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 2 

Abstract  31 

Adaptive evolutionary processes are constrained by the availability of mutations which cause a fitness 32 

benefit – a concept that may be illustrated by ‘fitness landscapes’ which map the relationship of genotype 33 

space with fitness. Experimentally derived landscapes have demonstrated a predictability to evolution 34 

by identifying limited ‘mutational routes’ that evolution by natural selection may take between low and 35 

high-fitness genotypes. However, such studies often utilise indirect measures to determine fitness. We 36 

estimated the competitive fitness of each mutant relative to all of its single-mutation neighbours to 37 

describe the fitness landscape of three mutations in a b-lactamase enzyme at sub-lethal concentrations 38 

of the antibiotic cefotaxime in a structured and unstructured environment. We found that in the 39 

unstructured environment the antibiotic selected for higher-resistance types – but with an equivalent 40 

fitness for subsets of mutants, despite substantial variation in resistance – resulting in a stratified fitness 41 

landscape. In contrast, in a structured environment with low antibiotic concentration, antibiotic-42 

susceptible genotypes had a relative fitness advantage, which was associated with antibiotic-induced 43 

filamentation. These results cast doubt that highly resistant genotypes have a unique selective 44 

advantage in environments with sub-inhibitory concentrations of antibiotics, and demonstrate that direct 45 

fitness measures are required for meaningful predictions of the accessibility of evolutionary routes. 46 

 47 

 48 

Importance  49 

The evolution of antibiotic resistant bacterial populations underpins the ongoing antibiotic-resistance 50 

crisis. We aim to understand how antibiotic-degrading enzymes can evolve to cause increased 51 

resistance, how this process is constrained and whether it can be predictable. To this end we performed 52 

competition experiments with a combinatorially-complete set of mutants of a b-lactamase gene subject 53 

to sub-inhibitory concentrations of the antibiotic cefotaxime. While some mutants confer their hosts with 54 

high resistance to cefotaxime, in competition these mutants do not always confer a selective advantage. 55 

Similarly, we identified conditions involving spatial structure where mutations causing high resistance 56 

result in a selective disadvantage. Together, this work suggests that the relationship between resistance 57 

level and fitness at sub-inhibitory concentrations is complex; predicting the evolution of antibiotic 58 

resistance requires knowledge of the conditions that select for resistant genotypes and the selective 59 

advantage evolved types have over their predecessors.   60 

 61 
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 3 

Introduction 62 

 63 

The mapping of genotypic space with fitness is a primary concern of evolutionary biology. This interest 64 

arose because this mapping bridges genetics and evolution, being shaped by the interactions between 65 

mutations and governing which mutational trajectories evolution can follow. Since 1932 (1) the ‘fitness 66 

landscape’ metaphor has been used to visualise the complicated mapping of genotype to fitness. More 67 

recently, molecular biology has made possible the construction of mutational networks where sets of 68 

mutations – in either one  (2-8) or multiple genes (9-13) – are combined and expressed in an 69 

experimental strain. The interactions among mutations generate the topography of these empirical 70 

fitness landscapes, and render particular trajectories across the landscape more likely than others. In a 71 

foundational study, Weinreich and colleagues demonstrated that of the 120 possible trajectories linking 72 

an ancestral ß-lactamase antibiotic resistance allele with a highly-adapted genotype with five mutations, 73 

only 18 trajectories are selectively accessible (3). The level of constraint within such landscapes 74 

suggests a certain degree of predictability of evolutionary processes, although the relation between 75 

epistatic constraints and evolutionary predictability is complicated by the presence of multiple adaptive 76 

peaks (14, 15). 77 

 78 

For empirical fitness landscapes to inform evolutionary biology and enable meaningful predictions 79 

regarding evolutionary processes, they require informative measures of the relative fitness of each 80 

genotype in the landscape. However, the actual measures of fitness used to form such fitness 81 

landscapes generally do not represent the outcome of direct competition between the genotypes 82 

investigated. In real life, de novo variants often directly compete with their progenitors, making it 83 

essential to use fitness measures that capture their competitive ability to predict their fates. Despite their 84 

name, empirical fitness landscapes are often quantified by the functionality of a focal enzyme. The 85 

mutational networks in dihydrofolate reductase (2), methyl-parathion hydrolase (16) and ß-lactamase 86 

(3, 5, 8, 17) have used the activity of the enzymes and their effects on organismal growth or survival as 87 

proxies for fitness. Many empirical fitness landscapes do provide measures of the relative fitness of 88 

genotypes. However, with some notable exceptions (18), these fitness measures are made relative to 89 

a common competitor – not immediate evolutionary predecessors – and may be complicated by non-90 

transitive interactions among the genotypes, causing deformations of the landscape due to eco-91 

evolutionary changes of the environment (19). Such environmental alterations may occur if genotypes 92 
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 4 

alter the extracellular concentration of a common resource or inhibitory substance available to co-93 

cultivated genotypes (20-23). Although technically challenging, fitness landscapes would ideally present 94 

relative fitness measures of each genotype to mutational neighbours from which they arise. 95 

 96 

We constructed an empirical fitness landscape measured by the competitive fitness of each genotype 97 

in the landscape relative to its immediate mutational neighbourhood. This landscape consists of 98 

combinations of three mutations which underpin the evolution of the ß-lactamase TEM-52, a clinically 99 

relevant member of the extended spectrum ß-lactamases (ESBLs). Following the clinical introduction of 100 

cephalosporin antibiotics, ESBL’s were selected with the capacity to bind and hydrolyse cephalosporins 101 

such as cefotaxime (CTX), resulting in genotypes such as TEM-52. TEM-52 evolved from the ancestral 102 

TEM-1 ß-lactamase, which effectively degrades ß-lactams such as ampicillin, but has low activity 103 

against cefotaxime (24).  The evolution of TEM-52 from TEM-1 involved three non-synonymous 104 

mutations, causing amino acid substitutions E104K, M182T and G238S, which in various combinations 105 

form an eight-genotype mutational landscape (see Fig. 1A).  106 

 107 

To assess the adaptive benefit of the mutations across the landscape, we reconstructed this set of eight 108 

genotypes into a common ancestral strain and competed each genotype with its three neighbouring 109 

genotypes with a Hamming distance of one. Competitions were performed in a structured (on the surface 110 

of agar-solidified medium) and an unstructured (in liquid medium) environment, to investigate the role 111 

of spatial structuring on the fitness of competitors. Spatially structured environments – such as colonies 112 

grown on agar surface – were previously shown by Frost and colleagues (25) to provide a selective 113 

benefit to non-resistant strains when co-cultured with resistant strains. This selective benefit was due to 114 

the induction in sensitive strains of filamentous cellular morphologies – a physiological response of 115 

sensitive bacteria exposed to near-inhibitory concentrations of ß-lactam antibiotics (26). These 116 

elongated cells helped the non-resistant strains to invade the unoccupied space of the colony edge, 117 

where they presumably had better access to resources, ultimately resulting in a selective benefit over 118 

non-elongated resistant strains (25). We wanted to see whether this phenomenon was reproducible in 119 

our experimental system, and if so, how spatial structuring alters the topography of the fitness 120 

landscape. Our fitness assays were performed in sub-inhibitory concentrations of CTX – which we define 121 

as the range of antibiotic concentrations which permit monocultures of a genotype to grow. The choice 122 

of these low concentrations was driven by two considerations: 1) the practical need to measure fitness 123 
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 5 

requires the presence of competitors after a growth period, and high CTX concentrations may 124 

completely eliminate low-resistance competitors, 2) the growing interest in sub-inhibitory concentrations 125 

of antibiotic as representative of concentrations in environmental settings such as waste-water and 126 

sediment (27), and the potential for such sub-inhibitory concentrations to select for resistant genotypes 127 

(13, 28-30). When competed in these sub-inhibitory concentrations, our set of genotypes display fitness 128 

landscapes that are highly conditional on both antibiotic concentration and spatial structuring of the 129 

environment. 130 

 131 

 132 

 133 

Results 134 

 135 

Experimental model: the TEM-1 to TEM-52 mutational landscape. 136 

 137 

The genotypes studied here were made by insertion of TEM-1 alleles, reconstructed with all 138 

combinations of the three mutations that comprise TEM-52, into the chromosomal galK locus of 139 

Escherichia coli MG1655 expressing blue fluorescent protein (BFP) (see Table 1 and the Methods 140 

section). To compare the enzymatic effects of the resulting mutant enzyme with fitness, we performed 141 

minimum inhibitory concentration (MIC) assays with each biological replicate used in the fitness assays 142 

(see methods, Table 1 and Fig 1B). MIC assays were conducted over a 24-hour period starting with a 143 

low initial cell density (~ 1.5 x 105 cells mL-1), using the same liquid media used in fitness assays (see 144 

Table 1 for results). As expected, the magnitude of these resistance measures was consistently lower 145 

than previously measured for plasmid-encoded TEM-alleles (3), likely due to gene dosage arising from 146 

the single copy of this gene in the chromosome. In keeping with other studies on the enzymatic 147 

consequences of these mutations (3, 5), particular combinations of mutations caused a much higher 148 

level of resistance than others (see Fig 1b). Of the single mutations, the G238S amino acid change 149 

causes a large increase in resistance, and similarly, E104K-G238S is the most resistant of the double 150 

mutants. The E104K-M182T-G238S triple mutant confers the highest level of resistance of this 151 

landscape of mutants.  152 

 153 
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 6 

Paired competitions describe inverted and stratified resistance-fitness relationships depending 154 

on the environment 155 

 156 

To understand the effect these mutations may have on relative fitness of each strain at low antibiotic 157 

concentrations, we initially performed pairwise-competitions. Each of the eight genotypes of the 158 

landscape was competed with a common reference strain labelled with chromosomally-encoded yellow 159 

fluorescent protein (YFP) which did not express TEM-1 (and hence did not contribute to hydrolysis of 160 

CTX). Fitness assays were performed in structured (agar media) and unstructured (liquid media) 161 

environments containing 0, 0.005, 0.01, 0.02, 0.04 and 0.08 µg/mL of CTX, and cell numbers were 162 

measured by flow cytometry (see methods). Pairwise fitness assays of these strains in the absence of 163 

CTX revealed no significant relationship between the alleles’ ranked resistance and relative fitness, 164 

hence the alleles showed no trade-off between resistance and competitive fitness (see Fig. 2 and supp. 165 

Fig S1A and B). Not surprisingly, expression of higher resistance alleles was beneficial in the 166 

unstructured environments supplemented with 0.005 µg/mL to 0.08 µg/mL of CTX (see supp. Fig. S1A). 167 

This observation was pronounced for all genotypes featuring the G238S mutation. At both 0.02 µg/mL 168 

and 0.04 µg/mL, all genotypes which include the G238S mutation had a similar mean selection 169 

coefficient, despite an approximate 16-fold difference in the median MIC of genotypes G238S and 170 

E104K-M182T-G238S (see Table 1). The absence of a selective benefit between these highly resistant 171 

types was confirmed in competitions with multiple genotypes (see below).  172 

 173 

In structured environments, the relationship between the resistance of each genotype and their relative 174 

fitness in pairwise competitions was more complex. Fitness differences among genotypes were much 175 

smaller than in liquid cultures (Fig. 2). After both 24 and 48 hours of competition in 0.005, 0.01 and 0.02 176 

µg/mL of CTX, we found a significantly negative correlation between resistance of the genotypes and 177 

their fitness (see supp. Fig. S1B). Assays performed at 0.04 µg/mL no longer showed a negative 178 

relationship between resistance and fitness, but no significant positive relationship was observed after 179 

either 24 or 48 hours of competition (Fig. 2). The highest concentration of 0.08 µg/mL of CTX, resulted 180 

in low or no recovery of low resistance competitors. Based upon this observation of the low recovery of 181 

the less-resistant genotypes at 0.08 µg/mL of CTX, further multiple-genotype competitions (see below) 182 

were conducted at lower concentrations of 0.02 and 0.04 µg/mL CTX. 183 

 184 
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 7 

Relative fitness of each genotype relative to its three single-mutation neighbours 185 

 186 

We wanted to test the impact of selection with antibiotics across the whole fitness landscape, and to 187 

make direct measures of fitness between neighbouring genotypes of the 3-mutation fitness landscape. 188 

To do so, we competed each of the eight genotypes with the three neighbouring genotypes, resulting in 189 

eight competitions involving four competitors (see methods for details and supp. Fig S1). We performed 190 

fitness assays at three concentrations of CTX – at the concentration where sensitive genotypes had a 191 

growth disadvantage in pairwise comparisons, but were still recoverable (0.04 µg mL-1), at half this 192 

concentration (0.02 µg mL-1) and in environments without CTX. Using these concentrations, we could 193 

observe the effect of selection by CTX on the growth of all strains of the landscape. We utilised amplicon 194 

sequencing to determine the relative fitness of four competitors simultaneously. Deep sequencing data 195 

were analysed with an approach that is insensitive to the effects of recombination between TEM alleles, 196 

caused by low-rate template switching during PCR amplification (see Methods section). In order to 197 

derive selection coefficients, we measured the total inoculum size and final yield using flow cytometry 198 

(see methods and Fig. 1C). 199 

 200 

The relative fitness of particular genotypes in liquid culture is partially predictable by their resistance 201 

measures. Measures of fitness were calculated as selection coefficients (see Methods). At both 202 

concentrations of CTX in liquid cultures, expression of the G238S mutation afforded genotypes a clear 203 

fitness advantage relative to non-G238S expressing genotypes (see Fig 3 and supp. Fig S2). This 204 

general relationship between resistance and fitness is shown by a strongly positive correlation between 205 

measures of resistance and fitness of each genotype relative to its three competitors in liquid cultures 206 

with 0.02 and 0.04 µg CTX mL-1 (see Fig 4 and supp. Fig S3).  However, this positive correlation of 207 

resistance and fitness was not always apparent. At both concentrations of CTX in liquid culture, the four 208 

high resistance genotypes containing mutation G238S had a similar relative fitness (see Fig 4 and supp. 209 

Fig S3). To confirm that these four genotypes have a similar fitness benefit in the tested conditions, 210 

direct selection coefficient values were calculated for each of these types relative the other G238S-211 

expressing competitors. Despite substantial differences in resistance between the genotypes, there was 212 

no significant relationship between resistance and selection coefficient values of these high-resistance 213 

genotypes under any tested condition at either time point (see supp. Fig S4).  214 

 215 
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 8 

Competitions in spatially structured environments resulted in a positive correlation of relative fitness and 216 

resistance at the higher CTX concentration of 0.04 µg mL-1 CTX (see Fig 4). Similar to the liquid 217 

competitions, genotypes expressing the G238S mutation – regardless of additional mutations and level 218 

of resistance – had a similar fitness when directly competed with each other, although stratification was 219 

somewhat less stringent (see supp. Fig S4). As seen in the pair-wise competitions (Fig 2) – there was 220 

a significant negative correlation between fitness and resistance of each genotype in structured 221 

environments with 0.02 µg mL-1 CTX (see Fig 4). Under these structured conditions with a low CTX 222 

concentration, the mixing of high and low resistant types results in selection for low resistance 223 

genotypes.   224 

 225 

The observation of high relative fitness of low-resistance genotypes competed in a structured 226 

environment with a sub-inhibitory concentration of CTX prompted explanation. Previous work has 227 

identified filamentation of low resistance types as capable of providing an advantage in direct 228 

competitions (25). Flow cytometry measures were used to identify whether our fitness assay conditions 229 

were also capable of inducing filamentous cells. To measure the potential of filamentation, each 230 

genotype was grown alone in spatially structured and unstructured media with 0, 0.02 and 0.04 µg mL-231 

1 of CTX.  The degree of filamentation of these monocultures was estimated by observing the distribution 232 

of flow cytometry FSC-A measures (see Fig. 5A) – with larger measures suggesting longer cells in the 233 

population (31). We found three interesting patterns when analysing these data (Fig. 5B) with a general 234 

linear model (Table S1). First, environmental structure affects the fractions of large FSC-A events (P < 235 

0.001), indicating a higher prevalence of filaments in liquid medium than in solid medium. Second, there 236 

is a two-way interaction between ranked resistance and CTX concentration in their effect on 237 

filamentation (P < 10-4), indicating that less resistant types tend to filament more at higher CTX 238 

concentrations. Third, there is a highly significant three-way interaction between ranked resistance, 239 

environmental structure and time (P < 10-9), capturing the decrease in filamentation on solid medium 240 

over time, which only occurs for low resistant types (Fig. 5B). These results demonstrate that while 241 

cellular filamentation is a predictor of low relative fitness in the presence of antibiotics in monoculture, 242 

in the context of mixed genotypes grown as colonies at sub-inhibitory concentrations of CTX, 243 

filamentation provides a mechanism by which less resistant genotypes hold a fitness advantage over 244 

higher resistance genotypes.  245 

  246 
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 9 

The large-effect G238S mutation determines fitness and dictates evolutionary fate 247 

 248 

Next, we used simple regression models that consider how well fitness can be predicted by (i) CTX 249 

resistance, or (ii) the presence of individual beneficial mutations. To consider the relationship between 250 

CTX resistance and fitness, we formulated Models 1a and 1b.  Model 1a assumes a linear relationship 251 

between ΔMIC – the difference in MIC between a genotype and the mean MIC for its node in the 252 

landscape – and relative fitness, with a coefficient that scales the relationship. Model 1b limits the range 253 

over which the response between ΔMIC and fitness is linear, to capture the effect that beyond a given 254 

level of resistance, there is no further effect on fitness. Next to the coefficient to scale the MIC-fitness 255 

relationship, this model has a minimum and maximum value of fitness. As an alternative approach, 256 

Model 2 divides the genotypes into two fitness classes based on the presence of any one mutation 257 

(E104K, M182T or G238S), and assigns each class a fitness value. These models were fitted to the 258 

relevant data (Models 1a and 1b: ΔMIC and selection coefficients; Model 2: mutation occurrence and 259 

selection coefficients) for each experimental condition separately. Model selection with the Akaike 260 

information criterion (AIC) revealed that Model 2, with fitness classes based on the presence of the 261 

G238S mutation, provided the best predictions over all conditions (Table 2, Table S2). Support for the 262 

different models was comparable in the absence of antibiotics, as the fitness differences between 263 

genotypes are minimal. In the presence of CTX, Model 2 was better supported than the other models 264 

for 7 out of 8 conditions (Table 2). Estimated model parameters (Table S2) also confirm the main trends 265 

observed earlier, including a lower fitness of the G238S-carrying variants in structured media at 266 

intermediate antibiotic concentrations (0.02 µg mL-1 CTX). 267 

 268 

Finally, we used the competitive fitness data to simulate evolution on TEM-52’s fitness landscape, with 269 

the goal of predicting evolutionary endpoints. We kept the simulations as close to empirical data as 270 

possible, predicting what would happen if we would follow our experimental setup over multiple rounds 271 

of passaging. At the start of each passage, the seeding genotype and its three single-mutation 272 

neighbours are present at equal frequencies. We used an estimate of the number of generations within 273 

a passage and the selection coefficients to predict the final frequencies of genotypes, and then randomly 274 

selected a single individual to seed the next round of passaging. TEM-1 was assumed as the starting 275 

point for each simulation. As a contrast to our experimental data, we generated a prediction for 276 

conditions in which resistance is the predominant determinant of fitness, based on the predicted fitness 277 
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 10 

values from Model 1A for liquid medium with 0.04 µg mL-1 of CTX (Table S2). Under these conditions, 278 

the high-resistance triple mutant TEM-52 predominates (Fig. 6A). Predictions based on our competitive 279 

fitness data show different trends. First, in the absence of CTX, all evolutionary endpoints are equally 280 

likely, as there are no appreciable differences in fitness (Fig. 6B, 6E). Second, in the presence of CTX 281 

the evolutionary endpoint depended almost entirely on the G238S mutation: all variants with this 282 

mutation were likely to be endpoints (Fig. 6C, 6D and 6G), except for structured media with 0.02 µg mL-283 

1 of CTX, when all variants that did not carry the G238S mutation were likely to be endpoints (Fig. 6F). 284 

Overall, selection of simple models predicting fitness based on our measurements (Table 2) and 285 

simulating multiple passages of evolution under our experimental conditions (Fig. 6) confirm the trends 286 

we have noted from a first inspection of the data. These results stress the importance of the G238S 287 

mutation as the key determinant of fitness in the presence of CTX, and highlight that this mutation 288 

stratifies the landscape into low and high fitness variants, which may reverse at low antibiotic 289 

concentrations in a structured environment. 290 

      291 

 292 

 293 

Discussion 294 

 295 

Here we report a new approach for investigating empirical fitness landscapes: assaying the fitness of 296 

each genotype in the landscape by direct competitions with its local mutational neighbourhood. We think 297 

this approach is a useful experimental refinement in the measurement of fitness landscapes, especially 298 

in the simulation of circumstances of strong clonal interference (32, 33) or non-transitive fitness 299 

interactions.  Non-transitive interactions between genotypes (19) could be expected if the ß-lactamase 300 

mutants reduced the concentration of CTX, especially in spatially structured environments with lower 301 

CTX concentrations. While the approach we used should readily identify non-transitive interactions that 302 

lead to the deformation of the landscape – which could be expected if the ß-lactamase mutants reduced 303 

the concentration of CTX, especially in spatially structured environments with lower CTX concentrations 304 

– no such interactions were observed. Instead, regardless of the number of competitors, fitness was 305 

remarkably binary in the presence of antibiotics: genotypes had either high or low fitness, depending on 306 

the presence of large-effect mutation G238S. This strong dependence on a single mutation and its 307 

resulting stratification of the landscape, may explain why interactions that are more complex remained 308 
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undetected. We expect that for landscapes involving a stronger influence of different genotypes on the 309 

competitive conditions (e.g. environmental antibiotic concentration) – such as might be seen if this 310 

landscape was expressed via a multicopy plasmid with stronger gene dosage – such interactions do 311 

exist and can be unveiled by using similar approaches.    312 

	 313 

The fitness landscapes we measured did not show a single-genotype adaptive “peak”, but rather a 314 

“stratification” of genotypes with equivalent fitness under the tested conditions. In both structured and 315 

un-structured environments, the high-resistance genotypes in our experimental landscape had similar 316 

fitness at sub-inhibitory inhibitory concentrations of CTX. This similarity in fitness was largely determined 317 

by the presence of the mutation with largest effect on CTX resistance, G238S (34). Simulations indicated 318 

that any TEM-mutant carrying G238S presents a similarly likely evolutionary endpoint for the evolution 319 

of CTX resistance in our model landscape. We suggest this similarity in fitness amongst high-resistance 320 

types is due to similar periplasmic concentrations of CTX (where it binds to its target, i.e. penicillin 321 

binding proteins) due to faster CTX hydrolysis rates than CTX diffusion rates into the periplasm (see 322 

Fig. 7) (35). At increasing concentrations of CTX, low resistant types will not be able to reduce 323 

periplasmic CTX concentrations to sub-inhibitory concentrations and will consequently be inhibited. 324 

Competing types with high resistance will all be able to render the effective concentration of CTX at the 325 

periplasmic target to near zero. Assuming a similar relative fitness of these genotypes in the absence 326 

of CTX, the relative fitness of high resistance types will therefore also be similar under sub-MIC CTX 327 

concentrations. As the concentration of CTX further increases, the number of high-resistance and 328 

fitness-equivalent mutants will decrease until only those that degrade periplasmic CTX to sufficiently 329 

low concentrations survive.  330 

 331 

Our observation of fitness stratification may help refine of our understanding of how concentrations of 332 

antibiotic below MIC – as found in environmental settings such as wastewater (28, 36-39) – may select 333 

for antibiotic resistant strains (13, 29, 40-43). While it is clear that antibiotic resistant genes confer a 334 

benefit in sub-inhibitory conditions (13, 29), little is known about the evolution of such genes in these 335 

conditions. This study provides grounds to doubt that sub-MIC environmental concentrations of 336 

antibiotics may select for mutations conferring the highest resistance. If many genotypes have 337 

equivalently high fitness above a threshold value of resistance, there are many factors that could 338 

determine which variants eventually predominate. For example, mutation bias (44), trade-offs between 339 
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resistance and growth (45), and collateral sensitivity to other antibiotics (46, 47) could be important. 340 

Selection for resistant types in natural environments may be further complicated by the striking inverse 341 

relationship between resistance and fitness in spatially structured sub-MIC environments – a 342 

phenomenon which is associated with filamentation of susceptible types as previously reported (25). It 343 

is clear that a degree of spatial structuring is common to microbial populations in their natural habitats. 344 

It is thus interesting to consider whether environmental spatial structuring and selection at sub-inhibitory 345 

antibiotic concentrations may select for less resistant genotypes. The lack of selective benefit for 346 

genotypes such as TEM-52 in our study conflicts with the wide and frequent isolation of this mutant b-347 

lactamase in clinical settings (48, 49). One scenario that is compatible with our observations is that (1) 348 

environmental conditions with sub-lethal antibiotic concentrations select for limited resistance, (2) upon 349 

migration of the ß-lactamase hosts to clinical environments – or other rare habitats with high antibiotic 350 

concentrations – there will be relatively short bouts of selection for high-resistant mutations, and (3) 351 

these variants are then maintained under the environmental conditions, where all high-resistance alleles 352 

have equivalent fitness and near neutral evolution predominates. 353 

 354 

There are important considerations to make when applying these findings and ideas to real-world 355 

scenarios. For practical reasons, we used equal starting frequencies of the competitors, and we can 356 

only speculate how combining competitors at extreme frequencies – such as when mutations arise de-357 

novo – would affect resulting fitness differences. It is possible the environment-dependent fitness-358 

benefits of genotypes may continue regardless of the competitors starting frequency, resulting in the 359 

eventual fixation of genotypes provided enough generations. Alternatively, there may be negative-360 

frequency dependent interactions which establish an equilibria of high and low resistant types – possibly 361 

as a result of CTX degradation (21). It is also unclear whether the spatial-structure associated benefit 362 

of low-resistance genotypes is caused only by b-lactams such as CTX (this study) and carbenicillin (25), 363 

or whether this phenomenon extends to other antibiotics which cause milder changes in the cellular 364 

aspect-ratio of sensitive strains (50). Finally, although we have used strains with similar levels of fitness 365 

in the absence of antibiotics, we predict that increasing the cost of resistance may cause a negative 366 

correlation between resistance and fitness amongst high-resistance types (51). It would therefore be 367 

highly relevant to measure the relationship between fitness and resistance for fitness landscapes of 368 

either b-lactamase – or alternative resistance mechanisms – which involve higher fitness costs. We 369 
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suggest that such experiments will help provide a fuller picture of how clinically relevant strains evolve 370 

and depend on specific selective conditions. 371 

 372 

 373 

 374 

Methods 375 

 376 

Strains, media and growth conditions 377 

All strains used in this study derive from Escherichia coli MG1655 (see supplementary tables 1). E coli 378 

MG1655 galk::SYFP2-cat (DA28100) and E coli MG1655 galk::mTagBFP2-cat (DA28102) were kindly 379 

gifted by Peter A Lind (Uppsala University, Uppsala, Sweden). All experiments were performed in 380 

minimal media composed of the following : 8.5 g/L Na2HPO4.2H2O, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L 381 

NH4Cl, 4.93 g/L MgSO4.7H2O, 147 mg/L CaCl2.2H2O, 0.2 % (W/V) Casamino Acids (Difco), 2 mg/L 382 

Uracil, 1 µg/L Thiamine, 0.4% (W/V) Glucose, 2 mg/L Uracil, 1 µg/L Thiamine. Agar was added at 1.5 383 

% (W/V) in order to make solid media and was autoclaved separately from other components. 384 

Expression of ß-Lactamase was induced by addition of 50uM isopropyl β-D-1-thiogalactopyranoside 385 

(IPTG) to the competition media. CTX solutions were prepared from Cefotaxime Sodium Salt (Sigma), 386 

diluted in minimal media solution and stored as stock solution at 5.12 mg/mL at -20 °C, before final 387 

dilution to stated working concentrations. Strains were prepared for flow cytometry by dilution in M9 salt 388 

solution (8.5 g/L Na2HPO4.2H2O, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl, 4.93 g/L MgSO4.7H2O) that 389 

was filtered using a 0.2 µm syringe filter. Strains were grown at 37 °C. Liquid cultures were always 390 

aerated with orbital shaking.  391 

 392 

Strain reconstruction 393 

All TEM-1 alleles in this study were reconstructed into a clonal strain of Escherichia coli MG1655 394 

featuring a fluorescent bfp reporter gene inserted into galK (galK::mTagBFP2-FRT) (29). TEM-1 alleles 395 

– derived from a previous study (5) – were amplified by PCR and inserted into a remaining section of 396 

galK using the ‘Quick and Easy E. coli Gene Deletion Kit’ (Gene Bridges), using ampicillin resistance 397 

conferred by the TEM-1 genes to select for double recombinants. Individual ampicillin resistant colonies 398 

were isolated, cryogenically stored, and amplicon sequenced to confirm the absence of additional 399 
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mutations in TEM-1. Each biological replicate used in subsequent assays represents an individual 400 

transformant. 401 

 402 

MIC measurements 403 

All MIC assays were performed in the identical minimal media used for competitions, using a similar 404 

inoculum as experimental competition in liquid media. Assays were initiated with overnight cultures of 405 

each biological replicate in minimal media, grown for approximately 18 h until stationary phase. Cultures 406 

were then subculture with a 1:100 dilution and grown for ~3 hours until a final cell density of 1.5 x 10^8 407 

/mL.  Meanwhile 2mL deep-well 96-well plates were filled with 400uL of minimal media featuring IPTG 408 

and a 2-fold dilution series of CTX over 12 rows (25.6 to 0.0125 µg / mL of CTX, except for one row 409 

intended for the E104K M182T G238S genotype which ranged from 102.4 to 0.05 µg / mL of CTX). A 410 

further 1:10 dilution of the subculture was made was made and 3uL of each genotype was added to the 411 

wells of each column, resulting in final concentration of cells of 1.5 x 10^5 /mL in each well. Plates were 412 

sealed with Breathe-Easier Sealing Film (Diversified Biotech) and shaken with orbital shaking at 750rpm 413 

for 24 hours, whereupon 200uL from each well was transferred to transparent 96 well plates for OD600 414 

measures by a Victor3 microtiter plate reader (PerkinElmer). Minimum inhibitory concentrations were 415 

interpreted as the lowest concentration of CTX maintained OD600 at less than 0.1. MIC values of 416 

individual genotypes are reported as median values, while MIC values of groups of genotypes are the 417 

means of the median MIC values. 418 

 419 

Pairwise fitness assays 420 

Pairwise fitness assays involved direct competition of each stated genotype with a common yfp-421 

expressing competitor (E coli MG1655 galK::SYFP2-FRT), performed in either liquid or on solid media. 422 

Liquid media competitions were initiated with overnight monocultures of each competitor grown in 2 mL 423 

of minimal media. Overnights were grown for ~18 hours, then each competitor was subcultured together  424 

with a 1:200  dilution into fresh minimal media, and incubated for ~ 3 hours. Meanwhile, the competition 425 

media was prepared – 794 µL of minimal media containing IPTG and specified concentrations of CTX 426 

(see results) were aliquoted into rows of a 2mL deep-well 96 well plate. Subcultures were then added 427 

to the competition media, by pipetting 6 µL of the subculture into to the competition media. To measure 428 

the initial ratio and concentration of cells, 50 µL was sampled from competition wells without CTX to 429 

avoid any possible affect of CTX on the ratio of each competitor). These samples were each added to 430 

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

The copyright holder for this preprintthis version posted July 15, 2022. ; https://doi.org/10.1101/2022.07.13.499905doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.13.499905
http://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

200 µL of filtered M9 salt solution inside the wells of a 96 well plate and BFP+ and YFP+ cellular events 431 

were quantified by flow cytometry using a Macsquant10 (Miltenyi biotec). The competition plates were 432 

then sealed with Breathe-Easier Sealing Film (Diversified Biotech), and incubated at 37C with 750rpm 433 

orbital shaking. After 24 and 48 hours of competition, 10 µL samples were taken from each well and 434 

diluted 1:500 in M9-salt solution to allow flow cytometry of the ratio and concentration of the competitors. 435 

Flow cytometry was performed using a medium flow rate using SSC 1.4 as a trigger (no secondary 436 

trigger) with 25,000 events counted per sample. All events measured as >1 by the 450/50 nm and 437 

525/50 nm channels were respectively counted as BFP+ and YFP+ events.  Fitness assays performed 438 

on solid media were performed similarly to the liquid-media competitions with the following distinctions. 439 

Overnight cultures of each competitor were subcultured together with a 1:1000 by dilution into fresh 440 

minimal media, incubated with shaking for 3 hours, and were then further diluted (1:10) and samples of 441 

this dilution were taken for cellular quantification by flow cytometry. A drop of 1 µL of the mixed culture 442 

was spotted onto minimal media solidified with agar (containing a relevant concentration of CTX). 443 

Spotting was performed twice to allow the destructive harvesting of colonies at 24 and 48 hours. 444 

Harvesting was performed by scooping each colony into the base of a sterile 1mL pipette tip, with the 445 

cells resuspended by vortexing the pipette tip in a microcentrifuge tube containing a 1mL M9 salt 446 

solution. The cell solution was then diluted 1:100 in M9 salt solution and the ratio and concentration of 447 

cells were quantified by flow cytometry. Selection coefficients were calculated as s = [ln(R(t)/R(0))]/[G] 448 

(where R is the ratio of a genotype relative to competitors at time (t) and G is the number of generations 449 

(Dykhuizen, 1990). The number of generations was calculated by ln(final population/initial 450 

population)/ln(2). Presented selection coefficient values for the genotypes were base-line adjusted to 451 

make the selective coefficient for TEM-1 equivalent to 0. All pairwise fitness assays were performed 452 

with three biological replicates each on a separate occasion. 453 

 454 

Four-genotype fitness assays 455 

We measured the relative fitness of the four genotypes connected by a single mutation to each node of 456 

the TEM-1 to TEM-52 fitness landscape, as well as the relative fitness of all eight genotypes competed 457 

together.  Competitions were performed in liquid or on solid media supplemented with either 0, 0.02 or 458 

0.04 µg/mL CTX. For each replicated assay, all eight strains were cultured for ~18h overnight in 2 mL 459 

minimal media. The strains were then mixed together by adding 2 µL of each culture in a 1:1:1:1 ratio 460 

into 2mL of minimal media (or into 4 mL in the case of the eight genotype competitions). Strains were 461 
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then grown together for 3 hours and then diluted 1:10 in M9 salt solution and the total cellular number 462 

of BFP+ events were measured by flow cytometry as per the pairwise fitness assays (see above). 463 

Subcultures were then inoculated into the competitive media. Liquid media competitions were initiated 464 

with 2.4 uL of each mixed subculture inoculated into 2 mL of minimal media supplemented with IPTG 465 

and either 0, 0.02 or 0.04 µg/mL CTX. Solid media competitions were then initiated with a 1 µL drop of 466 

subculture spotted onto minimal media supplemented as per the liquid competitions. Competitions were 467 

founded with approximately 3 x 104 cells mL-1 for liquid competitions and ~ 3 x 104 cells in the case of 468 

spatially structured competitions. The concentration of BFP+ cells in the subculture was further 469 

quantified by flow cytometry, and the mean value of these measures – before and after inoculation in 470 

the test media – was used as measures of the initial concentration of cells in each competition. A sample 471 

of 1mL of subculture was then added to a cryogenic tube supplemented with glycerol and flash frozen 472 

for subsequent amplicon sequencing (see below). Liquid and Solid media competitions were then 473 

incubated at 37 °C (with shaking for the liquid cultures) for 24 or 48 hrs until sampling. Sampling of 474 

Liquid cultures were performed by removing 150µL of competition media after 24 and 48 hrs. Glycerol 475 

was added to the sample which was then frozen at -70 °C for amplicon sequencing at a later date. An 476 

additional 10 µL sample of competition media was taken, diluted 1:400, and used to measure the 477 

concentration of BFP+ cells by flow cytometry (see Pairwise competition methods for flow cytometry 478 

details). Colonies that had grown in solid media after 24 and 48 hours were destructively harvested in 479 

the same way as the pairwise competitions (see methods above). Colonies were resuspended in 1mL 480 

of M9 salt solution and the samples stored and BFP+ events quantified in the same fashion as the Liquid 481 

media samples. A total of four biological replicates of each genotype was used in this experiment, with 482 

a different biological replicate competed on separate occasions and competition media freshly prepared 483 

for each replicate.  484 

 485 

Simultaneous to these competitions, controls experiments were conducted on isogenic populations of 486 

each of the eight competitors. Instead of mixing each competitor with 3 other genotypes, isogenic 487 

subcultures were made that were otherwise treated identically to samples from four-genotype 488 

competitions. Flow cytometry measures were then taken to establish the degree of filamentation in each 489 

population subject to CTX. To do so, these control populations were measured after at 24 and 48 time 490 

periods using the FSC channel of a Macsquant10 (Miltenyi biotec). Flow cytometry was performed with 491 

the same setting used in pairwise fitness assays (see above), including gating of events >1 in the 450/50 492 

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

The copyright holder for this preprintthis version posted July 15, 2022. ; https://doi.org/10.1101/2022.07.13.499905doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.13.499905
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

nm channel to remove non-fluorescent particles. The arbitrary FSC value that defined the largest 1% of 493 

events in populations in CTX-free environments was established, and the percentage of samples that 494 

exceeded that FSC value was established for populations subject to CTX. Three biological replicates 495 

were conducted for each genotype and treatment. 496 

 497 

Amplicon sequencing and data analysis 498 

Amplicon sequencing was used to measure the relative frequency of genotypes in the four and eight-499 

genotype competitions to allow calculations of relative fitness. Primers were designed to produce a 475 500 

bp amplicon which spanned the three mutation sites. Forward and reverse primers were each labelled 501 

with a 5’ four bp sequence to allow multiplexing.  Each of the nine competitions (the eight four-genotype 502 

competitions and one eight-genotype competition) were amplified with a unique pair of indices for each 503 

treatment and each replicate (Table S3). Frozen samples from each time points were thawed and used 504 

directly as a template for PCR. Different volumes of sample were used as template from the 24 and 48  505 

hr time points (1 µL) compared to intimal time points (2 µL). PCR reactions were performed on each 506 

occasion with the template of a different replicate. Reactions were performed in a total volume of 507 

approximately 30 µL, including 15 µL Phusion Flash High-Fidelity PCR Master Mix (Thermo Scientific), 508 

forward and reverse PCR primers to a final concentration of 0.5 µM, and the thawed template. PCR was 509 

performed over 30 cycles with an initial 5-minute incubation step to allow for cell lysis. Amplicons from 510 

each reaction were confirmed by electrophoresis. PCR products with differing indices from each 511 

treatment and replicate were then pooled together, purified with NucleoSpin Gel & PCR Clean-up 512 

(BIOKE). The TruSeq Library Preparation Kit (Illumina) was then used to prepare libraries for MiSeq 513 

PE-250 sequencing (Illumina), with a preparation done for each pool of nine samples. Library 514 

preparation and high throughput sequencing were performed by the Cologne Center for Genomics.  515 

 516 

The sequencing data were analysed with CLC Genomics Workbench 11.0. We trimmed the sequences 517 

with “Trims Reads 2.1”, with standard settings except for quality limit = 0.001 (equivalent to Phred Score 518 

of 30) and minimum number of nucleotides = 260. All broken pairs were discarded at this step. Next, we 519 

mapped the trimmed reads to a set of reference sequences, representing all possible combinations of 520 

our custom barcodes and TEM alleles (i.e,, not only those combinations that were expected, but all 521 

possible permutations). For this step, “Map Reads to Reference” was used with standard settings, 522 

except length fraction = 0.995 and similarity fraction = 0.995 (i.e., the reads have to be perfect match to 523 
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the reference to map). We then used the total read count mapped to each sequence as the estimate of 524 

that sequence’s frequency in the population. (Note that as an alternative approach, we first subdivided 525 

the data from each Illumina library based on our custom barcodes for different conditions and trimmed 526 

the barcodes, using Demultiplex Reads 1.0, and then trimmed and map these reads as above, but to 527 

reference sequences without the custom primers present. The resulting frequencies of alleles were 528 

nearly identical.) 529 

 530 

We found unexpected combinations between TEM alleles and our custom barcodes at appreciable 531 

frequencies, with the three possible sequences with a single unexpected position in the TEM sequence 532 

being more common (mean frequency ±standard deviation = 0.023 ±0.019, determined over all nodes 533 

in the fitness landscape) than the sequence with two unexpected positions in the TEM sequence (0.003 534 

±0.002). These unexpected alleles therefore appear to have arisen due to recombination in the first PCR 535 

step. We know which real alleles were in the inoculum, and each allele other than the “nodal progenitor” 536 

(i.e., TEM-1 for the competition between TEM-1 and all three one-step mutants) has a unique mutation 537 

that allows us to determine its frequency from the number of (essentially full length) sequencing reads 538 

that mapped to each of the eight TEM alleles. The frequency of the nodal progenitor is then one minus 539 

the sum of the three other genotypes. If the estimated frequency of the nodal progenitor was very low 540 

(< 0.001), we simply used the relative frequency of reads that mapped to the nodal type as an 541 

approximation of its frequency. Genotype frequencies were then converted into selection coefficient 542 

values using the same method described in ‘pairwise fitness assays’ (see above).  543 

 544 

Models of fitness  545 

We explored three simple models predicting resistance from differences in MIC or from the presence of 546 

mutations in TEM. Models 1a and 1b are based on the difference in log[MIC] for a genotype compared 547 

to the mean of the four genotypes corresponding to a node (ΔMIC). Model 1a assumes a linear 548 

relationship between ΔMIC and the predicted selection coefficient S, such that for the ith allele 𝑆" = 	𝛼 ∙549 

𝛥𝑀𝐼𝐶", where α is a constant estimated from the data for each experimental condition. Model 1b 550 

assumes a linear relationship that is constrained to a minimum 𝛾,-., such that if 𝛼 ∙ 𝛥𝑀𝐼𝐶" > 𝛾,-. then 551 

𝑆" = 	𝛾,-., as well as a maximum 𝛾,01. Model 1a has one free parameter (α), whereas Model 1b has 552 

three parameters (α, 𝛾,-. and 𝛾,01). Model 2 assigns alleles to two classes depending on the presence 553 

of the mutations E104K, M182T or G238S, and assigns each fixed selection coefficients S1 and S2. 554 
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Model parameters were estimated by minimizing the negative log likelihood (NLL) with grid searches 555 

over a broad parameter space, and the NLL was calculated from the residual sum of squares (52). 556 

 557 

Simulations of serial passaging 558 

To evaluate multi-passage evolution on this landscape, for each condition we performed 1000 559 

independent 100-passage simulations, with the ancestral TEM as the starting genotype. Each passage 560 

is initiated by the initial genotype or that sampled in the previous passage, together with the three 561 

genotypes with a Hamming distance = 1 in the landscape. The final frequency f of a genotype i is 𝑓" =562 

	(1 + 𝑆")8, where Si is the empirically estimated selection coefficient for that genotype and g is the 563 

number of generations for each passage. Based on the cell counts from flow cytometry, we estimated 564 

15.77 generations had occurred by 48 h, a number that was consistent over the different antibiotic and 565 

media treatments (standard error of the mean = 0.21). We therefore assumed g = 16 for all simulations. 566 

At the end of growth, one individual is randomly chosen using a pseudorandom number generator 567 

(sample() in R) to initiate the next passage, with the probability of sampling being weighed by the 568 

normalized frequency of each genotype. After 100 passages, we consider the final genotype selected 569 

as the evolutionary endpoint for that replicate. 570 

 571 

Code and data accessibility  572 

Raw sequence reads for the four-genotype competitions are available via NCBI bioproject accession 573 

PRJNA844400. Scripts used for the presentation of fitness data (Fig. 3 and 6), for the analysis of flow 574 

cytometry data (Fig. 5A), for statistical models of fitness (Table 2) and for simulations (Fig. 6) are 575 

available via DOI:10.5281/zenodo.6818118. Supplementary data and calculations of MIC measures 576 

(Fig. 1 and Table 1), selection coefficients of pair-wise competitions (Fig. 2), selection coefficients of 577 

four-genotype competitions (Fig. 3 and 4) and filamentation measures (Fig. 5) are similarly available at 578 

via DOI:10.5281/zenodo.6818118. 579 

 580 
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Main Figures 732 
 733 
Figure 1: Levels of resistance across the 8-genotype landscape of TEM-1 b-lactamase for 734 
cefotaxime resistance and the method used in measuring fitness. A) Cube diagram of the 8-node 735 
mutations (numbers refer to amino acid positions of substitutions) with B) red circles overlaid 736 
representing median MIC measures in µg/mL of CTX (see table 1). C) Summary of the experimental 737 
design to measuring relative fitness of genotypes in the landscape. A focal genotype and the three 738 
mutational neighbours with Hamming distance one (each represented by a different colour) were each 739 
cultured and mixed together in equal ratios (T0 sample). The mixture of genotypes was then inoculated 740 
into either liquid M9 media or spotted onto M9 media solidified with agar either without or with 0.02 or 741 
0.04 µg/mL of CTX. Competition mixtures were sampled at 0, 24 and 48 hours, whereupon cell 742 
concentrations were measured by flow cytometry, or samples were stored for amplicon sequencing to 743 
determine the ratio of mutations present. 744 
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Figure 2: Pair-wise fitness assays relative to MG1655-YFP. Relative to a common competitor, the 747 
individual genotypes (ordered by MIC values, ranked from lowest (TEM-1) to highest (E104K-M182T-748 
G238S) exhibited different competitive advantages in the presence and absence of spatial structuring. 749 
In liquid media, more resistance types exhibited higher selection coefficient values, which was significant 750 
at 0.04 µg/mL of CTX. Competed on solid media, higher resistant types had significantly lower selection 751 
coefficient values. Data points represent the means of three biological replicates, error bars represent 752 
standard deviations and statistical tests presented are Kendall rank correlation coefficient Rho and p-753 
values.  754 
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Figure 3: Selection coefficients (SC) of each genotype relative to three genetically-related 763 
competitors. A. The network of eight genotypes in this study. B. Guide illustrating the results of one 764 
competition for the node TEM-1. A total of eight competitions were performed – one competition per 765 
node – each involving a focal strain, and the three competitors distinct from the ‘focal’ strain by a single 766 
mutation. For instance, the node of TEM-1 was comprised of a competition of the focal strain TEM-1, 767 
together with E104K, M182T and G238S. C. Selection coefficient data of 8 genotypes, each measured 768 
relative to three competitors at 48 hours. Competitions were performed in either liquid (C – E) or solid 769 
media (F – H) with either 0, 0.02 or 0.04 µg/mL of CTX. SC values are represented by the size and 770 
colour of the circles (see legend), and are capped to -0.3 and +0.3 to allow visualization of fitness 771 
differences at lower CTX concentrations. Each circle represents the mean SC value of four independent 772 
replicates. 773 
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Figure 4: Relationship between resistance and selection coefficient of genotypes competed in 776 
4-genotype competitions over 48 hours. Data points represent the mean selection coefficient of each 777 
genotype relative to the three other competitors, and the difference between the log MIC of each 778 
genotype and the mean log MIC of the three competitors. A correlation of fitness with resistance is 779 
observed at both concentrations of CTX in liquid media, however, little difference is observed between 780 
competitors which feature a G238S despite differences in resistance. A similar relationship of resistance 781 
and fitness is observed at higher concentrations of CTX for competitions competed on solid media. 782 
However, a significantly negative correlation is observed when genotypes were competed on solid 783 
media at the lower concentration of CTX. See supplementary figure S2 for similar data at 24 hours. Data 784 
points represent the means of four biological replicates, error bars represent standard deviations and 785 
statistical tests presented are Kendall rank correlation coefficient Rho and p-values. 786 
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Figure 5: Monocultures of genotypes sensitive to CTX produce larger cells as measured by flow 792 
cytometry. A) Representative histogram of the forward scatter (FSC-A, indicating cellular size) of a 793 
single replicate TEM-1 genotype grown in liquid supplemented with 0 (blue) or 0.02 µg/mL of CTX (red). 794 
The dashed red line indicated the upper 99th percentile of cells grown without CTX as counted in the 795 
FSC channel. B) The mean fraction of cells for each genotype grown in monoculture on solid and liquid 796 
media supplemented with CTX, exhibiting FSC values larger than the dashed red line in A). Measures 797 
of cells were taken after 24 and 48 hours, with the fraction of filaments declining between 24 and 48 798 
hours in populations of less resistant types (TEM-1 and M182T). Data points represent means of three 799 
biological replicates, error bars represent standard deviations. 800 
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Figure 6: Simulation of evolution by serial passages. The cube represents different genotypes on 802 
the three-mutation TEM landscape, with genotype noted in the legend in the bottom left. The circle size 803 
and color represent the probability that a genotype will be the final genotype selected after 100 passages 804 
of 48 h duration, as indicated by the legend on the far right. These simulations capture conditions 805 
identical to our setup for the competition experiments, but running over multiple passages instead of 806 
single passage. Each passage is initiated by the starting genotype and the three Hamming distance = 807 
1 mutants at equal frequencies, and the empirical estimates of selection coefficients are used to predict 808 
population composition at 48 h. A single allele is randomly drawn and used to seed the next passage 809 
as a starting genotype.  810 
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Figure 7: Proposed cause of equivalent fitness amongst competing genotypes at sub-inhibitory 826 
antibiotic concentrations. Presented is the relative fitness of five representative TEM-1 mutant 827 
genotypes competing with each other in particular concentrations of CTX (signified by a single gray 828 
box). At low and intermediate initial concentrations of CTX, more active TEM-1 mutants are able to 829 
hydrolyze CTX, effectively reducing the periplasmic concentrations to sub-inhibitory levels and allowing 830 
fitness to be maximal. This internal hydrolysis of CTX results in classes of types with equivalent fitness, 831 
while susceptible mutants with higher concentrations of CTX in the periplasm have lower fitness. As the 832 
concentration of CTX in the medium increases (see lower grey boxes), this class of fitness-equivalent 833 
mutants is predicted to decrease in number, leaving only those which can match the rate of diffusion of 834 
CTX into the cell with the rate of degradation. Note this figure presents the fate of cells at early stages 835 
of competition, before cells have a chance to alter the environmental concentrations of CTX. As the 836 
density of variants that can hydrolyze periplasmic CTX increases due to growth, eventually the 837 
environmental CTX will be degraded, removing the relative fitness difference of resistant and susceptible 838 
cells. If the density of high resistant variants increases rapidly and leads to a rapid degradation of 839 
environmental CTX, the time window in which differences in TEM-1 activity against CTX for low resistant 840 
variants (i.e., TEM-1 vs TEM-1 E104K) impact fitness may be small, leading to fitness stratification for 841 
the low resistance types. 842 
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Main Tables 844 
 845 
Table 1: Genotypes used in this study and associated MIC values. DA28202 was the parent strain 846 
for all subsequent TEM-1 mutation used in this study. DA28202 expresses a BFP, allowing cellular 847 
counts to be made by flow cytometry. Median MIC assays of the TEM-1 mutants were performed on all 848 
four biological replicated used in the landscape fitness assays. The median MIC of DA28200 and 849 
DA28202 was measured by visual observation and median MIC of the TEM-1 was performed at a 850 
separate occasion using OD600 measures of growth (see methods). 851 
 852 

Strain as referred in text Genotype Median MIC  Reference 

DA28200 E coli MG1655 galK::SYFP2-FRT 0.1 (29) 

DA28202 E coli MG1655 galK::mTagBFP2-FRT 

(parent of below strains) 0.04 

(29) 

TEM-1 galk :: TEM-1 0.1 This study 

M182T galk :: TEM-1 M182T 0.1 This study 

E104K galk :: TEM-1 E104K 0.15 This study 
G238S galk :: TEM-1 G238S 0.4 This study 

M182T-E104K galk :: TEM-1 M182T E104K 0.1 This study 

M182T-G238S galk :: TEM-1 M182T G238S 0.8 This study 
E104K-G238S galk :: TEM-1 E104K G238S 1.6 This study 

E104K-M182T-G238S galk :: TEM-1 E104K M182T G238S 6.4 This study 

 853 
 854 
Table 2: Summary of model selection results. The Akaike Weight, the likelihood that a model is the 855 
best supported model within the set of models tested, is given for each model. CTX indicates the 856 
antibiotic concentration (μg/mL) used in the experiment. For model 2, the subscripts indicate the site 857 
within the TEM gene used to classify the genotypes. While no model enjoys appreciably higher support 858 
in the absence of antibiotics, Model 2238 is the best supported model for 7 out of 8 conditions with 859 
antibiotics. Complete date for the model selection are given in Table S2. 860 
 861 
   Akaike Weight 
CTX Medium Time Model 1a Model 1b Model 2104 Model 2182 Model 2238 

0 Liquid 24 0.358 0.068 0.229 0.191 0.154 
  48 0.424 0.100 0.002 0.002 0.472 
 Solid 24 0.238 0.050 0.164 0.087 0.460 
  48 0.190 0.551 0.038 0.029 0.193 

0.02 Liquid 24 0.019 0.113 0.000 0.000 0.868 
  48 0.019 0.108 0.000 0.000 0.874 
 Solid 24 0.227 0.528 0.000 0.000 0.245 

  48 0.118 0.169 0.000 0.000 0.713 
0.04 Liquid 24 0.000 0.000 0.000 0.000 1.000 
  48 0.000 0.000 0.000 0.000 1.000 

 Solid 24 0.000 0.010 0.000 0.000 0.990 
  48 0.000 0.011 0.000 0.000 0.988 
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Supplementary Figures and Tables. 863 

 864 

Supplementary figure S1: Pair-wise fitness assays relative to MG1655-YFP of the 8 BFP-labelled 865 
genotypes subject to varying concentrations of CTX. Competitions on solid media with 0.08 µg/mL 866 
of CTX resulted in null cell counts of either competitor for at least one replicate, and resulting means 867 
were not plotted.  Data points represent the means of three biological replicates, error bars represent 868 
standard deviations and statistical tests presented are Kendall rank correlation coefficient Rho and p-869 
values. 870 
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B) 876 
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Supplementary Figure S2: Mean selection coefficient (SC) measures of each genotype relative 888 
to three competitors at 24 hours. Figure is identical to Figure 3, however this supplementary figure 889 
presents the earlier time point of 24 hours. Each arrow or circle represents the SC of four biological 890 
replicates. Measures of error are not included to aid visual clarity. 891 
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Supplementary figure S3: Concentration dependent relationships of resistance and selection 899 
coefficient of genotypes competed in 4-genotype competitions over 24 hours. The relationship at 900 
24 hours is smiliar to that observed at 48 hours, except at 24 hours there is no significant correlation 901 
between selection coefficient and resistance in the absence of CTX. Data points represent the means 902 
of four biological replicates, error bars represent standard deviations and statistical tests presented are 903 
Kendall rank correlation coefficient Rho and p-values. 904 
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Supplementary figure S4: The relationship of resistance and selection coefficient of genotypes 915 
expressing a G238S mutation competed in 4-genotype competitions over A) 24 and B) 48 hours. 916 
Kendal rank correlations indicate no significant relationships between Selection coefficient and 917 
resistance under any condition for these genotypes. Data points represent the means of four biological 918 
replicates, error bars represent standard deviations and statistical tests presented are Kendall rank 919 
correlation coefficient Rho and p-values. 920 
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Table S1: General linear model (GLM) for flow cytometry data. We analysed the log10-transformed 938 
fraction of FSC-A events which were higher than the 99 percentile for control populations with no 939 
antibiotics with a GLM. Variables included in the model were the ranked resistance of the genotype 940 
based on MIC (Resistance), liquid or solid medium (Medium), whether the population was exposed to 941 
low (0.02 μg/mL) and high (0.04 μg/mL) antibiotic concentrations (CTX), and the time (24 and 48) post 942 
inoculation (Time). The full factorial model gave an Akaike information criterion (AIC) value of 196.06, 943 
whereas a model with only two-way interactions resulted in AIC of 201.62. To further improve the model 944 
with two-way interactions, we dropped the two insignificant factors from this model (Time and the 945 
CTX:Time interaction), resulting in a slight improvement in model support (AIC = 199.28). Both the 946 
Resistance:Medium and Medium:Time interactions were highly significant, and so we combined these 947 
into a single three-way interaction, resulting in a final model with appreciably better support then the full 948 
factorial model (AIC 188.78). The final model is therefore Resistance + Medium + Resistance:CTX + 949 
CTX:Medium + Resistance:Time + Resistance:Medium:Time. 950 
 951 
Coefficienta Estimate ±SEMb  t value P value 
Intercept -2.817 ±0.181 -10.995 < 2 × 10-16 

Resistance 0.098 ±0.044 2.284 0.028 
Medium 0.558 ±0.154 3.613 3.90 × 10-4 
Resistance:CTX 5.386 ±1.240 4.343 2.31 × 10-5 
CTX:Medium -8.117 ±3.540 -2.293 0.023 
Resistance:Time 5.03 × 10-3 ±1.11 × 10-4 4.540 1.01 × 10-5 
Resistance:Medium:Time -4.37 × 10-3 ±6.54 × 10-4 -6.681 2.70 × 10-10 

a Null deviance (191 d.f.) = 72.138, residual deviance (185 d.f.) = 27.647. bSEM = standard error of the 952 
mean .953 

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

The copyright holder for this preprintthis version posted July 15, 2022. ; https://doi.org/10.1101/2022.07.13.499905doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.13.499905
http://creativecommons.org/licenses/by-nc-nd/4.0/


 39 

Table S2: Model selection results. For each experimental condition (CTX concentration in μg/mL, 954 
medium type and time of sampling), the five models were fitted. For model 2, the subscripts indicate the 955 
site within the TEM gene used to classify the genotypes. Estimated model parameters are given (see 956 
Methods section for an explanation of model parameters), as well as the log likelihood, Akaike 957 
information criterion (AIC), the difference in AIC compared to the best supported model (ΔAIC), and the 958 
likelihood that a model is the best supported model within the set of models tested (Akaike Weight, AW). 959 
The table is divided over three pages, with results for experimental conditions with antibiotics on the 960 
next pages. Note that because we obtained a small residual sum of squares, log likelihood values are 961 
positive and AIC values are negative. Overall, Model 2238 is the best-supported model over the different 962 
datasets. Note that for intermediate CTX concentrations (0.02 μg/mL) on solid media, estimated model 963 
parameters indicate that high resistance alleles appear to be disadvantaged.   964 
 965 

CTX Medium Time Model Parameters LL AIC ΔAIC AW 
0 Liquid 24 1a α = 0 185.672 -369.344 0.000 0.358 

   1b α = 0.001, γmin = -0.001, γmax = 0 186.010 -366.020 3.323 0.068 

   2104 S1 = 0.001, S2 = 0 186.224 -368.448 0.896 0.229 

   2182 S1 = -0.001, S2 = 0 186.043 -368.087 1.257 0.191 

   2238 S1 = -0.001, S2 = 0 185.826 -367.652 1.692 0.154 

  48 1a α = 0.001 185.191 -368.383 0.212 0.424 

   1b α = 0.001, γmin = -0.004, γmax = 0.002 185.749 -365.498 3.098 0.100 

   2104 S1 = 0, S2 = 0 180.713 -357.425 11.170 0.002 

   2182 S1 = 0, S2 = 0 180.713 -357.425 11.170 0.002 

   2238 S1 = -0.002, S2 = 0.002 186.298 -368.595 0.000 0.472 

 Solid 24 1a α = 0 177.534 -353.068 1.316 0.238 

   1b α = -0.001, γmin = -0.001, γmax = 0.002 177.983 -349.965 4.418 0.050 

   2104 S1 = -0.001, S2 = 0.001 178.162 -352.324 2.059 0.164 

   2182 S1 = 0, S2 = 0 177.530 -351.061 3.323 0.087 

   2238 S1 = 0.001, S2 = -0.001 179.192 -354.383 0.000 0.460 

  48 1a α = -0.002 148.803 -295.606 2.134 0.190 

   1b α = -0.032, γmin = -0.008, γmax = 0.003 151.870 -297.740 0.000 0.551 

   2104 S1 = 0.001, S2 = -0.004 148.191 -292.383 5.357 0.038 

   2182 S1 = -0.004, S2 = 0.001 147.930 -291.861 5.879 0.029 

   2238 S1 = 0.003, S2 = -0.006 149.819 -295.639 2.101 0.193 
  966 
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Table S2: Model selection results (continued section 2). 967 
 968 

CTX Medium Time Model Parameters LL AIC ΔAIC AW 
0.02 Liquid 24 1a α = 0.022 96.152 -190.304 7.647 0.019 

   1b α = 0.039, γmin = -0.088, γmax = 0.042 99.939 -193.878 4.073 0.113 

   2104 S1 = -0.037, S2 = 0.006 91.017 -178.035 19.917 0.000 

   2182 S1 = -0.015, S2 = -0.015 88.968 -173.936 24.016 0.000 

   2238 S1 = -0.060, S2 = 0.030 100.976 -197.951 0.000 0.868 

  48 1a α = 0.021 96.877 -191.754 7.674 0.019 

   1b α = 0.038, γmin = -0.085, γmax = 0.041 100.619 -195.238 4.189 0.108 

   2104 S1 = -0.036, S2 = 0.006 91.635 -179.270 20.158 0.000 

   2182 S1 = -0.014, S2 = -0.015 89.604 -175.209 24.219 0.000 

   2238 S1 = -0.059, S2 = 0.030 101.714 -199.427 0.000 0.874 

 Solid 24 1a α =-0.008 145.397 -288.793 1.685 0.227 

   1b α = -0.011, γmin = -0.022, γmax = 0.034 148.239 -290.478 0.000 0.528 

   2104 S1 = 0, S2 = -0.002 127.080 -250.160 40.318 0.000 

   2182 S1 = 0, S2 = -0.003 127.151 -250.301 40.177 0.000 

   2238 S1 = 0.015, S2 = -0.017 146.471 -288.942 1.536 0.245 

  48 1a α = -0.014 125.708 -249.416 3.598 0.118 

   1b α =-0.018, γmin = -0.036, γmax = 0.051 128.067 -250.134 2.880 0.169 

   2104 S1 = 0, S2 = -0.008 110.242 -216.483 36.531 0.000 

   2182 S1 = -0.005, S2 = -0.004 110.003 -216.005 37.009 0.000 

   2238 S1 = 0.022, S2 = -0.031 128.507 -253.014 0.000 0.713 
 969 
 970 
Table S2: Model selection results (continued section 3). 971 

CTX Medium Time Model Parameters LL AIC ΔAIC AW 
0.04 Liquid 24 1a α = 0.114 51.964 -101.927 31.132 0.000 

   1b α = 0.504, γmin = -0.306, γmax = 0.148 59.293 -112.585 20.473 0.000 

   2104 S1 = -0.121, S2 = -0.124 43.049 -82.098 50.961 0.000 

   2182 S1 = -0.125, S2 = -0.120 43.049 -82.098 50.961 0.000 

   2238 S1 = -0.355, S2 = 0.110 68.529 -133.059 0.000 1.000 

  48 1a α = 0.110 52.438 -102.875 31.493 0.000 

   1b α = 0.518, γmin = -0.296, γmax = 0.145 59.818 -113.635 20.733 0.000 

   2104 S1 = -0.114, S2 = -0.123 43.746 -83.492 50.875 0.000 

   2182 S1 = -0.121, S2 = -0.117 43.742 -83.485 50.883 0.000 

   2238 S1 = -0.346, S2 = 0.109 69.184 -134.368 0.000 1.000 

 Solid 24 1a α = 0.066 67.319 -132.638 17.594 0.000 

   1b α = 0.122, γmin = -0.266, γmax = 0.116 73.540 -141.081 9.151 0.010 

   2104 S1 = -0.100, S2 = -0.026 59.474 -114.949 35.283 0.000 

   2182 S1 = -0.059, S2 = -0.067 58.607 -113.215 37.017 0.000 

   2238 S1 = -0.196, S2 = 0.070 77.116 -150.232 0.000 0.990 

  48 1a α = 0.055 70.571 -139.141 15.567 0.000 

   1b α = 0.115, γmin = -0.223, γmax = 0.071 75.876 -145.753 8.955 0.011 

   2104 S1 = -0.093, S2 = -0.018 64.285 -124.570 30.138 0.000 

   2182 S1 = -0.053, S2 = -0.058 63.085 -122.170 32.538 0.000 

   2238 S1 = -0.167, S2 = 0.056 79.354 -154.708 0.000 0.988 
  972 
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Table S3: Primers used during amplicon sequencing. The underlined sequence (the first four 5’ 973 
nucleotides) is the barcode used to allow demultiplexing and allocation of reads to the original sample. 974 
Amplicons made with the below primers were pooled prior to Truseq library preparation.  975 
 976 
Sample Focal 

genotype 
of 
competition 

Forward Primer Reverse Primer 

1 TEM-1 ACAAGGTCGCCGCATACACTATTCTC ACAACCAGTGCTGCAATGATACCG 

2 M182T AGTAGGTCGCCGCATACACTATTCTC AGTACCAGTGCTGCAATGATACCG 
3 E104K TGATGGTCGCCGCATACACTATTCTC TGATCCAGTGCTGCAATGATACCG 
4 G238S TTGAGGTCGCCGCATACACTATTCTC TTGACCAGTGCTGCAATGATACCG 
5 E104K 

M182T 
ATCTGGTCGCCGCATACACTATTCTC ATCTCCAGTGCTGCAATGATACCG 

6 M182T 
G238S 

GCTAGGTCGCCGCATACACTATTCTC GCTACCAGTGCTGCAATGATACCG 

7 E104K 
G238S 

TCATGGTCGCCGCATACACTATTCTC TCATCCAGTGCTGCAATGATACCG 

8 E104K 
M182T 
G238S 

TAATGGTCGCCGCATACACTATTCTC TAATCCAGTGCTGCAATGATACCG 

9 All above TATAGGTCGCCGCATACACTATTCTC TATACCAGTGCTGCAATGATACCG 
 977 
 978 
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