct the spatial positionings of different 27 

cell-types. We hypothesized here a previously unexplored consequence of metabolic 28 

interactions; by directing the spatial positionings of different cell-types, they also control 29 

the horizontal spread of functional novelty during range expansion. We focused on a form 30 

of functional novelty of critical importance to human health – the conjugative transfer and 31 

proliferation of plasmid-encoded antibiotic resistance. We performed range expansion 32 

experiments and spatially-explicit individual-based computational simulations with pairs 33 

of strains of the bacterium Pseudomonas stutzeri, where one strain was a plasmid donor 34 

and the other a potential recipient. We then imposed a competitive or resource cross-35 

feeding interaction between them. We found that interactions that increase the spatial 36 

intermixing of strains also increase plasmid conjugation. We further directly linked these 37 

effects to spatial intermixing itself. We finally showed that the ability of plasmid recipients 38 

to proliferate is determined by their spatial positionings. Our results demonstrate that 39 

metabolic interactions are indeed important determinants of the horizontal spread of 40 

functional novelty during microbial range expansion, and that the spatial positionings of 41 

different cell-types need to be considered when predicting the proliferation and fate of 42 

plasmid-encoded traits.  43 

 44 

 45 

  46 

 47 
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Introduction 48 

 49 

Surface-associated microbial communities are ubiquitous across our planet and have 50 

critical roles in human health and disease, biogeochemical cycling, and biotechnology 51 

(Hall-Stoodley, Costerton et al. 2004, Singh, Paul et al. 2006, Bruellhoff, Fiedler et al. 52 

2010, Nobile and Johnson 2015, Battin, Besemer et al. 2016). As individuals within these 53 

communities grow and divide, they exert physical forces on neighboring cells that cause 54 

communities as a whole to expand across space (referred to as range expansion) 55 

(Hallatschek, Hersen et al. 2007, Weinstein, Lavrentovich et al. 2017, Giometto, Nelson 56 

et al. 2018). During the range expansion process, different cell-types arrange themselves 57 

non-randomly across space (referred to as spatial self-organization [SSO]) (Ben-Jacob, 58 

Cohen et al. 2000, Tolker-Nielsen and Molin 2000, Smith, Davit et al. 2017). The patterns 59 

of SSO that develop depend on local environmental conditions (Gralka, Stiewe et al. 60 

2016, Mitri, Clarke et al. 2016, Sharma and Wood 2021, Ciccarese, Micali et al. 2022), 61 

the phenotypes expressed by individuals (Rudge, Federici et al. 2013, Gralka, Stiewe et 62 

al. 2016, Smith, Davit et al. 2017, Xiong, Cao et al. 2020), cell-cell interactions (Momeni, 63 

Waite et al. 2013, Blanchard and Lu 2015, Nadell, Drescher et al. 2016, Goldschmidt, 64 

Regoes et al. 2017, Tecon and Or 2017, Kan, Del Valle et al. 2018), and cell-surface 65 

interactions (Atis, Weinstein et al. 2019, Ciccarese, Zuidema et al. 2020, Fei, Mao et al. 66 

2020). Importantly, SSO can be an important determinant of the collective traits of 67 

communities and the evolutionary processes acting on those communities (Gralka, 68 

Stiewe et al. 2016, Nadell, Drescher et al. 2016, Weinstein, Lavrentovich et al. 2017, 69 

Giometto, Nelson et al. 2018, Kayser, Schreck et al. 2018, Bosshard, Peischl et al. 2019, 70 

Goldschmidt, Caduff et al. 2021). 71 

 72 

Metabolic interactions between different cell-types are pervasive within microbial 73 

communities and can direct the spatial positionings of cell-types during the SSO process 74 

(Nadell, Foster et al. 2010, Momeni, Waite et al. 2013, Müller, Neugeboren et al. 2014, 75 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2022. ; https://doi.org/10.1101/2022.06.07.495077doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.07.495077
http://creativecommons.org/licenses/by/4.0/


 

 

4 

 

Nadell, Drescher et al. 2016, Goldschmidt, Regoes et al. 2017, Rodríguez Amor and Dal 76 

Bello 2019). Resource competition generally results in lower spatial intermixing of cell-77 

types as a consequence of small effective populations at the expansion frontier that are 78 

susceptible to ecological drift (Hallatschek, Hersen et al. 2007, Excoffier, Foll et al. 2009, 79 

Hallatschek and Nelson 2010). Conversely, resource cross-feeding, where one cell-type 80 

produces a resource that can be used by others, generally results in higher spatial 81 

intermixing (Momeni, Brileya et al. 2013, Müller, Neugeboren et al. 2014, Goldschmidt, 82 

Regoes et al. 2017). This can be caused by i) metabolic dependencies between cell-types 83 

that counteract the effects of ecological drift at the expansion frontier (Momeni, Brileya et 84 

al. 2013, Müller, Neugeboren et al. 2014), and ii) physical forces between individuals that 85 

cause local mechanical instabilities at the interfaces between cell-types (Goldschmidt, 86 

Regoes et al. 2017, Borer, Ciccarese et al. 2020, Goldschmidt, Caduff et al. 2021).  87 

 88 

Because metabolic interactions can direct the spatial positionings of different cell-types 89 

during the SSO process, we hypothesized here that they can also control the horizontal 90 

spread of functional novelty. Consider the conjugative transfer and proliferation of 91 

plasmid-encoded antibiotic resistance, which is of critical importance to human health. 92 

Plasmid conjugation typically requires direct contact between a plasmid donor and a 93 

potential recipient cell (Flemming and Wingender 2010, Stalder and Top 2016). We 94 

therefore expect that metabolic interactions that promote higher spatial intermixing of cell-95 

types also promote increased plasmid conjugation, as there are more cell-cell contacts 96 

between cell-types (Fig. 1A). The ability of a plasmid to proliferate after successful 97 

conjugation requires that transconjugants (i.e., individuals of the potential recipient that 98 

received a plasmid) have access to growth-enabling resources (e.g., nutrients, 99 

unoccupied space, etc.). Because metabolic interactions can direct the spatial 100 

positionings of cell-types during range expansion (Goldschmidt, Regoes et al. 2017, 101 

Borer, Ciccarese et al. 2020, Goldschmidt, Caduff et al. 2021), we expect that metabolic 102 

interactions also determine the ability of transconjugants to proliferate (Fig. 1B). For 103 
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example, if a metabolic interaction tends to position potential recipients behind the 104 

expansion frontier where resources are scarce, then transconjugants are less likely to 105 

proliferate (Fig. 1B). Conversely, if a metabolic interaction tends to position potential 106 

recipients at the expansion frontier where resources are plentiful, then transconjugants 107 

are more likely to proliferate (Fig. 1B).  108 

 109 

To test our hypothesis and expectations, we assembled pairs of strains of the bacterium 110 

Pseudomonas stutzeri into consortia where one strain was the plasmid donor and the 111 

other a potential recipient. We next imposed a competitive or resource cross-feeding 112 

interaction between the strains and conducted range expansion experiments, where we 113 

allowed the strains to expand and self-organize across space. We then combined image 114 

analyses of the experiments with spatially-explicit individual-based computational 115 

modelling to elucidate the causal pathway between metabolic interactions, spatial 116 

intermixing, spatial positionings, and the spread of a plasmid-encoded trait of critical 117 

importance to human health. 118 

 119 
 120 
 121 
 122 
 123 
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 124 
Figure 1. Hypothesis, expectations, and experimental system used in this study. We hypothesized 125 
that metabolic interactions control the spread of plasmid-encoded functional novelty. A, We expect that the 126 
level of spatial intermixing determines the extent of plasmid conjugation during range expansion. In this 127 
example, plasmid donors (blue cells) and potential recipients (red cells) undergo range expansion together 128 
with different levels of spatial intermixing. Curved arrows indicate potential plasmid conjugation events. 129 
High spatial intermixing results in a larger number of potential plasmid conjugation events. B, We further 130 
expect that the spatial positionings of potential recipients determine the ability of transconjugants to 131 
proliferate during range expansion. When transconjugants are positioned behind the expansion frontier 132 
where resources are scarce, they are less likely to proliferate. In contrast, when transconjugants are 133 
positioned at the expansion frontier where resources are plentiful, they are more likely to proliferate. C, We 134 
tested our hypothesis and expectations using five isogenic mutant strains of P. stutzeri A1601 that differ in 135 
their ability to reduce nitrogen oxides. Three strains have a loss-of-function deletion in the nirS gene and 136 
can reduce nitrate (NO3-) to nitrite (NO2-) but not nitrite (referred to as producers or P) while the other two 137 
have a loss-of-function deletion in the narG gene and can reduce nitrite to nitrogen gas (N2) but not nitrate 138 
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(referred to as consumers or C). Each strain also carries a chromosomally-located gene encoding for cyan 139 
or red fluorescent protein (indicated by the colored arrows). Finally, each strain can carry plasmid pMA119, 140 
which encodes for kanamycin resistance and green fluorescent protein (indicated by the green circles). 141 
Definitions: Nar, nitrate reductase encoded by the nar genes; Nir, nitrite reductase encoded by the nir 142 
genes; Nor, nitric oxide reductase encoded by the nor genes; Nos, nitrous oxide reductase encoded by the 143 
nos genes. D, Our experimental design consists of three different consortia that undergo range expansion. 144 
P*+P; we imposed a competitive interaction between two producers, where each expresses a different 145 
chromosomally-encoded fluorescent protein and one carries pMA119. P*+C; we imposed a nitrite cross-146 
feeding interaction between a producer and consumer, where each expresses a different chromosomally-147 
encoded fluorescent protein and the producer carries pMA119. P+C*; we again imposed a nitrite cross-148 
feeding interaction as described for P*+C, except in this case the consumer carries pMA119. 149 
 150 
 151 

Results 152 

 153 

Experimental system for quantifying plasmid conjugation and transconjugant 154 

proliferation during microbial range expansion. 155 

 156 

We constructed an experimental system to test our main hypothesis and expectations 157 

using consortia assembled from pairs of isogenic mutant strains of the facultative 158 

denitrifying bacterium P. stutzeri A1601 (Fig. 1C and Appendix – Table 1). One strain can 159 

reduce nitrate (NO3-) to nitrite (NO2-) but not nitrite to nitric oxide (NO) (referred to as the 160 

producer or P) while the other can reduce nitrite to nitric oxide but not nitrate to nitrite 161 

(referred to as the consumer or C) (Lilja and Johnson 2016) (Fig. 1C). Both strains carry 162 

a chromosomally-located gene that encodes for cyan (encoded by ecfp) or red (encoded 163 

by echerry) fluorescent protein (Goldschmidt, Regoes et al. 2017, Lilja and Johnson 2017) 164 

(Fig. 1C). In an anoxic environment with nitrate as the growth-limiting resource, two 165 

producers grown together engage in a competitive interaction for nitrogen oxides and 166 

other resources while the producer and consumer grown together engage in a nitrite 167 

cross-feeding interaction (Lilja and Johnson 2016, Goldschmidt, Regoes et al. 2017). For 168 
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this study, we introduced the conjugative plasmid pMA119 into the producer or consumer 169 

(referred to as P* or C*, respectively) (Fig. 1C), where pMA119 carries genes encoding 170 

for kanamycin resistance and green fluorescent protein (Geisenberger, Ammendola et al. 171 

1999). We could then use the expression of green fluorescent protein in conjunction with 172 

the expression of cyan or red fluorescent protein to identify the spatial locations and 173 

quantify the proliferation of pMA119 during range expansion. For our main experiments, 174 

we assembled different pairs of strains together into consortia to impose different 175 

metabolic interactions (Fig. 1D) and measured the consequences on i) spatial intermixing, 176 

ii) pMA119 conjugation, and iii) transconjugant proliferation during range expansion.  177 

 178 

Metabolic interactions determine the extent of plasmid pMA119 conjugation 179 

between strains during microbial range expansion. 180 

 181 

We first tested our expectation that metabolic interactions that promote higher levels of 182 

spatial intermixing between strains also promote greater extents of pMA119 conjugation 183 

(Fig. 1A). To accomplish this, we introduced pMA119 into one strain from each 184 

consortium (Fig. 1C,D) and demonstrated that pMA119 itself has no quantitative effect on 185 

the level of spatial intermixing that emerges during range expansion (Appendix – Figure 186 

1). We then performed range expansion experiments in the absence of antibiotic selection 187 

for pMA119. After seven days of range expansion, we added kanamycin to the expansion 188 

areas and incubated the consortia for a further seven days. This imposed selection for 189 

transconjugants and allowed them to sufficiently proliferate such that we could 190 

experimentally identify and quantify individual pMA119 conjugation events (Fig. 2). As 191 

expected, we observed higher densities of plasmid pMA119 conjugation events (number 192 

of events per unit expansion area) when we imposed the nitrite (NO2-) cross-feeding 193 

interaction (P*+C and P+C*) than the competitive interaction (P*+P) (two-sample two-194 

sided Welch test; Padj = 0.039, n = 5), regardless of whether the producer or consumer 195 

was the pMA119 donor (Fig. 2B). We verified that the transconjugants express the 196 
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expected fluorescent proteins by plating on lysogeny broth (LB) agar plates amended with 197 

kanamycin (Appendix – Figure 3). We also performed color-swap experiments to confirm 198 

that our results are independent of the chromosomally-encoded fluorescent protein 199 

expressed by each strain (Appendix – Figure 4). We further compared the frequencies of 200 

transconjugants (area of transconjugants divided by the total expansion area) (Fig. 2C) 201 

and the mean areas of individual transconjugant regions (Fig. 2D). We found that both 202 

quantities are larger for the nitrite cross-feeding interaction than for the competitive 203 

interaction (two- sample two-sided Welch tests; Padj < 0.04, n = 5) (Fig. 2C,D). Thus, our 204 

data provide experimental evidence that metabolic interactions can indeed determine the 205 

number of plasmid conjugation events between different strains during range expansion. 206 

 207 

We next quantified and compared the levels of spatial intermixing across the expansion 208 

areas when imposing the competitive or nitrite (NO2-) cross-feeding interaction for the 209 

range expansion experiments where we added kanamycin after seven days. We 210 

observed higher levels of spatial intermixing for the nitrite cross-feeding interaction than 211 

for the competitive interaction regardless of whether the producer or consumer was the 212 

plasmid pMA119 donor (Fig. 2E,F). This is also clear from high-resolution images, where 213 

the competitive interaction resulted in nearly complete spatial segregation of the strains 214 

while the nitrite cross-feeding interaction resulted in high spatial intermixing at the level 215 

of individual cells (Appendix – Figure 5). We further validated that the conjugation 216 

efficiency of pMA119 is identical for the producer and consumer and independent of the 217 

metabolic interaction that we imposed (Appendix – Figures 6-8). Thus, adding kanamycin 218 

does not alter our general conclusion that nitrite cross-feeding promotes higher levels of 219 

spatial intermixing during range expansion. 220 

 221 
 222 
 223 
 224 
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 225 
 226 
Figure 2. Metabolic interactions determine the extent of plasmid pMA119 conjugation during range 227 
expansion. A, The two schematic cells above each image indicate the two strains used for each 228 
experiment. Images are representative range expansions for consortia consisting of two producers that 229 
engaged in a competitive interaction where one producer carried pMA119 while the other did not (P*+P), a 230 
producer and consumer that engaged in a nitrite (NO2-) cross-feeding interaction where the producer carried 231 
pMA119 while the consumer did not (P*+C), and a producer and consumer that engaged in a nitrite cross-232 
feeding interaction where the consumer carried pMA119 while the producer did not (P+C*). B, Density of 233 
pMA119 conjugation events (number of conjugation events per µm2 of expansion area) for each consortium. 234 
C, Frequency of transconjugants across the total expansion area (area of transconjugants divided by the 235 
total expansion area) for each consortium. D, Mean area of individual transconjugant regions for each 236 
consortium. E, Intermixing index as a function of radius from the edge of the inoculation area (1500 µm) to 237 
the edge of the final expansion frontier (3000 µm) at radial increments of 10 µm. Data are presented for 238 
independent experimental replicates (n = 5) and the shaded regions are the standard deviations at each 239 
radial increment. F, Global intermixing index measured as the sum of intermixing indices across the 240 
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expansion area at radial increments of 10 µm. For B-D,F, each data point is the measurement for an 241 
independent experimental replicate (n = 5) and Padj is the Benjamini-Hochberg-adjusted P for a two-sided 242 
two-sample Welch test. P, producer; C, consumer; *, pMA119 carrier. 243 

 244 

Spatial intermixing determines the extent of plasmid pMA119 conjugation between 245 

cell-types during microbial range expansion. 246 

 247 

We next tested whether spatial intermixing itself determines the extent of plasmid 248 

conjugation during range expansion. To accomplish this, we modified and adapted a 249 

previously described spatially-explicit individual-based computational model (Rudge, 250 

Steiner et al. 2012). See the method section for a full documentation of our 251 

implementation of the model. Briefly, we modelled individual bacterial cells as three-252 

dimensional capsules that grow, divide, and interact according to user-specified rules. 253 

We first validated the utility of the model to manipulate spatial intermixing. To accomplish 254 

this, we imposed three levels of initial spatial intermixing between two cell-types, where 255 

one cell-type is a plasmid donor (cyan cells) and the other a potential recipient (red cells). 256 

The three levels of spatial intermixing are “low spatial intermixing” where we initially 257 

spatially segregated competing cell-types, “intermediate spatial intermixing” where we 258 

initially positioned competing cell-types according to a checkerboard arrangement, and 259 

“high spatial intermixing” where we initially positioned cross-feeding cell-types according 260 

to the same checkerboard arrangement. For each simulation, we positioned the cells 261 

across a surface with a uniform distance between individuals and random rotational 262 

orientation of individuals along a two-dimensional plane (Fig. 3A). Competing cells have 263 

independent growth rates whereas cross-feeding cells have growth rates that are 264 

dependent on a diffusible signal that emerges from their cross-feeding partner cells. If a 265 

plasmid donor cell comes into physical contact with a recipient cell, we applied a constant 266 

probability of plasmid conjugation, whereupon the recipient cell would become a 267 

transconjugant (yellow cells). 268 

 269 
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We found that the initial level of spatial intermixing determined the final level of spatial 270 

intermixing of our simulations; the final level of spatial intermixing for the competing cell-271 

types was significantly higher when the initial level of spatial intermixing was higher (two-272 

sample two-sided Welch tests; Padj = 3.9 x 10-8, n = 5) (Fig. 3B). We further found that the 273 

cross-feeding interaction resulted in higher spatial intermixing than the competitive 274 

interaction (two-sample two-sided Welch tests; Padj < 2.8 x 10-6, n = 5) (Fig. 3B), which is 275 

consistent with our experimental results (Fig. 2). In our simulations, cells were initially not 276 

in physical contact with other cells (Fig. 3A), and thus grew into microcolonies that filled 277 

the available space. This is the cause for the initial rise in the intermixing index (Fig. 3B). 278 

As cells subsequently grew outwards in the radial direction, the intermixing index declined 279 

as we observed in our experiments (Fig. 2). The emergent patterns for the simulations 280 

with the initial checkerboard (Fig. 3A) and those from our experiments (Fig. 2) are 281 

qualitatively similar, indicating that our computational model successfully incorporates 282 

key features of the SSO process. 283 

 284 

We then analyzed the effect of spatial intermixing on plasmid conjugation by tracking the 285 

number of conjugation events (Fig. 3C) and the number of transconjugants (Fig. 3D). For 286 

our simulations, we did not allow conjugation to occur until we observed clear deviations 287 

in the temporal dynamics of the intermixing index among the different consortia, which 288 

occurred after the population sizes exceeded approximately 10,000 cells (note the point 289 

at which the yellow and blue datapoints in Fig. 3B begin to deviate). This allowed us to 290 

isolate the effects of intermixing on conjugation. For the competing interaction, we found 291 

that both the numbers of conjugation events and the numbers of transconjugants were 292 

larger when we imposed high spatial intermixing (two-sample two-sided Welch test; Padj 293 

< 3.9 x 10-8, n = 5) (Fig. 3C,D). We also found that both the numbers of conjugation events 294 

and the numbers of transconjugant cells were larger when we imposed the cross-feeding 295 

interaction rather than the competitive interaction (two-sample two-sided Welch test; Padj 296 

< 9.4 x 10-6, n = 5) (Fig. 3C,D). Thus, spatial intermixing does indeed have direct effects 297 
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on plasmid conjugation between different cell-types during range expansion, as it 298 

determines the number of cell-cell contacts and thus the number of opportunities for 299 

plasmid conjugation. 300 

 301 
 302 
Figure 3. Spatial intermixing determines the extent of plasmid conjugation during range expansion. 303 
A, Images are representative individual-based computational simulations of range expansions for low, 304 
intermediate and high spatial intermixing at the end of the simulations. We simulated the growth of two cell-305 
types that engage in a competitive or cross-feeding interaction, where one is a plasmid donor and the other 306 
a potential recipient. CPL; competitive interaction with low spatial intermixing. CPH; competitive interaction 307 
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with high spatial intermixing. CF; cross-feeding interaction with high spatial intermixing. The initial positions 308 
of individual cells are displayed above and the final expansions below. White dashed circles indicate the 309 
inoculation area. Cyan cells are plasmid donors, red cells are potential recipients, and yellow cells are 310 
transconjugants. B, Intermixing index as a function of population size (cell number). C, Accumulated 311 
number of plasmid conjugation events during range expansion as a function of population size (cell 312 
number). D, Accumulated number of transconjugants during range expansion as a function of population 313 
size (cell number). For B-D, cell number is comparable to time as cell number increased monotonically with 314 
time. Plasmid conjugation was only possible after the total cell number reached 10,000. Data are presented 315 
for five independent simulations for each interaction and for each level of initial spatial intermixing. 316 
 317 
 318 

Spatial positionings of potential plasmid recipients determine the proliferation of 319 

transconjugants during microbial range expansion. 320 

 321 

We next tested our second expectation that the spatial positionings of potential plasmid 322 

recipients determine the ability of transconjugants to proliferate during range expansion 323 

(Fig. 1B). For our nitrite (NO2-) cross-feeding system, the expansion frontier is 324 

predominantly occupied by the producer where resources are readily available 325 

(Goldschmidt, Regoes et al. 2017, Goldschmidt, Caduff et al. 2021). We therefore 326 

expected transconjugants of the producer to proliferate more extensively than 327 

transconjugants of the consumer. Indeed, we found that the mean areas of individual 328 

transconjugant regions were significantly larger when the producer was the potential 329 

recipient than when the consumer was (two-sample two-sided Welch test; Padj = 0.020, n 330 

= 5) (Fig. 2D). 331 

 332 

To gain further evidence that spatial positionings determine the ability of transconjugants 333 

to proliferate, we performed additional experiments where we set the initial inoculum ratio 334 

of the producer-to-consumer for the nitrite (NO2-) cross-feeding interaction to 1 or 1000. 335 

The initial ratio determines the initial extent to which the producer or consumer occupy 336 

the expansion frontier(Goldschmidt, Caduff et al. 2021), and we therefore reasoned it 337 
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would also determine the ability of transconjugants to proliferate. When the ratio is 1, each 338 

position at the initial expansion frontier is randomly occupied by a producer or consumer 339 

(referred to as “Random frontier”) (Fig. 4A, D). When the ratio is 1000, the producer is 340 

more likely to occupy each position at the initial expansion frontier (referred to as 341 

“Producer frontier”) (Fig. 4A, D). To complement our experiments, we again performed 342 

individual-based computational simulations with two cross-feeding cell-types as 343 

described above, but in this case, we varied the initial spatial positionings of the producer 344 

and consumer while fixing the initial ratio of producer-to-consumer to 1:1. We deposited 345 

219 plasmid donor and 218 potential recipient cells across a surface with two different 346 

initial spatial distributions of the producer and consumer at the expansion frontier. These 347 

two initial spatial distributions are “Random frontier” where we randomly designated each 348 

cell at the initial expansion frontier as a producer or consumer, and “producer frontier” 349 

where we designated each cell at the initial expansion frontier as a producer (Appendix – 350 

Figure 9). We found that, for both the experiments and simulations regardless of whether 351 

the producer or consumer was the pMA119 recipient, the numbers of pMA119 352 

conjugation events that proliferated to an experimentally observable extent were 353 

significantly lower when more producers were initially positioned at the expansion frontier 354 

(two-sample two-sided Welch test; P < 0.05, n = 5) (Fig. 4C, F). This is because, as the 355 

producer increases in dominance at the initial expansion frontier, transconjugants occur 356 

further behind the frontier where resources are scarce and transconjugants are less likely 357 

to proliferate. We colored individual transconjugant lineages differently in order to track 358 

their development during range expansion (Fig. 4B, E). One color represents one unique 359 

lineage. We found that lineage size decreased as more producers were initially positioned 360 

at the expansion frontier (Appendix – Figure 10A). We also quantified the frequencies of 361 

transconjugants as we did for Fig. 2, and both quantities showed significantly lower values 362 

when more producers were initially positioned at the expansion frontier (Appendix – 363 

Figures 10B, C). Thus, consistencies between experiments and modelling simulations 364 

provide further evidence that spatial positioning is an important determinant of 365 
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transconjugant proliferation. 366 

 367 
 368 
Figure 4. Effect of spatial positioning on the extent of plasmid pMA119 conjugation and 369 
transconjugant proliferation during range expansion. The two schematic cells on the left side of the 370 
image indicate the two strains used for each experiment. Images are representative range expansions for 371 
consortia consisting of a producer and consumer that engaged in a nitrite (NO2-) cross-feeding interaction 372 
where the producer carried pMA119 while the consumer did not (P*+C), and a producer and consumer that 373 
engaged in a nitrite cross-feeding interaction where the consumer carried pMA119 while the producer did 374 
not (P+C*). We experimentally set the initial ratio of producer-to-consumer to 1 (Random frontier) or 1000 375 
(Producer frontier).For the simulations, we kept the ratio of producer-to-consumer to 1 but manipulated 376 
initial positioning. A, Consortia consisting of P*+C. Transconjugants are colored yellow and the white frame 377 
indicates observable transconjugant regions. Left panels are experiment results, and right panels are 378 
simulation results. D, Consortia consisting of P+C*. Transconjugants are colored cyan. White frames 379 
indicate observable transconjugant regions and yellow frames incidate transconjugant regions that appear 380 
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at the expansion frontier. Left panels are experiment results and right panels are simulation results. B, E, 381 
Corresponding transconjugant lineages of the simulations in A and D. Each individual lineage is labelled 382 
with a different color. C, F, Density of conjugation events (number of conjugation events divided by the total 383 
number of cells) for each initial expansion frontier. 384 
 385 
 386 

Discussion  387 

 388 

Using a combination of experiments and spatially-explicit individual-based computational 389 

simulations, we demonstrated that spatial intermixing determines the number of 390 

conjugation-mediated plasmid transfer events during range expansion (Figs. 2 and 3). 391 

While several studies have previously reported that metabolic interactions can determine 392 

the level of spatial intermixing during range expansion (Momeni, Brileya et al. 2013, 393 

Müller, Neugeboren et al. 2014, Goldschmidt, Regoes et al. 2017), the connection 394 

between spatial intermixing and plasmid conjugation has remained unclear. For example, 395 

while recent studies demonstrated that hydrodynamic conditions that increase the 396 

number of cell-cell contacts can also promote plasmid conjugation (Tecon, Ebrahimi et 397 

al. 2018, Ruan, Ramoneda et al. 2021), these studies did not explicitly consider the local 398 

spatial arrangements of different cell-types. Thus, an important outcome of our study is 399 

the establishment of a causal pathway between metabolic interactions, local spatial 400 

intermixing, and conjugation-mediated plasmid transfer.  401 

 402 

We further provided novel insights into the mechanisms that determine the ability of 403 

transconjugants to proliferate during range expansion. Using experiments and 404 

computational modelling, we showed that metabolic interactions direct the spatial 405 

positionings of plasmid donors and potential recipients, which in turn determine the ability 406 

of transconjugants to proliferate (Fig. 4). In our case, transconjugants proliferated more 407 

effectively when more consumers were positioned at the initial expansion frontier, 408 

regardless of whether the consumer or producer was the plasmid donor (Fig. 4). Why is 409 
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this? Consider a scenario where the consumer is the potential recipient and the producer 410 

is the plasmid donor. If the consumer occupies the initial expansion frontier, then 411 

consumer transconjugants can emerge at the expansion frontier where resources and 412 

unoccupied space are plentiful, which will promote the proliferation of transconjugants 413 

(Appendix – Figure 11A). Conversely, if the producer occupies the initial expansion 414 

frontier, then consumer transconjugants will emerge behind the expansion frontier where 415 

resources and unoccupied space are scarce, which will repress transconjugant 416 

proliferation (Appendix – Figure 11B). Now consider a scenario where the producer is the 417 

potential recipient and the consumer is the plasmid donor. If the consumer occupies the 418 

initial expansion frontier, then producer transconjugants can emerge close to the 419 

expansion frontier where resources and unoccupied space are plentiful, which again will 420 

promote transconjugant proliferation (Appendix – Figure 11C). Conversely, if the producer 421 

occupies the initial expansion frontier, then the consumer will lie behind the frontier. 422 

Producer transconjugants will therefore also only emerge behind the expansion frontier 423 

where resources and unoccupied space are scarce, which again will repress 424 

transconjugant proliferation (Appendix – Figure 11D). Thus, initial spatial positioning in 425 

conjunction with the interaction-dependent dynamic process of SSO determine whether 426 

transconjugants can proliferate. 427 

 428 

Plasmid conjugation is a process that generates functional novelty to microbial 429 

communities, but this process has not been investigated in detail during range expansion. 430 

In some ways, understanding the fate of transconjugants has parallels with understanding 431 

the fate of random genetic mutations. The fate of random genetic mutations is fairly well-432 

understood (Hallatschek, Hersen et al. 2007, Hallatschek and Nelson 2010, Gralka, 433 

Stiewe et al. 2016, Bosshard, Dupanloup et al. 2017, Goldschmidt, Regoes et al. 2017, 434 

Bosshard, Peischl et al. 2019, Gralka and Hallatschek 2019, Yu, Gralka et al. 2021). For 435 

example, both transconjugants and random genetic mutations are susceptible to selection 436 

and strong drift at the expansion frontier. Nevertheless, there are also fundamental 437 
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differences. One important difference is the origin of the genetic change. As opposed to 438 

random genetic mutations, plasmid conjugation typically requires direct cell-cell 439 

contact(Sørensen, Bailey et al. 2005, Thomas and Nielsen 2005, Babic, Lindner et al. 440 

2008, Hayes, Aoki et al. 2010, Stalder and Top 2016) and therefore depends on the 441 

spatial organization and positionings of different cell-types (Fig. 2). These spatial 442 

positionings, however, are context dependent (e.g., they depend on the types of 443 

metabolic interactions that occur between different cell-types) and dynamic (Fig. 2). Thus, 444 

predicting the origin and subsequent fate of transconjugants requires additional 445 

information on the underlying mechanisms driving the SSO process.   446 

 447 

Our main conclusions are potentially generalizable to any surface-associated microbial 448 

community and to any plasmid that is transferred via conjugation, including communities 449 

and plasmids important for human health and disease, environmental remediation, and 450 

biotechnology. Our first conclusion, which is that the extent of spatial intermixing of 451 

different cell-types determines the extent of plasmid conjugation, is based on a 452 

fundamental rule; plasmid conjugation requires cell-cell contact between a plasmid donor 453 

and a potential recipient. Increased spatial intermixing results in increased numbers of 454 

cell-cell contacts, and thus increased possibilities for plasmid conjugation events. 455 

Because of this fundamental rule, we believe our conclusion will be generally valid for any 456 

plasmid that requires cell-cell contact for conjugation, regardless of what traits are 457 

conferred by the plasmid. Our second conclusion, which is that the proliferation of 458 

transconjugants depends on spatial positioning, is based on a fundamental constraint; 459 

transconjugants cannot proliferate unless they are positioned such that they have access 460 

to growth-supporting resources. We therefore believe our main conclusions will be of 461 

broad relevance to nearly any microbial system where plasmid-encoded traits are 462 

important. 463 

 464 

 465 
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Materials and Methods 466 

 467 

Bacterial strains and plasmid 468 

We reported a detailed description of the construction of the P. stutzeri strains used in 469 

this study elsewhere (Lilja and Johnson 2016, Goldschmidt, Regoes et al. 2017) and 470 

provide the genotypes and phenotypes of the strains in Appendix – Table 1. Briefly, the 471 

producer has a loss-of-function deletion in the nirS gene and cannot reduce nitrite (NO2-472 

) to nitric oxide (NO) while the consumer has a loss-of-function deletion in the narG gene 473 

and cannot reduce nitrate (NO3-) to nitrite. Note that both strains have an intact 474 

periplasmic nitrate reductase encoded by the nar genes, but this reductase does not 475 

support growth of P. stutzeri under anoxic conditions (Lilja and Johnson 2016, 476 

Goldschmidt, Caduff et al. 2021). The producer carries either an isopropyl ß-D-1-477 

thiogalactopyranoside (IPTG)-inducible cyan (ecfp) or red (echerry) fluorescent protein-478 

encoding gene while the consumer only carries the echerry gene. We introduced both 479 

fluorescent protein-encoding genes into the same neutral site located in the chromosome 480 

using derivatives of the mini-Tn7T transposon as we reported elsewhere (Lilja and 481 

Johnson 2016, Goldschmidt, Regoes et al. 2017). For this study, we further introduced 482 

the GFPmut3b-tagged plasmid pMA119 into each of the strains, which is a derivative of 483 

the broad host-range plasmid RP4(Geisenberger, Ammendola et al. 1999). Briefly, the 484 

pMA119 plasmid encodes for an IPTG-inducible variant of green fluorescent protein and 485 

confers kanamycin resistance. 486 

 487 

Construction of plasmid donor strains 488 

To import plasmid pMA119 into the producer or consumer and create the experimental 489 

plasmid donor strains, we first grew Pseudomonas putida SM1443 carrying pMA119 490 

overnight in liquid LB medium amended with 50 µg mL-1 kanamycin to prevent the 491 

proliferation of plasmid segregants. We additionally grew the producer and consumer 492 

separately overnight in liquid LB medium. We then independently adjusted the OD600 of 493 
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each overnight culture to 2.0 with 0.89% (w/v) sodium chloride solution, mixed P. putida 494 

SM1443 with either the producer or consumer at a volumetric ratio of 1:1, deposited a 1 495 

µL aliquot from each mixture onto the surface of a separate LB agar plate, and incubated 496 

the droplet for 24h at 30°C. After incubation, we removed the resulting colonies using 497 

sterile inoculation loops and suspended the biomass in 0.89% (w/v) sodium chloride 498 

solution. We then serially diluted the cell suspensions and plated each dilution onto LB 499 

agar plates containing kanamycin (50 µg mL-1) to select for P. stutzeri transconjugants, 500 

gentamycin (10 µg mL-1) to select against P. putida SM1443, and IPTG (0.1mM L-1) to 501 

verify transconjugants. Successful delivery of pMA119 results in the producer or 502 

consumer that is resistant to both kanamycin and gentamycin, expresses green 503 

fluorescent protein (from pMA119), and additionally expresses cyan or red fluorescent 504 

protein (from the chromosome).  505 

 506 

 507 

Range expansion experiments 508 

We used a modified version of a range expansion protocol described in detail 509 

elsewhere(Goldschmidt, Regoes et al. 2017). Briefly, we grew the plasmid donor strain 510 

overnight with LB medium amended with kanamycin (50 µg mL-1) to maintain plasmid 511 

pMA119 and the recipient strain overnight in LB medium without antibiotics. We then 512 

independently adjusted the OD600 of each overnight culture to 2.0 with 0.89% (w/v) 513 

sodium chloride solution, mixed one plasmid donor and one potential recipient culture 514 

together at a volumetric ratio of 1:1 as indicated in the results section, and transported 515 

the mixtures into a glove box (Coy Laboratory Products, Grass Lake, MI) containing an 516 

anoxic nitrogen (N2):hydrogen (H2) (97%:3%) atmosphere. We next deposited 1 µL 517 

aliquots of the culture mixture onto the surfaces of separate LB agar plates amended with 518 

0.1 mM IPTG and 1 mM nitrate (NO3-) as the growth-limiting substrate and incubated the 519 

LB agar plates at 21 °C for two weeks inside the glovebox. For experiments where we 520 

added kanamycin, we removed the LB agar plates from the incubator (located inside the 521 
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glove box) after one week of expansion, deposited 10 µL of kanamycin (final 522 

concentration in the LB agar plate of 50 µg mL-1) to the LB agar plates at four points 523 

located approximately 7 mm away from the expansion center using a self-made mold 524 

(Appendix – Figure 12), and then returned the LB agar plates to the incubator for a second 525 

week of expansion. After two weeks of incubation, we removed the LB agar plates from 526 

the glove box and incubated them at 4°C overnight in ambient air to promote maturation 527 

of the fluorescent proteins. The patterns of spatial self-organization and expansion areas 528 

did not significantly change during incubation at 4°C in ambient air. We performed five 529 

biological replicates for all of our experiments. 530 

 531 

Color-swap experiment 532 

We performed color-swap experiments to test for any effects of the chromosomally-533 

encoded fluorescent protein-encoding gene on pMA119 conjugation using the same 534 

range-expansion experimental protocols as described in the Methods section. The only 535 

difference is that we used a producer strain carrying a chromosomally-located echerry 536 

gene (encoding for red fluorescent protein) and a consumer strain carrying a 537 

chromosomally-located ecfp gene (encoding for blue fluorescent protein). Note that for 538 

our main experiments we used a producer strain carrying a chromosomally-located ecfp 539 

gene and a consumer strain carrying a chromosomally-located echerry gene (Fig. 1C,D). 540 

We reported the data in Appendix – Figure 2. 541 

 542 

Full spectrum flow cytometry and data analysis 543 

We obtained all the conjugation rate measurements reported in Appendix – Figures 3 and 544 

4 and Fig. 4 using a Cytek Aurora spectral flow cytometer (Cytek Biosciences, 545 

Amsterdam, NL) operated by the Flow Cytometry Core Facility at ETH Zürich 546 

(https://facs.ethz.ch). This flow cytometer contains a full-spectrum analyzer that can 547 

capture a wide array of fluorochrome combinations. We performed data post-processing 548 
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and presentation using FlowJo 10.8.0 software (https://www.flowjo.com). 549 

 550 

Preparation of control cultures for full-spectrum flow cytometry 551 

Before we performed full-spectrum flow cytometry for our experiments, we first prepared 552 

controls in order to establish settings to detect and discriminate the different fluorescent 553 

proteins that we used in our experiments. Our controls consisted of the following four 554 

strains; Pseudomonas stutzeri A1603 that expresses cyan fluorescent protein (Appendix 555 

– Table 1), P. stutzeri A1603 that expresses red fluorescent protein (Appendix – Table 556 

1), Pseudomonas putida SM1443 carrying plasmid pMA119 (RP4::gfpmut3b) that 557 

expresses green fluorescent protein, and P. stutzeri A1501 that does not express any 558 

fluorescent proteins. The first three strains provided single fluorochrome information while 559 

the fourth strain provided background information on cell size and served as a negative 560 

control. We grew all of the strains individually overnight in lysogeny broth (LB) medium 561 

with shaking at 37°C. For P. putida SM1443, we amended the LB medium with 50 ug ml-562 
1 kanamycin to prevent plasmid segregants from proliferating. After overnight growth, we 563 

washed the cells with phosphate-buffered saline (PBS) prior to flow cytometric analysis. 564 

 565 

Sample preparation for quantifying plasmid pMA119 conjugation using filter mating 566 

We quantified pMA119 conjugation using a conventional filter mating approach (Appendix 567 

– Figure 3) with three pairs of donor and recipient strains (P*+P, P*+C, and P+C*) (see 568 

Fig. 1d for a description of the composition of each pair). We first grew each strain 569 

individually overnight with oxic LB medium in a shaking incubator at 37°C. We then 570 

adjusted the OD600 of each overnight culture to 2 with 0.89% (w/v) sodium chloride 571 

solution. We next mixed the individual cultures into pairs at volumetric ratios of 1:1, 572 

inoculated 50 µL aliquots of each mixture onto a separate filter (pore size of 0.22 µm) 573 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2022. ; https://doi.org/10.1101/2022.06.07.495077doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.07.495077
http://creativecommons.org/licenses/by/4.0/


 

 

24 

 

lying directly on the surface of an LB agar plate, and incubated the LB agar plates for 24 574 

hours at 37°C. After incubation, we washed cells off the filters using phosphate-buffered 575 

saline and prepared the cells for full-spectrum flow cytometry. We performed this 576 

experiment with three experimental replicates. 577 

 578 

Sample preparation for quantifying plasmid pMA119 conjugation in anoxic batch culture 579 

We also quantified pMA119 conjugation in anoxic batch cultures (Appendix – Figure 4) 580 

using the same three pairs of donor and recipient strains (P*+P, P*+C, and P+C*) (see 581 

Fig. 1d for a description of the composition of each pair). Our objective of this experiment 582 

was to test whether the metabolic interaction imposed between the strains (competition 583 

or nitrite [NO2-] cross-feeding) modifies the conjugation efficiency of pMA119. We first 584 

prepared batch cultures containing 10 mL anoxic LB medium with 3 mM nitrate (NO3-) in 585 

a glove box containing an anoxic nitrogen (N2):hydrogen (H2) (97%:3%) atmosphere as 586 

described in the Methods section. We adjusted the pH of the batch cultures to pH 7.5 to 587 

prevent nitrite toxicity (Sijbesma, Almeida et al. 1996, Zhou, Oehmen et al. 2011). We 588 

then grew each strain individually overnight with oxic LB medium in a shaking incubator 589 

at 37°C, adjusted the OD600 of each overnight culture to 2 with 0.89% (w/v) sodium 590 

chloride solution, mixed the overnight cultures into pairs at volumetric ratios of 1:1, and 591 

inoculated 1 µl aliquots of the mixtures into fresh anoxic LB medium. We then incubated 592 

the pairs overnight in a shaking incubator at 37°C and collected samples using syringes 593 

for full-spectrum flow cytometry. We performed this experiment with three experimental 594 

replicates. 595 

 596 

Image acquisition and analysis 597 

We acquired confocal laser scanning microscope (CLSM) images of our range 598 

expansions using a Leica TCS SP5 II confocal microscope (Leica Microsystems, Wetzlar, 599 
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Germany). We used the following objectives; 5x/0.12na (dry), 10x/0.3na (dry) and 63 600 

x/1.4na (oil) (Etzlar, Germany). We used a frame size of 1024 x 1024 and a pixel size of 601 

3.027 µm. We set the laser emission to 458 nm for the excitation of cyan fluorescent 602 

protein, to 488 nm for the excitation of green fluorescent protein, and to 514 nm for the 603 

excitation of red fluorescent protein.  604 

 605 

We performed image analysis in ImageJ (https://imagej.nih.gov/ij/) with Fiji plugins (v. 606 

2.1.0/1.53c) (https://fiji.sc). We first auto-thresholded channel four to obtain outlines of the 607 

expansion areas using the ‘Otsu dark’ function. We then quantified the areas and 608 

numbers of transconjugant regions using the Ilastik took kit (v. 1.3.3) 609 

(https://www.ilastik.org). Briefly, we first trained each image individually and exported the 610 

images back into Fiji as HDF5 files. We next applied the ‘Huang dark’ function to auto-611 

threshold the HDF5 files and extract transconjugant regions, filtered out objects smaller 612 

than 100 square pixels that might result from noise (note that our criteria for identifying 613 

transconjugant regions was that regions must be sufficiently large to be experimentally 614 

observable at the community level), and applied the ‘analyze particle’ function to obtain 615 

counts and areas of transconjugant regions. 616 

 617 

Quantification of intermixing 618 

We quantified spatial intermixing (referred to as the intermixing index) between strains 619 

from the CLSM images using Fiji (v1.53c) plugins (https://fiji.sc) as described in detail 620 

elsewhere(Goldschmidt, Regoes et al. 2017). Briefly, we first cropped all the images to 621 

squares and applied the ‘Otsu dark’ function to auto-threshold and the ‘Niblack’ function 622 

to auto local threshold channel five (red fluorescent protein). We then used the Sholl 623 

analysis plugin (Ferreira, Blackman et al. 2014) on channel five to calculate the number 624 

of intersections between background and information-containing parts of the image at 10 625 

µm increments from the centroid of the range expansion to the outer edge of the 626 

expansion frontier. We next extracted the data between radii of 1500 and 3000 µm. This 627 
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region excludes the inoculation area and captures the expansion region. We excluded 628 

radii less than 1500 µm for two reasons. First, they do not accurately capture the spatial 629 

features caused by the range expansion process. Second, fluorescent signals at smaller 630 

radii are difficult to precisely resolve, thus creating noise. To quantify the global 631 

intermixing index, we summed the individual intermixing indices at 10 µm radial 632 

increments between radii of 2000 and 3000 µm (Fig. 2) or between 1500 and 3000 µm 633 

(Fig. 3) and then normalized the sum by the number of radial increments that contained 634 

non-zero values. We selected these radii because they contain the points at which the 635 

intermixing index begins to decline (at 2000 µm in Fig. 2 and at 1500 µm in Fig. 3). 636 

 637 

 638 

Validation of transconjugants 639 

We performed additional experiments to validate that the acquisition of green fluorescent 640 

protein accurately indicates plasmid pMA119 conjugation to potential recipients. To 641 

achieve this, we sampled individual transconjugant regions from the same range 642 

expansion experiments described above using sterile toothpicks and streaked them onto 643 

new LB agar plates amended with kanamycin (50 µg mL-1) (Appendix – Figure 3). We 644 

also validated that the fluorescence itself has no effect on pMA119 conjugation by 645 

swapping colors between plasmid donors and recipients (Appendix – Figure 4). 646 

 647 

 648 

Individual-based computational modelling 649 

We built a spatially-explicit individual-based computational model to mimic our 650 

experimental system using the CellModeller 4.3 framework (Rudge, Steiner et al. 2012) 651 

(https://haselofflab.github.io/CellModeller/.), which is a python-based, open-source 652 

framework for modelling bacterial populations. In our implementation, we modelled 653 

individual rod-shaped bacterial cells as three-dimensional capsules (i.e., cylinders with 654 

hemispherical ends), which grow by extending their length. Capsules experience viscous 655 
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drag and cannot grow into one another. As they grow, cells add a constant volume until 656 

they reach a critical size where they then divide into two daughter cells, ensuring cell size 657 

homeostasis. In CellModeller, cells are abstracted as computational objects referred to 658 

as a cellState (cs) that contains all the information regarding an individual cell, including 659 

its spatial position (pos[x, y, z]), rotational orientation (dir[x, y, z]), cell length (len), growth 660 

rate (growthRate), and cell type (cellType). The cell-type is an arbitrary label that allows 661 

us to simulate different cellular behaviors. 662 

 663 

CellModeller also contains an integrator module that solves differential equations to 664 

model intracellular chemical dynamics, as well as a signaling module responsible for the 665 

diffusion of certain molecules in and out of cells and around the extracellular space. In 666 

simulations with a metabolic cross-feeding interaction, we modelled this by having the 667 

producer strain constantly producing a diffusing signal (named A). Although signal A is 668 

made inside producer cells, it also diffuses outside of producer cells and into the 669 

extracellular grid. For each consumer cell, we set the growth rate to be proportional to the 670 

intracellular concentration (Ain) that had diffused in according to the following equation: 671 

𝑔𝑟𝑜𝑤𝑡ℎ𝑅𝑎𝑡𝑒 = 𝑣!"# 	-
𝐴$%

𝐴$% + 𝐾!
1 672 

where vmax is the maximum consumer growth rate (set to 0.9) and Km is the sensitivity of 673 

growth to signal A (set to 0.1). The producer growthRate was always set to 1.0. Note that 674 

in CellModeller other cells physically constrain the growth of any individual cell, so the 675 

growthRate parameter is a target amount of length added by each cell. When cells cannot 676 

exert sufficient force to push their neighbors and thus add length, their effective growth 677 

rate declines. 678 

 679 

We extended our model to include plasmid conjugation. As part of the biophysics in 680 

CellModeller, physical contacts between cells are calculated at each step to minimize any 681 

overlap between cells. We altered the code such that each cell kept track of their contacts, 682 
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and this allowed us to model plasmid transfer when cells were in contact. This function is 683 

activated by setting the argument ‘compNeighbours=True’ when initiating the biophysical 684 

model. When donor and recipient cells were in contact, we assumed a constant 685 

probability per unit time of plasmid transfer, set to Pc = 0.0005. Note that in order to better 686 

observe the plasmid conjugation process between populations, we only allowed plasmid 687 

transfer to occur between plasmid donor and potential recipient cells but not between 688 

transconjugants and potential recipient cells. 689 

 690 

Given our interest in range expansion, we chose to focus on investigating the dynamics 691 

of conjugation primarily in the expansion area where the range expansion process occurs. 692 

To achieve this, we did not allow conjugation to occur until we observed clear deviations 693 

in the temporal dynamics of intermixing between different consortia and initial conditions 694 

(cell number > 10,000) (see the Appendix). As such, the simulated dynamics are mainly 695 

governed by the range expansion process, which reduces noise that would otherwise be 696 

generated from the inoculation area. When we did enable conjugation during the initial 697 

phases, we observed the emergence of transconjugant lineages that block further 698 

contacts between donor and recipient cells, thus obscuring the investigation of 699 

conjugation during the range expansion process itself. 700 

 701 

Cell division. In CellModeller simulations, individual cells are modelled as cylinders of 702 

length l capped with hemispheres that result in a capsule shape, with both hemispheres 703 

and the cylinder having a radius r. At each simulation step, a cell increases in length 704 

based on its growth rate parameter, which is physically constrained by the other cells in 705 

its physical proximity. In this work, we initiated cells to have r = 0.04 and l = 2 and set 706 

cells to divide when their length reaches the critical division length l&'( with the following 707 

equation: 708 

l&'( = l) + G(∆, σ) (Equation 1) 709 
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where l) is the initial cell length at birth and G is a random gaussian distribution with mean 710 

∆	= 2 and standard deviation σ = 0.45. Therefore, when a cell divides, the two daughter 711 

cells are initiated with	l&'( /2 and a new target division length is assigned to each daughter 712 

cell calculated from Equation 1 above. The addition of constant mass has been found to 713 

accurately model bacterial division while maintaining cell size homeostasis as described 714 

elsewhere (Taheri-Araghi, Bradde et al. 2015). 715 

 716 

Metabolic interactions. In simulations that include metabolic cross-feeding, we modeled 717 

a signal (referred to as signal A) that is produced inside cells and can diffuse in and out 718 

of neighboring cells and around the extracellular space. We modelled the extracellular 719 

space as a 3-dimensional grid with dimensions of 120 x 120 x 12, where each grid voxel 720 

has a size of 4 x 4 x 4. We calculated the concentration of A within a cell (A'*) with the 721 

following equation: 722 

&+!"
&,

= k- + D-(A'* − A./,)
0#$%%
0&'!(

 (Equation 2) 723 

where k-  is the constant production rate, D-  is the diffusion constant across the cell 724 

membrane, A./,	is the concentration of A in the local grid voxel, V1233 is the volume of the 725 

cell, and V45'& is the volume of the grid. For the consumer cells, the k- term was absent, 726 

so A'* can only enter by diffusion. We determined the growth rates of consumer cells with 727 

the following equation: 728 

growthRate = v6-7
+!"

8)9+!"
  (Equation 3) 729 

v6-7 is the maximal growth rate (set to 0.9). K6 determines the sensitivity of growth to 730 

signal A (set to 0.1). For comparison, the growth rate of the producer is always 1. 731 

Initial cell layout. To initiate the simulations, we loaded 437 cells (219 donor cells and 218 732 
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recipient cells) across the grid with a uniform distance of 5 units between cells along the 733 

x and y axes, but only at grid points that were within a circle of radius 60 units from the 734 

origin. We loaded all the cells with the z coordinate = 0. Thus, we constrained their 735 

orientations and dynamics to the x,y plane. We manipulated the spatial positionings of 736 

cells by controlling the spatial distributions of cell-types across the grid. To obtain an 737 

expansion frontier completely occupied by the producer, we labeled the cells that were 738 

furthest from origin as producers and then labeled all the cells behind the fronter 739 

randomly. To obtain a frontier randomly occupied by the producer or consumer, we 740 

randomly labeled all cells.  741 

 742 

Quantification of the intermixing index. To quantify the intermixing index (referred to as 743 

intermixing index II) from the simulations, we used the following equation: 744 

intermixing	index	II = 	 :
;
∑

∑ =(',@)"(!)
,-.

*(')
;
'B)  (Equation 4) 745 

where N is the total number of cells and n(i) is the number of neighbors surrounding cell 746 

i. I(i, j) is either 1 or -1 depending on whether the neighbor has a cell-type that is different 747 

from (1) or the same as (-1) the focal cell. For an individual cell i, we iterated across all 748 

neighbors that are in physical contact j: 749 

I = 1							if	cellType[i] ≠ cellType[j] 750 

I = −1				if	cellType[i] = cellType[j] 751 

This method is similar to the spatial assortment parameter(Yanni, Márquez-Zacarías et 752 

al. 2019) or segregation index(Nadell, Foster et al. 2010) used in previous studies. The 753 

intermixing index II represents the degree of mixing among nearest neighbors across 754 

space. Areas with large domains of isogenic bacteria, where most cells are in contact with 755 
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others of the same cell-type, would have a negative intermixing index II. Areas of high 756 

intermixing, where cells are mostly in contact with cells with differing cell-types, will have 757 

a positive intermixing index II. 758 

 759 

Statistical analyses. 760 

We performed all statistical analyses using R Studio Version 1.3.1073 761 

(https://www.rstudio.com). We used parametric methods for all of our statistical tests and 762 

considered P < 0.05 to be statistically significant. We adjusted P for multiple comparison 763 

using the Benjamini-Hochberg method. We used the Shapiro-Wilk test to test for 764 

deviations from normality of our datasets. We considered P > 0.05 to validate the 765 

assumption of normality and found no evidence that our datasets significantly deviate 766 

from this assumption. We used the two-sample two-sided Welch test for all pair-wise 767 

comparisons, and we therefore did not make any assumptions regarding homogeneity of 768 

variances among our datasets. All sample sizes (n) reported in the results are the number 769 

of biological replicates. 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 
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Data and code availability 784 

 785 

All the source data and scripts required to reproduce the figures are publicly available 786 

on the Dryad Data repository at the following URL: 787 

https://datadryad.org/stash/share/SZITXkjfPBIgJKjEnFOfAWehPblsLbszTreUSE3IEsc. The 788 

CellModeller codes are also available publicly on Github CellModeller 4 repository, in 789 

the ‘Microbial Ecology Toolbox’ branch: 790 

https://github.com/HaseloffLab/CellModeller/tree/MicrobialEcologyToolbox/CellModeller. 791 

The code used to simulate the data is available in the ‘Examples/Ma2022/’ directory. 792 

The scripts used to display the simulation output are in the ‘Scripts/’ directory. The code 793 

is additionally available at: https://github.com/antonkan/CellModeller4 in the ‘Microbial 794 

Ecology Toolbox’ branch. 795 

 796 
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Appendix  829 

Metabolic interactions determine the level of spatial intermixing between strains 830 

during microbial range expansion. We first performed range expansion experiments 831 

with consortia in the absence of plasmid pMA119 while imposing either a competitive 832 

(P+P) or a nitrite (NO2-) cross-feeding (P+C) interaction between the strains (Fig. S1A). 833 

We found that the nitrite cross-feeding interaction resulted in higher spatial intermixing 834 

than the competitive interaction (two-sample two-sided Welch test; PA = 0.0026, n = 5), 835 

which is consistent with results reported in a previous study (Goldschmidt, Regoes et al. 836 

2017). We next performed range expansion experiments with six consortia where one 837 

strain initially carried pMA119 (P*+P, P*+C, P+P* and P+C*) (Fig. S1B,C) or both strains 838 

initially carried pMA119 (P*+P* and P*+C*) (Fig. S1D) in the absence of antibiotic 839 

selection for pMA119. We found that the nitrite cross-feeding interaction consistently 840 

resulted in higher spatial intermixing than the competitive interaction (two-sample two-841 

sided Welch test; P < 0.0007, n = 5) (Fig. S1A-D). We observed marginal loss of pMA119 842 

(≈ 0) during the first week of expansion regardless of the type of metabolic interaction 843 

imposed (Fig. S2), demonstrating that pMA119 maintenance was strong under our 844 

experimental conditions and that pMA119 instability cannot confound our analyses. We 845 

therefore conclude that the type of metabolic interaction imposed between the strains 846 

does indeed determine the level of spatial intermixing that emerges during range 847 

expansion. 848 

We next tested whether plasmid pMA119 itself affects the quantitative level of spatial 849 

intermixing that emerges between the strains during range expansion. To test this, we 850 

compared the levels of spatial intermixing across all the consortia for which we imposed 851 

the competitive interaction (P+P, P*+P, P+P* and P*+P*) (Fig. S1E) or the nitrite (NO2-) 852 

cross-feeding interaction (P+C, P*+C, P+C* and P*+C*) (Fig. S1F). We found that the 853 

levels of spatial intermixing are statistically identical regardless of whether the strains 854 

initially carried pMA119 for both the competitive interaction (one-way ANOVA test; P = 855 
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0.187, n = 5) (Fig. S1E) and the nitrite cross-feeding interaction (one-way ANOVA test; P 856 

= 0.096, n = 5) (Fig. S1F). Thus, pMA119 itself has no quantitative effect on the level of 857 

spatial intermixing that emerges during microbial range expansion. 858 

 859 

Appendix – Figure 1. Metabolic interactions determine the level of spatial intermixing that emerges 860 
during range expansion. The two schematic cells above each image in A-D indicate the two strains used 861 
for each experiment. A, Neither strain initially carried plasmid pMA119 (P+P and P+C). B,C, One strain 862 
initially carried pMA119 (P*+P, P*+C, P+P*, and P+C*). D, Both strains initially carried pMA119 (P*+P* and 863 
P*+C*). For A-D, the top image is a representative range expansion for the competing interaction at the 864 
end of the experiment, the middle image is a representative range expansion for the nitrite (NO2-) cross-865 
feeding interaction at the end of the experiment, and the bottom image is the intermixing index as a function 866 
of radius from the edge of the inoculation area (1500 µm) to the edge of the final expansion frontier (3000 867 
µm) at radial increments of 10 µm. Data are presented for independent experimental replicates (n = 5) and 868 
the shaded regions are the standard deviations at each radial increment. E,F, Global intermixing index 869 
measured as the sum of intermixing indices across the expansion area at radial increments of 10 µm for 870 
consortia with E the competitive interaction or F the nitrite cross-feeding interaction.  871 
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 872 

Appendix – Figure 2. Quantification of plasmid loss after the first week of range expansion in the 873 
absence of antibiotic selection for pMA119. A, Representative images of range expansion after one 874 
week of range expansion using the same experimental design and procedures as for our main experiments. 875 
Consortium P*+P consisted of two producers that engaged in a competitive interaction, where one producer 876 
carried pMA119 (P*) while the other did not (P). Consortium P*+C consisted of a producer and consumer 877 
that engaged in a nitrite (NO2-) cross-feeding interaction, where the producer carried pMA119 (P*) while the 878 
consumer did not (C). Consortium P+C* also consisted of a producer and consumer that engaged in a 879 
nitrite (NO2-) cross-feeding interaction, but in this case the consumer carried pMA119 (C*) while the 880 
producer (P) did not. White arrows indicate regions where pMA119 was lost from the donor strain. These 881 
regions are identified as follows: if the producer loses pMA119 when it was the donor (P* to P), then blue 882 
regions emerge; If the consumer loses pMA119 when it was the donor (C* to C), then red regions emerge. 883 
B, Percentage of the producer or consumer that lost pMA119 when they were the donor. Each data point 884 
is the measurement for an independent experimental replicate (n = 5) and Padj is the Benjamini-Hochberg-885 
adjusted P for a two-sided two-sample Welch test. 886 

 887 

 888 

 889 

 890 
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 891 

Appendix – Figure 3. Verification of transconjugants after range expansion. Images are 892 
representative range expansions at the end of the experiment. A, The producer (pMA119 donor) 893 
expresses cyan and green fluorescent proteins while the consumer (potential pMA119 recipient) expresses 894 
red fluorescent protein. Transconjugants of the consumer appear yellow (indicated by the white arrow). B, 895 
The producer (potential pMA119 recipient) expresses cyan fluorescent protein while the consumer 896 
(pMA119 donor) expresses red and green fluorescent proteins. Transconjugants of the producer appear as 897 
green protrusions (indicated by the yellow frame). We sampled the transconjugant regions (green 898 
protrusions) with sterile toothpick and streaked the samples onto new LB agar plates containing kanamycin 899 
(50 µg ml-1) to verify that transconjugants 900 
 901 
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 902 

Appendix – Figure 4. Color-swap experiments. We tested whether the chromosomally-located 903 
fluorescent protein-encoding gene expressed by the producer or consumer affects the emergence of 904 
transconjugants. A-C, The two schematic cells above each image indicate the two strains used for each 905 
experiment. Images are representative range expansions for consortia consisting of A two producers that 906 
engaged in a competitive interaction where one producer carried pMA119 while the other did not (P+P*), B 907 
a producer and consumer that engaged in a nitrite (NO2-) cross-feeding interaction where the producer 908 
carried pMA119 while the consumer did not (P*+C), and C a producer and consumer that engaged in a 909 
nitrite cross-feeding interaction where the consumer carried pMA119 while the producer did not (P+C*). 910 
White arrows indicate transconjugants, which we observed when we imposed the nitrite cross-feeding 911 
interaction but not the competitive interaction. Lower images are magnifications of the regions indicated by 912 
the yellow frames in the upper images. P, producer; C, consumer; *, pMA119 donor. 913 

 914 
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 915 

Appendix – Figure 5. Different intermixing under 63-time magnification. Pictures were taken at the 916 
interfaces between two genotypes. In Group P* + P cyan strains (plasmid donors) and red strains (plasmid 917 
recipients) were completely segregated, generating clear borders; while cross-feeding group P*+C and 918 
Group P+C* show incredibly high mixing. White arrows represent transconjugant area under 63-time 919 
magnification.  920 

 921 
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 931 

Appendix – Figure 6. Quantification of transconjugants after filter mating under oxic conditions. We 932 
tested whether the producer and consumer have the same rate of plasmid pMA119 conjugation.  A, Flow 933 
cytometry results for consortia consisting of two producers that engaged in a competitive interaction for 934 
oxygen where one producer carried pMA119 while the other did not (P*+P), a producer and consumer that 935 
engaged in a competitive interaction for oxygen where the producer carried pMA119 while the consumer 936 
did not (P*+C), and a producer and consumer that engaged in a competitive interaction for oxygen where 937 
the consumer carried pMA119 while the producer did not (P+C*). The upper left quadrants identify cells 938 
that only expressed green fluorescent protein, the bottom right quadrants identify cells that only expressed 939 
red fluorescent protein, and the upper right quadrants indicate transconjugants that expressed both 940 
fluorescent proteins. B, Quantification of the number of transconjugants per potential recipient for each 941 
consortium. Two-sample two-sided Welch tests showed no significant differences in the conjugation rates 942 
among the consortia. Each data point is the measurement for an independent experimental replicate (n = 943 
3) and Padj is the Benjamini-Hochberg-adjusted P for a two-sample two-sided Welch test. P, producer; C, 944 
consumer; *, pMA119 donor. 945 

 946 

 947 
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 948 

Appendix – Figure 7. Quantification of transconjugants after growth in anoxic liquid medium. We 949 
tested whether the type of interaction imposed between the producer and consumer affects the extent of 950 
plasmid pMA119 conjugation. A, Flow cytometry results for consortia consisting of two producers that 951 
engaged in a competitive interaction where one producer carried pMA119 while the other did not (P+P*), a 952 
producer and consumer that engaged in a nitrite (NO2-) cross-feeding interaction where the producer carried 953 
pMA119 while the consumer did not (P*+C), and a producer and consumer that engage in a nitrite cross-954 
feeding interaction where the consumer carried pMA119 while the producer did not (P+C*). The upper left 955 
quadrants identify cells that only expressed either red (for P*+P and P*+C) or green (for P+C*) fluorescent 956 
protein, the bottom right quadrants identify cells that only expressed either green (for P*+P and P*+C) or 957 
cyan (for P+C*) fluorescent protein, and the upper right quadrants identify transconjugants that expressed 958 
two fluorescent proteins. B, Quantification of the number of transconjugants per potential recipient for each 959 
consortium. Two-sample two-sided Welch tests showed significant differences but with small effect sizes. 960 
Each data point is the measurement for an independent experimental replicate (n = 3) and Padj is the 961 
Benjamini-Hochberg-adjusted P for a two-sample two-sided Welch test. P, producer; C, consumer; *, 962 
pMA119 donor. 963 
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 964 

Appendix – Figure 8. Counts of observed conjugation events normalized by the measured 965 
conjugation rate. The conjugation rates are those presented in Appendix – Figure 4. Data are for two 966 
producers that engaged in a competitive interaction where one producer carried plasmid pMA119 while the 967 
other did not (P+P*), a producer and consumer that engaged in a nitrite (NO2-) cross-feeding interaction 968 
where the producer carried pMA119 while the consumer did not (P*+C), and a producer and consumer that 969 
engaged in a nitrite cross-feeding interaction where the consumer carried pMA119 while the producer did 970 
not (P+C*). Each data point is the measurement for an independent experimental replicate (n = 5) and Padj 971 
is the Benjamini-Hochberg-adjusted P for a two-sample two-sided Welch test. P, producer; C, consumer; *, 972 
pMA119 donor.  973 
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 979 

Appendix – Figure 9. Initial spatial positioning of “Random frontier” and “Producer frontier”. The 980 
two schematic cells on the left side of the image indicate the two strains used for each experiment. Images 981 
are representative range expansions for consortia consisting of a producer and consumer that engaged in 982 
a nitrite (NO2-) cross-feeding interaction where the producer carried pMA119 while the consumer did not 983 
(P*+C), and a producer and consumer that engaged in a nitrite cross-feeding interaction where the 984 
consumer carried pMA119 while the producer did not (P+C*). As seen, in P*+C and P+C*, frontier is either 985 
dominated by both producer and consumer (Random frontier) or only by producer (Producer frontier). 986 
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 992 

Appendix – Figure 10. Effect of the spatial positionings on the proliferation of transconjugants 993 
during range expansion. A, Mean size of transconjugant lineage. B, Frequency of transconjugants in 994 
group P*+C. C, Frequency of transconjugants in group P+C*.  995 
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 1008 

Appendix – Figure 11. Schematic of how spatial positioning affects transconjugant proliferation. t1 1009 
and t2 indicate different expansion times, where t0 is early time, t1 is intermediate time, and t2 is late time. 1010 
Depicted are only the frontiers of the expansion regions. Antibiotics were administered between t0 and t1. 1011 
After antibiotic administration, only plasmid carriers could grow. A, The expansion frontier was primarily 1012 
occupied by the consumer. The producer was the donor (cyan) while the consumer was the potential 1013 
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recipient (red). Transconjugants of the consumer are yellow. In this case, transconjugants of the consumer 1014 
are more likely to emerge at the expansion frontier where resources are plentiful, and are thus more likely 1015 
to proliferate. B, The expansion frontier was primarily occupied by the producer. The producer was the 1016 
donor (cyan) while the consumer was the potential recipient (red). Transconjugants of the consumer are 1017 
yellow. In this case, transconjugants of the consumer are less likely to emerge at the expansion frontier 1018 
where resources are plentiful, and are thus less likely to proliferate. C, The expansion frontier was primarily 1019 
occupied by the consumer. The producer was the potential recipient (blue) while the consumer was the 1020 
donor (yellow). Transconjugants of the producer are cyan. In this case, transconjugants of the producer are 1021 
more likely to emerge at the expansion frontier where resources are plentiful, and are thus more likely to 1022 
proliferate. D, The expansion frontier was primarily occupied by the producer. The producer was the 1023 
potential recipient (blue) while the consumer was the donor (yellow). Transconjugants of the producer are 1024 
cyan. In this case, transconjugants of the producer are less likely to emerge at the expansion frontier where 1025 
resources are plentiful, and are thus less likely to proliferate. Sensitive individuals of the producer will 1026 
remain at the expansion frontier, but will not be able to grow in the presence of antibiotics (dashed circles). 1027 
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 1039 

Appendix – Figure 12. Mold used to apply kanamycin after one week of range expansion. A, 1040 
Schematic design of the mold. The center point is the centroid of the range expansion. The four side points 1041 
are equal distance from the centroid and are the points at which we added kanamycin. B, The mold shown 1042 
that we used for this study. C, Schematic demonstration of the mold, where we placed the mold underneath 1043 
the agar plate such that the center point marker aligns with the expansion centroid. We then deposited four 1044 
droplets of kanamycin as point sources at each of the four side point markers. The final concentration of 1045 
kanamycin within the agar plate was 50 µg/mL 1046 
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Appendix – Table 1. Specifications of the strains used in this study. 1055 

 1056 

Strains Relevant characteristics Reference 

P. stutzeri NTA1603cfp 

 

P. stutzeri NTA1602ech 

A1503 with ΔcomA, ΔnirS and mini-Tn7T-LAC-Gm-ecfp; GmR, ecfp+, 

with GFPmut3b-tagged derivative of plasmid pMA119 

A1502 with ΔcomA, ΔnarG and mini-Tn7T-LAC-Gm-echerry; GmR, 

echerry+, with GFPmut3b-tagged derivative of plasmid pMA119 

This study 

 

This study 

 

P. stutzeri NTA1603ech A1503 with ΔcomA, ΔnirS and mini-Tn7T-LAC-Gm-echerry; GmR, 

echerry+, with GFPmut3b-tagged derivative of plasmid pMA119 

This study 

P. stutzeri NTA1602cfp A1502 with ΔcomA, ΔnarG and mini-Tn7T-LAC-Gm-ecfp; GmR, ecfp+, 

with GFPmut3b-tagged derivative of plasmid pMA119 

This study 

P. stutzeri A1602ech A1502 with ΔcomA, ΔnarG and mini-Tn7T-LAC-Gm-echerry; GmR, 

echerry+ 

(Lilja and Johnson 

2016) 

P. stutzeri A1603ech A1503 with ΔcomA, ΔnirS and mini-Tn7T-LAC-Gm-echerry; GmR, 

echerry+ 

(Lilja and Johnson 

2016, Goldschmidt, 

Regoes et al. 2017) 

P. stutzeri A1603cfp A1503 with ΔcomA, ΔnarG and mini-Tn7T-LAC-Gm-ecfp; GmR, ecfp+ (Lilja and Johnson 

2016, Goldschmidt, 

Regoes et al. 2017) 

P. putida SM1443 PlacA1/04/03 : :gfpmut3b; RifampicinR, KanamycinR, gfp+ (Geisenberger, 

Ammendola et al. 

1999) 
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