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Abstract 16 

Antibiotic regimens often include the sequential changing of drugs to limit development 17 

and evolution of resistance of bacterial pathogens. It remains unclear how history of adaptation 18 

to one antibiotic can influence the resistance profiles when bacteria subsequently adapt to a 19 

different antibiotic. Here, we experimentally evolved Pseudomonas aeruginosa to six two-drug 20 

sequences. We observed drug order-specific effects whereby: adaptation to the first drug can 21 

limit subsequent adaptation to the second drug, adaptation to the second drug can restore 22 

susceptibility to the first drug, or final resistance levels depend on the order of the two-drug 23 

sequence. These findings demonstrate how resistance not only depends on the current drug 24 

regimen but also history of past regimens. These order-specific effects have profound clinical 25 

implications and provide support for the need to consider history of past drug exposure when 26 

designing strategies to mitigate resistance and combat bacterial infections. 27 

 28 

Introduction 29 

Antibiotic resistance is a growing healthcare concern whereby bacterial infections are 30 

increasingly difficult to eradicate due to their ability to survive antibiotic treatments [1]. There 31 

have been reported cases of resistance for nearly every antibiotic we have available [2]. Coupled 32 

with the fact that the antibiotic discovery pipeline has slowed over the past few decades [3], there 33 

is a dire need to find better treatment strategies using existing antibiotics that can slow or even 34 

reverse the development of resistance.  35 

Recent studies have explored how adaptation to an antibiotic can cause bacteria to 36 

concurrently become more susceptible or more resistant to other drugs, an effect termed 37 

collateral sensitivity or collateral resistance [4–6]. Collateral sensitivities between drugs have 38 
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been used to design drug cycling strategies and to explain the decreased rate of adaptation to 39 

certain antibiotics [5,7–13]. However, it remains unexplored how prior adaptation to one drug 40 

environment affects the evolutionary dynamics of a bacterial population during subsequent 41 

adaptation to a second drug in terms of the amount of resistance it can potentially develop and 42 

the resistance profile of the first drug.  43 

We aim to ask and explore the question of: how does history of adaptation to one drug 44 

influence the subsequent adaptation to a second drug? If there are such historical dependencies, 45 

can we use this knowledge to design sequential therapies that slow down the evolution of 46 

resistance to the drugs used? Additionally, elucidation of any historical dependencies of 47 

antibiotic resistance evolution would allow for rational forecasting of future resistance 48 

development and would inform clinicians of potential strategies for mitigating antibiotic 49 

resistance. 50 

 51 

Results 52 

Adaptive Evolution of P. aeruginosa to Sequences of Antibiotics 53 

To test how different antibiotic resistance backgrounds affect the subsequent adaptation 54 

dynamics when evolved to a new antibiotic, we used a laboratory evolution approach to evolve 55 

P. aeruginosa to all two-drug sequences of the three clinically relevant drugs piperacillin, 56 

tobramycin, and ciprofloxacin. In each of the experimental sequences, P. aeruginosa was 57 

subjected to 20 days of adaptation to each drug by serially passaging parallel replicate cultures to 58 

increasing concentrations of the drugs followed subsequently by 20 more days of adaptation to 59 

each of the three drugs or to LB media without drug (Fig 1A). Additional parallel replicates were 60 

adapted to LB media without drug for 40 days as a control. For each drug treatment, changes in 61 
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the resistance to the other two drugs were concurrently measured (Fig 1B). We observed 62 

differences in final resistance levels to the different drugs depending on the history of past 63 

treatments (or lack of treatments), an effect we call drug order-specific effects of adaptation (Fig 64 

2; Fig S1 in S1 Text). Our results show that history of past drug adaptation affects how much 65 

resistance can potentially arise when subsequently adapted to a new antibiotic. Furthermore, in 66 

some cases, adaptation to a second drug can partially or fully restore sensitivity to the first drug. 67 

These observations suggest that in order to limit the development of antibiotic resistance in the 68 

clinical setting, it is important to consider which drugs a bacterial pathogen may have been 69 

exposed to in the past when choosing which drugs to subsequently deploy. 70 

 71 

Fig 1. Adaptive evolution of P. aeruginosa to three antibiotics. (A) Ancestral P. 72 

aeruginosa PA14 was evolved daily for twenty days to piperacillin, tobramycin, and 73 

ciprofloxacin. In the following twenty days, the single drug-resistant lineages were 74 

passaged further to the first drug, as well as sub-passaged to the other two drugs, as well 75 

as to LB media. (B) Bacteria were taken from the highest concentration that allowed 76 

growth (defined as OD600>0.1), diluted in fresh LB by a factor of 1/500, and inoculated 77 

into fresh MIC gradients. After overnight incubation, the process is then repeated. 78 

 79 

Fig 2. MIC timecourses of adaptive evolution. Plots show the MICs of the treatments 80 

to the three drugs and LB over time. The top (A, B, C), middle (D, E, F), and bottom (G, 81 

H, I) rows show the MICs to piperacillin, tobramycin, and ciprofloxacin, respectively. 82 

The first, second, and third columns show the MICs of the PIPR, TOBR, and CIPR 83 

lineages, respectively. The dotted black lines mark the Day 20 MICs of the three drugs 84 
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(i.e MICPIP of Day 20 PIPR in (A), MICTOB of Day 20 TOBR in (E), and MICCIP of Day 85 

20 CIPR in (I)). Error bars show SEM of four replicates per treatment. The fourth column 86 

shows the MICs of the individual replicates for the Day 20 and Day 40 lineages evolved 87 

to piperacillin, tobramycin, and ciprofloxacin with respect to MICPIP (J), MICTOB (K), 88 

and MICCIP (L), respectively. Lines denote the mean and asterisks denote P<0.05. For 89 

comparisons of related lineages (e.g. Day 20 PIPR, Day 40 PIPRTOBR, Day 40 90 

PIPRCIPR), a paired t-test was used. For comparisons of unrelated lineages, a two-sample 91 

t-test was used. 92 

 93 

The three drugs tested have different mechanisms of action and are clinically used to treat 94 

P. aeruginosa infections. Piperacillin (PIP) is a beta-lactam that inhibits cell wall synthesis; 95 

tobramycin (TOB) is an aminoglycoside that binds to the prokaryote ribosome and inhibits 96 

protein synthesis; and ciprofloxacin (CIP) is a fluoroquinolone that binds DNA gyrase and 97 

inhibits DNA synthesis. Adaptive evolution for 20 days to these drugs individually resulted in 98 

single drug-resistant mutants denoted PIPR, TOBR, and CIPR. Day 20 PIPR, TOBR and CIPR had 99 

averages of 32-, 64-, and 64- times higher minimum inhibitory concentrations (MICs) to 100 

piperacillin, tobramycin, and ciprofloxacin, respectively, compared to their initial levels. 101 

By following how the resistance to each of the three drugs changes for each of the drug 102 

sequences (Fig S1 and S2 in S1 Text and S1 Data), we observed three types of drug order-103 

specific effects in the MIC profiles. In the first type, prior adaptation to a first drug prevents the 104 

subsequent adaptation to a second drug (compared to the amount of resistance developed when 105 

the Day 0 Ancestor is evolved to the second drug). Evolution first to piperacillin limits the 106 

subsequent evolution to tobramycin (MICTOB) (Fig 2D and 2K), compared to evolving the 107 
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ancestor to tobramycin (Day 40 PIPRTOBR vs. Day 20 TOBR) (Fig 2E). Also, evolution to 108 

tobramycin first limits the subsequent evolution to ciprofloxacin (MICCIP) (Fig 2H and 2L), 109 

compared to evolving the ancestor to ciprofloxacin (Day 40 TOBRCIPR vs Day 20 CIPR) (Fig 110 

2I). This observation suggests that in some cases, if one is presented with an infection that is 111 

resistant to one drug, the potential for developing high resistance to a second drug can be limited 112 

if the second drug is rationally selected. Interestingly, we observed no cases where prior 113 

adaptation to one drug led to enhancement in the adaptation to a second drug. 114 

In the second type of order-specific effects, adaptation to a second drug restores the 115 

susceptibility to the first drug. This partial or full restoration of sensitivity to the first drug can be 116 

explained by two scenarios: as a direct consequence of adaptation to the second drug, or as a 117 

consequence of simply not being exposed anymore to the first drug. We observed that 118 

subsequent adaptation to both piperacillin and tobramycin after prior adaptation to ciprofloxacin 119 

(Day 40 CIPRPIPR and Day 40 CIPRTOBR) causes MICCIP to decrease (Fig 2I and 2L), albeit not 120 

completely back to Day 1 levels. Evolution to Day 20 CIPR to LB (Day 40 CIPRLB) also resulted 121 

in similar levels of resensitization to ciprofloxacin, suggesting that the partial resensitization seen 122 

in Day 40 CIPRPIPR and Day 40 CIPRTOBR may be partly due to the removal of the 123 

ciprofloxacin adaptation pressure. Interestingly though, the partial resensitization to 124 

ciprofloxacin occurred much quicker when Day 20 CIPR was evolved to piperacillin, compared 125 

to when it was evolved to tobramycin or LB. In additional cases, we saw that subsequent 126 

evolution to ciprofloxacin after piperacillin (Day 40 PIPRCIPR) (Fig 2A) and tobramycin (Day 40 127 

TOBRCIPR) (Fig 2E) restores the susceptibility to piperacillin (MICPIP) and tobramycin 128 

(MICTOB), respectively. In the former case, the results suggest that the subsequent ciprofloxacin 129 

adaptation was directly involved in the piperacillin resensitization since evolution of Day 20 130 
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PIPR to LB did not cause the MICPIP to decrease significantly (Fig 2A and 2J). In the latter case, 131 

evolution to Day 20 TOBR to ciprofloxacin and LB led to comparable levels of tobramycin 132 

resensitization (Fig 2E and 2K), which indicates that the decrease in MICTOB may be attributed to 133 

the removal of the tobramycin pressure. Of note, Day 40 TOBRPIPR had a comparable MICTOB 134 

to Day 20 TOBR, suggesting that the subsequent piperacillin adaptation actively contributed to 135 

the maintenance of the high tobramycin resistance (Fig 2E). These cases where partial or full 136 

resensitization to the first drug occurs after adaptation to a second drug or LB highlight 137 

opportunities where resistance to one drug can potentially be reversed by treating with a second 138 

drug or by removing the drug pressure completely. 139 

The last type of order-specific effects exists as a consequence of the first two types 140 

whereby the MIC of a drug used in a two-drug sequence is higher in one sequence than the 141 

opposite sequence. The MICPIP was higher when piperacillin was used after ciprofloxacin (Day 142 

40 CIPRPIPR) (Fig 2C) compared to when piperacillin was used before ciprofloxacin (Day 40 143 

PIPRCIPR) (Fig 2A and 2J), namely due to the restoration of piperacillin resistance when PIPR 144 

was subsequently evolved to ciprofloxacin. Also, MICCIP was higher when ciprofloxacin was 145 

used after tobramycin (Day 40 TOBRCIPR) (Fig 2H) compared to the reverse (Day 40 146 

CIPRTOBR) (Fig 2I and 2L) due to the decrease in MICCIP when Day 20 CIPR was subsequently 147 

evolved to tobramycin. Interestingly, even though neither of the two treatments included 148 

piperacillin, MICPIP of ciprofloxacin then tobramycin (Day 40 CIPRTOBR) (Fig 2C) was greater 149 

than the reverse (TOBRCIPR) (Fig 2B). These cases highlight how treating an infection with a 150 

sequence of two drugs can result in different resistance profiles depending on the order used. 151 

Hence, of all the two-drug sequences tested, TOB-CIP is potentially a good sequential 152 

therapy because prior tobramycin evolution limits subsequent ciprofloxacin evolution (Fig 2H), 153 

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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


8 
 

which in turn partially restores sensitivity to tobramycin (Fig 2E) due to removal of the 154 

tobramycin pressure. Other interesting outcomes include the following: adaptation to tobramycin 155 

followed by subsequent adaptation to ciprofloxacin (Day 40 TOBRCIPR) resulted in a decreased 156 

MICPIP compared to single-drug adaptation to tobramycin (Day 20 TOBR) (Fig 2B). Similarly, 157 

adaptation to piperacillin followed by subsequent adaptation to ciprofloxacin (Day 40 PIPRCIPR) 158 

resulted in a decreased MICTOB compared to single-drug adaptation to piperacillin (Day 20 PIPR) 159 

(Fig 2D). In these two cases, ciprofloxacin evolution after prior piperacillin or tobramycin 160 

evolution results in sensitization to the third (unexposed) drug. Lastly, while ciprofloxacin 161 

evolution (Day 20 CIPR) leads to collateral sensitivity to piperacillin (MICPIP), subsequent 162 

tobramycin evolution (Day 40 CIPRTOBR) restores MICPIP to initial levels (Fig 2C). In contrast, 163 

while ciprofloxacin evolution also leads to collateral sensitivity to tobramycin (MICTOB), 164 

subsequent piperacillin evolution (Day 40 CIPRPIPR) does not restore MICTOB to initial levels 165 

(Fig 2F). Interestingly, a recent study where P. aeruginosa ATCC 27853 was evolved to 166 

different antibiotics reported that evolution to tobramycin resulted in collateral sensitivity to 167 

piperacillin-tazobactam and ciprofloxacin, whereas we did not observe this effect (Figure 2B and 168 

2H) [14]. Also, this study did not observe adaptation to ciprofloxacin to result in collateral 169 

sensitivity to piperacillin and tobramycin, as we reported here. We suspect that these 170 

inconsistences may be due to strain-specific differences in the different P. aeruginosa strains 171 

used (strain PA14 was used in this study). 172 

Genomic mutations of adapted lineages 173 

We hypothesized that genomic mutations acquired during the adaptive evolution 174 

contributed to the drug order-specific effects observed in the MIC profiles. We sequenced 175 

genomes of the Day 20 PIPR, TOBR, CIPR and LB Control lineages and the Day 40 single and 176 
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two drug-evolved lineages, as well as the LB Control lineages. Genome sequencing of the Day 177 

20 and Day 40 mutants revealed a total of 201 unique mutations across the 56 samples consisting 178 

of 77 SNPs, 31 insertions, and 93 deletions (Fig 3; Fig S3, Table S1, and Table S2 in S1 Text). 179 

The 77 SNPs were found within 49 genes. Two SNPs were synonymous and six were intergenic. 180 

 181 

Fig 3. Genomic mutations of the evolved lineages. Mutations for the Day 20 and Day 182 

40 mutants are plotted according to position on the chromosome. Each lineage is labeled 183 

and has four tracks for the four replicates per treatment. The inner set of tracks are the 184 

Day 20 single drug-evolved lineages, the middle set of tracks are the Day 40 single drug-185 

evolved lineages, and the outer set of tracks are the Day 40 two drug-evolved lineages. 186 

The color of the track denotes the treatment during the first 20 days. The color of the 187 

plotted mutation denotes during which treatment the mutation occurred. For example, a 188 

blue dot on a yellow track denotes a CIPRTOBR mutation that occurred during 189 

tobramycin adaptation. For the Day 40 single drug-evolved lineages, circles denote 190 

mutations that occurred during the first set of 20 days, and triangles denote mutations that 191 

occurred during the second set of 20 days. Large rectangles denote large genomic 192 

deletions. Numbers in parentheses next to gene names indicate the number of unique 193 

mutations that occurred in that gene. 194 

 195 

While some genes were mutated during evolution to all drugs, other mutations were drug-196 

specific and were related to their primary mechanisms of action as would be expected (Table S4 197 

in S1 Text). Genes encoding transcriptional regulators for multidrug efflux pumps were 198 

commonly mutated during evolution to all three drugs (mexC, mexR, mexS, nalC, nalD, nfxB, 199 
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parS) [15]. Ribosomal proteins (rplJ, rplL, rpsL, rplF) [16] and NADH dehydrogenase subunits 200 

(nuoB, nuoG, nuoL, and nuoM) [17,18] were frequently mutated during tobramycin evolution. 201 

The most commonly mutated gene was fusA1, which encodes elongation factor G, and was 202 

mutated in 11 different lineages adapted to tobramycin. fusA1 has been observed to be mutated in 203 

clinical isolates of P. aeruginosa [19–21] as well as in adaptive evolution studies to 204 

aminoglycosides in P. aeruginosa [14] and E. coli [7,8]. Mutations in fusA1 may also contribute 205 

to altered intracellular (p)ppGpp levels, which may modulate virulence in P. aeruginosa [21]. 206 

Mutations in gyrA and gyrB were observed during ciprofloxacin evolution, but none were 207 

observed in parC and parE (the other genes of the quinolone resistance determining region [22]). 208 

Lastly, genes encoding peptidoglycan synthesis enzymes (dacC, mpl) and beta-lactamase 209 

regulators (ampR) were mutated during piperacillin treatment. Many of these genes have also 210 

been observed to be mutated during human host adaptation of P. aeruginosa [23], further 211 

highlighting the need to study these history-dependent evolutionary dynamics (also, see 212 

Supplementary text in S1 Text). Overall, we did not see a clear pattern of mutated genes that 213 

explain the differences in the drug order-specific effects. This idea that genomic mutations are 214 

not the only determinants of the differences in resistance profiles is consistent with other 215 

experimental evolution studies in E. coli [24] and P. aeruginosa [14]. 216 

Hysteresis of pyomelanin hyperproduction 217 

One striking mutation we observed was that three of the four replicates of Day 20 PIPR 218 

had large, ~400 kbp deletions in a conserved region of the chromosome (Fig 3; S2 Data), 219 

suggestive of selective genome reduction (18–21) and have been associated with directed repeats 220 

[25] and inverted repeats [26] at the boundaries of the deletions. These large deletions were also 221 

fixed in the corresponding Day 40 PIPRTOBR, Day 40 PIPRCIPR and Day 40 PIPRLB lineages. 222 
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Interestingly, the three PIPR lineages with these large deletions hyperproduced the brown 223 

pigment pyomelanin during piperacillin evolution, and this visually observable phenotype also 224 

persisted when evolved to tobramycin (PIPRTOBR), ciprofloxacin (PIPRCIPR), and LB (PIPRLB). 225 

The loss of hmgA as part of the large chromosomal deletions correlates exactly with the 226 

pyomelanin phenotype of these lineages. Indeed, hmgA mutants of P. aeruginosa hyperproduce 227 

pyomelanin [27]. This observation shows that evolving to piperacillin results in a high 228 

probability of sustaining large deletions spanning hmgA and resulting in the pyomelanogenic 229 

phenotype. However, when we evolved the Day 20 TOBR and CIPR lineages to piperacillin to 230 

yield the Day 40 TOBRPIPR and Day 40 CIPRPIPR lineages, none of them became 231 

pyomelanogenic, indicating that prior history of tobramycin or ciprofloxacin adaptation leads to 232 

a lower propensity of becoming pyomelanogenic when subsequently evolved to piperacillin. 233 

Interestingly, one of the Day 20 TOBR replicates became pyomelanogenic when subsequently 234 

evolved to ciprofloxacin to yield the Day 40 TOBRCIPR lineage. Hence in this study, pyomelanin 235 

hyperproduction is a consequence of piperacillin and ciprofloxacin evolution, yet the likelihood 236 

to evolve this visually striking and observable phenotype depends on the history of prior drug 237 

adaptation. 238 

While the three PIPR lineages that produced pyomelanin were not significantly more 239 

resistant to piperacillin than the non-pyomelanogenic PIPR lineage, pyomelanin-producing 240 

strains have been observed clinically [28], and have been shown to be more persistent in chronic 241 

lung infection models [27]. We tested the reproducibility of this example of phenotypic 242 

hysteresis with a higher throughput approach. Starting with clonal populations of Day 0 243 

Ancestor, Day 20 TOBR, and Day 20 CIPR, we seeded 92 replicate populations of each lineage 244 

into microplates and we used a 96-pin replicating tool to serially propagate these populations and 245 
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evolve them to increasing concentrations of piperacillin daily. The lineages that started from Day 246 

0 Ancestor had the highest propensity to become pyomelanogenic (Fig 4A) compared to lineages 247 

starting from Day 20 TOBR (Fig 4B) or Day 20 CIPR (Fig 4C). Still, certain lineages starting 248 

from Day 20 TOBR and Day 20 CIPR did also produce pyomelanin, albeit with less propensity 249 

than starting from Day 0 Ancestor (Fig 4D; Fig S4 in S1 Text). 250 

 251 

Fig 4. Wild-type P. aeruginosa has a higher propensity to become pyomelanogenic 252 

when evolved to piperacillin compared to TOBR and CIPR lineages. We tested how 253 

common it was for piperacillin adaptation to lead to pyomelanin hyperproduction under 254 

different historical backgrounds. 92 replicates of (A) Day 0 Ancestor, (B) Day 20 TOBR-255 

3, and (C) Day 20 CIPR-1 were passaged daily to low, increasing concentrations of 256 

piperacillin for ten days. Photographs of Day 7 of passaging show how the Ancestor has a 257 

higher propensity of evolving the pyomelanin phenotype during piperacillin treatment 258 

compared to evolution of Day 20 TOBR-3 and Day 20 CIPR-1. The complete set of 259 

photographs for all lineages tested is shown in Fig S4 in S1 Text. (D) The number of 260 

visibly brown wells was tracked daily over the course of the ten days of piperacillin 261 

evolution. Overall, Day 0 Ancestor had the highest propensity to become 262 

pyomelanogenic during piperacillin evolution, followed by Day 20 CIPR-3 and Day 20 263 

TOBR-2. Interestingly, the number of brown wells for these lineages did not increase 264 

monotonically over time, suggesting heterogeneity in these populations, and that non-265 

pyomelanogenic subpopulations outcompeted the pyomelanogenic ones in the wells that 266 

transiently turned brown. 267 

 268 

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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


13 
 

Drug order-specific effects in clinical isolates 269 

To explore the relevance of our laboratory evolution results clinically, we tested for the 270 

drug order-specific MIC evolutionary dynamics in clinical isolates. We evolved three 271 

piperacillin-resistant clinical isolates of P. aeruginosa to piperacillin, tobramycin and 272 

ciprofloxacin for ten days and tracked how the piperacillin resistance changed in these lineages. 273 

If the results from the adaptive evolution experiment applied to these piperacillin-resistant 274 

clinical isolates, then we would expect that evolving to tobramycin would not affect the 275 

piperacillin resistance, but evolving to ciprofloxacin would restore susceptibility to piperacillin. 276 

As mentioned previously, evolving Day 20 PIPR to LB did not result in a reduction of MICPIP, 277 

which suggests that the resensitization to piperacillin when Day 20 PIPR was evolved to 278 

ciprofloxacin is a consequence of the switch to a ciprofloxacin drug pressure. Of the three 279 

isolates we tested, isolates #2 and #3 matched these expectations (Fig 5B and 5C). This 280 

observation suggests that the MIC evolutionary dynamics we observed is not limited to 281 

laboratory strains of P. aeruginosa and is clinically relevant. In the isolate #1, MICPIP
 of the 282 

ciprofloxacin-evolved lineages was not significantly less than that of the tobramycin-evolved 283 

lineages (Fig 5A). Interestingly, this isolate evolved to higher levels of piperacillin and 284 

ciprofloxacin resistance than the other two isolates (S1 Data and Fig S5 in S1 Text) which 285 

suggests the possibility that adaptation to ciprofloxacin in these higher piperacillin-resistant 286 

cultures could still result in a restoration of piperacillin susceptibility. 287 

 288 

Fig 5. Clinical isolates with high MICPIP become resensitized to piperacillin 289 

following adaptation to ciprofloxacin. To see if we could recapitulate the adaptation 290 

dynamics of MICPIP when Day 20 PIPR is evolved to tobramycin and ciprofloxacin, we 291 
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evolved three clinical isolates of P. aeruginosa with high piperacillin resistance to 292 

piperacillin, tobramycin and ciprofloxacin. (A) While the first isolate did not show 293 

restoration of piperacillin sensitivity during ciprofloxacin evolution as anticipated, (B and 294 

C) the other two isolates recapitulated this effect. The dotted line shows the mean MICPIP 295 

of Day 1 Control. Error bars show SEM of three replicates per treatment.  296 

 297 

In the next set of evolution experiments, we investigated the role that the large 298 

chromosomal deletions play in a drug order-specific effect. We had observed that compared to 299 

the Day 20 PIPR replicate that did not have a large deletion, the three Day 20 PIPR replicates with 300 

the large deletions, when subsequently evolved to tobramycin, developed less tobramycin 301 

resistance (S1 Data and Fig S6 in S1 Text). This observation suggests that the large deletions are 302 

involved in limiting the amount of tobramycin resistance that can be developed given a prior 303 

history of piperacillin adaptation. A recent study isolated four pairs of clinical isolates of P. 304 

aeruginosa, where each pair consists of a pyomelanogenic isolate and a “parental wild-type” 305 

non-pyomelanogenic isolate [25]. In each of the four pairs, the only genomic difference between 306 

the pyomelanogenic (denoted APM, BPM, CPM, and DPM) and its corresponding parental wild-type 307 

isolate (denoted AWT, BWT, CWT, and DWT) is the presence of large chromosomal deletions that 308 

overlap with parts of the deletions seen in Day 20 PIPR-1, -2, and -3 (Fig 6E; S2 Data). Indeed, 309 

all of the large deletions encompass hmgA, whose loss accounts for the pyomelanin phenotype.  310 

We used these four pairs of clinical isolates to test the hypothesis that the large deletions play a 311 

role limiting the amount of tobramycin resistance that can be developed. We evolved the four 312 

pairs of isolates to tobramycin using the same daily serial passaging technique used throughout 313 

this study and tracked the MICs of tobramycin, piperacillin, and ciprofloxacin over the course of 314 
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15 days. At the end of the 15 days, we saw that APM, BPM, and CPM had lower relative increases 315 

in MICTOB, compared to AWT, BWT, and CWT, respectively (Fig 6A-C; S1 Data). This data then 316 

provides support for the idea that the large chromosomal deletions indeed do play a role in 317 

limiting the maximum level of tobramycin resistance that can be developed. In the case of the 318 

fourth pair, we saw that DWT and DPM had comparable increases in MICTOB over the course of 319 

the tobramycin adaptation (Fig 6D). It can be speculated that some combination of the presence 320 

or loss of specific genes in DPM led to this evolutionary trajectory that is different from the other 321 

three pyomelanogenic isolates. We would also like to point out that within each pair, the “WT” 322 

and “PM” isolates vary in initial Day 1 MICTOB. The BPM and BWT pair was the most disparate 323 

pair, as BPM had a much lower MICTOB than BWT (Fig S7 in S1 Text). 324 

 325 
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Fig 6. Clinical isolates with large chromosomal deletions are limited in their 326 

potential to develop tobramycin resistance. To see if large chromosomal deletions 327 

played a role in limiting the amount of tobramycin resistance that can be developed, four 328 

pairs of clinical isolates were evolved to tobramycin. Each pair consists of a 329 

pyomelanogenic isolate with a large deletion (denoted “PM”) and its corresponding non-330 

pyomelanogenic parental isolate that does not have a large deletion (denoted “WT”) [25]. 331 

As anticipated, we observed that (A) APM, (B) BPM, and (C) CPM had lower relative 332 

increases in MICTOB compared to AWT, BWT, and CWT, respectively, while (D) DWT and 333 

DPM had comparable relative increases in MICTOB. (E) The large deletions of the four 334 

“PM” isolates are located in the same region as the deletions of Day 20 PIPR-1, -2, and -335 

3, and all of the deletions encompass hmgA, whose loss causes the hyperproduction of 336 

pyomelanin. 337 

 338 

Interestingly, a recent study also observed large genomic deletions spanning hmgA when 339 

P. aeruginosa PAO1 was evolved to meropenem, which is another beta-lactam antibiotic [26]. 340 

These mutants were also pyomelanogenic. The large deletions in both our study as well as this 341 

recent study also span mexX and mexY, which encode portions of the efflux pump that is a 342 

significant determinant of aminoglycoside resistance [29]. The loss of these genes in the three 343 

PIPR replicates may partially explain why subsequent tobramycin adaptation is limited compared 344 

to the replicate that did not sustain the large deletion. 345 

 346 

Discussion 347 
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This study presents evidence of how the evolutionary history of bacterial adaptation to 348 

antibiotics can complicate strategies for treating infections and for limiting the further 349 

development of multidrug resistance. Exposing bacteria to fluctuating environments have been 350 

shown to be potentially good strategies for slowing down the development of resistance [8,9,30]. 351 

More broadly, mechanisms of memory in bacterial systems are being uncovered to better 352 

understand the dynamics of bacterial survival and adaptation in fluctuating environments [31–353 

33]. This result challenges the notion that bacteria respond solely to their present environment. 354 

Bacteria can encounter different stressors over time such as osmotic, oxidative, and acidic stress, 355 

and other studies have looked at how adaptation to one stressor protects the bacteria against other 356 

stressors if the environment were to change [34,35]. Another example of bacteria adapting to 357 

changing environments is how P. aeruginosa, which can be found in the natural environment in 358 

the soil and water, can readily adapt to a human host under the right conditions and become 359 

pathogenic [36]. 360 

There are several factors involved in the emergence of antibiotic resistance that are 361 

clinically important that are not considered in this study. We have not taken into account any of 362 

the pathogen/host interactions such as the role of the immune system. We neglect to consider the 363 

role of horizontal gene transfer, which is a common mechanism of antibiotic resistance transfer, 364 

and focus rather on the role of de novo mutations acquired during adaptation. Because of the 365 

nature of the serial passaging method, we may be selecting for fast growers that may not 366 

necessarily have mutations that confer the most amount of resistance in terms of the MIC. We 367 

used a strong selection pressure in this study by propagating from the highest concentration of 368 

drug that showed growth, but it has been shown that weak antibiotic selection pressure can 369 

greatly affect the adaptive landscape [37,38]. Lastly, these bacteria were evolved to one 370 
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antibiotic at a time and we do not know how different mutant lineages would adapt if competed 371 

against each other. It would be interesting in the future to conduct competition experiments to 372 

measure the fitness of the different lineages with respect to each other.  373 

While adaptive evolution of clinical isolates suggests that the drug order-specific effects 374 

are clinically relevant, actual clinical studies must be performed to test the true clinical 375 

applicability of these effects. A major challenge that still needs to be addressed is how to 376 

translate the results of in vitro adaptive evolution experiments to effective therapies that can be 377 

used in an actual clinical setting [39]. For example, in this study, we saw that in vitro adaptation 378 

to piperacillin starting from wild-type P. aeruginosa often led to large chromosomal deletions 379 

and concomitant pyomelanin hyperproduction. However, the clinical isolates we analyzed (with 380 

data in Fig 5) were used to test the hypothesis that P. aeruginosa with high piperacillin resistance 381 

would become resensitized to piperacillin if adapted to ciprofloxacin. Yet, none of these isolates 382 

were pyomelanogenic. On the other hand, the pyomelanogenic clinical isolates from Fig 6 were 383 

used to test the hypothesis that P. aeruginosa with large chromosomal deletions would evolve 384 

less tobramycin resistance than their parental counterparts, yet these pyomelanin producing 385 

isolates were not more resistant to piperacillin. The evolution of these different sets of clinical 386 

isolates helped to support the concept of the drug order-specific effects that were uncovered in 387 

the main adaptive evolution experiment. However, it would seem that the former set of isolates 388 

were phenotypically representative of Day 20 PIPR in terms of high MICPIP, while the latter set 389 

of isolates were genetically representative of Day 20 PIPR in terms of having the large 390 

chromosomal deletions. Disparities between the phenotypic and genetic adaptations such as this 391 

will need to be studied further in terms of strain-specific differences, actual history of antibiotic 392 

exposure, and other factors that are beyond the scope of this study. 393 
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Despite these caveats, there are several key factors of this study that provide confidence 394 

in the claims made. We saw consistency in the parallel replicates for the treatment lineages. An 395 

interesting exception is Day 40 PIPRTOBR-4, which had a higher final tobramycin resistance 396 

compared to Day 40 PIPRTOBR-1,-2 and -3, which we believe is attributed to the large genomic 397 

deletions seen in the first three replicates, but not in the fourth replicate. We observed parallel 398 

evolution where several genes were mutated independently across multiple lineages, and overall 399 

there were less than 15 mutations per 20 days of evolution, and these two observations suggest 400 

positive selection. Furthermore, many of the mutated genes are observed in clinical isolates of P. 401 

aeruginosa, further giving credence to the clinical relevance of these mutations. 402 

Asymmetrical evolutionary responses in changing environments have been studied in 403 

terms of collateral sensitivity/resistance [5,6], temperature [40], other abiotic stresses [34], and in 404 

cancer treatments [41]. Here we present the concept of drug history-specific effects in multidrug 405 

resistance adaptation, whereby history of adaptation to one antibiotic environment can influence 406 

the evolutionary dynamics during subsequent adaptation to another antibiotic environment. 407 

These history-specific effects have direct clinical implications on optimizing antibiotic treatment 408 

strategies to slow and prevent the emergence of dangerous multidrug resistant bacterial 409 

pathogens. We believe that these effects must be taken into account for an antibiotic stewardship 410 

program to have success in promoting the appropriate use of antibiotics. 411 

 412 

Materials and Methods 413 

Experimental study design 414 

 We evolved in parallel four independent replicates for each evolution lineage in the 415 

primary adaptive evolution experiment, and three independent replicates for each of the clinical 416 
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isolates to balance the statistical power of the conclusions with the technical feasibilities of the 417 

daily serial propagations. In the primary adaptive evolution experiment, we concluded the single-418 

drug evolution at the end of 20 days because the resistance levels of the evolved lineages to their 419 

respective drugs were saturated or close to saturated at that point. The clinical isolates from Fig 5 420 

and from Fig 6 were evolved for ten and fifteen days, respectively because the similarities and 421 

differences of the drug-specific effects to those of the primary adaptive evolution experiment 422 

were readily apparent at that point.  423 

Media, growth conditions, and antibiotics 424 

MIC plates were made daily using the broth microdilution method with the standard two-425 

fold dilution series (34). Lysogeny broth was used as the growth medium for all experiments (1% 426 

tryptone, 0.5% yeast extract, 1% NaCl). Antibiotics tested include piperacillin sodium, 427 

tobramycin, and ciprofloxacin HCl (Sigma). Aliquots of 1 mg/ml and 10 mg/ml antibiotic stocks 428 

were made by diluting the antibiotic powders in LB and were stored at -20°C. New frozen drug 429 

aliquots were used on a daily basis. 430 

Adaptive laboratory evolution 431 

A frozen stock of P. aeruginosa PA14 was streaked on an LB agar plate and a single 432 

colony was inoculated into 4 ml of LB, which was then grown overnight at 37°C, shaking at 125 433 

RPM. This antibiotic-susceptible culture, denoted as the Day 0 Ancestor, was diluted to an OD600 434 

of 0.001 (approximately 106 CFU/ml), and then inoculated into three identical MIC plates. A 435 

sample of the ancestor was saved in 25% glycerol and stored at -80°C. The three MIC plates 436 

were used to serially propagate cultures evolved to LB media, piperacillin, and tobramycin, with 437 

four biological replicates per condition. Wells for growth control (media+culture) and sterility 438 

control (media) were included in each MIC plate. MIC plates were placed in a plastic container 439 
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(to prevent evaporation) and incubated at 37°C with shaking at 125 RPM (Thermo Scientific 440 

MaxQ 4000). MIC plates were incubated daily for ~23 hours. 441 

At the end of incubation, growth in the MIC plates was determined using a plate reader 442 

(Tecan Infinite M200 Pro). Growth was defined as OD600 > 0.1 after background subtraction. We 443 

recorded the MIC of each lineage for each drug, which was defined as the lowest antibiotic 444 

concentration tested that did not show growth. To propagate, cultures were passaged from the 445 

highest concentration that showed growth (i.e. MIC/2) from the corresponding MIC drug 446 

gradient. For adaptation to LB, cultures were passaged from the growth control well that 447 

contained only LB without drug. For each culture to be passaged, the culture was first diluted by 448 

a factor of 1/250 in fresh LB (e.g. 20 μl of the culture was diluted in 5 ml of LB), which was then 449 

inoculated in fresh piperacillin and tobramycin drug gradients in the new day’s MIC plate. Wells 450 

of the MIC plate thus contained 100 μl of double the final concentration of the antibiotic and 100 451 

μl of the diluted culture. Hence, the cultures were diluted by a total factor of 1/500 daily. Daily 452 

samples were saved in 25% glycerol and stored at -80°C. For Day 21, the piperacillin and 453 

tobramycin evolved cultures were sub-cultured in additional MIC plates such that they could 454 

subsequently be evolved to tobramycin and piperacillin, respectively. 455 

A similar protocol was used to establish the ciprofloxacin-evolved lineages (CIPR). 456 

Starting with a clonal population of the Day 0 Ancestor, four replicates were established and 457 

propagated daily under ciprofloxacin treatment for 20 days. CIPR was then sub-passaged to 458 

piperacillin and tobramycin to establish the CIPRPIPR and CIPRTOBR lineages in addition to 459 

continued ciprofloxacin evolution. 460 

To establish the PIPRCIPR and TOBRCIPR lineages, bacteria from the frozen stocks of 461 

Day 20 PIPR and TOBR were revived on LB agar plates, and clonal populations were evolved to 462 
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ciprofloxacin to establish these lineages. Similarly, to establish the PIPRLB, TOBRLB, and 463 

CIPRLB lineages, bacteria from the frozen stocks of Day 20 PIPR, TOBR, and CIPR were revived 464 

on LB agar plates, and clonal populations were evolved to LB. 465 

Lastly, the MIC to ciprofloxacin was retrospectively measured for the Control, PIPR, 466 

TOBR, PIPRTOBR, and TOBRPIPR lineages. Frozen stocks were revived and plated on LB agar 467 

plates. The notation for the day numbering is such that Day X PIPR means X days exposure to 468 

piperacillin. For consistency, stocks were revived from Days 0 (Ancestor), 5, 10, 15, 19, 20, 25, 469 

30, 35, and 39 for Control, PIPR, and TOBR. One day of exposure to ciprofloxacin would yield 470 

Days 1, 6, 11, 16, 20, 21, 26, 31, 36, and 40 MICs to ciprofloxacin. For PIPRTOBR and 471 

TOBRPIPR, stocks were similarly revived from Days 20, 25, 30, 35, and 39 to and exposed to 472 

ciprofloxacin to measure Days 21, 26, 31, 36, and 40 MICs to ciprofloxacin. S1 Data shows the 473 

MICs to piperacillin, tobramycin, and ciprofloxacin, respectively for all the lineages. Note that 474 

not all drug MICs were measured on a daily basis for all lineages. 475 

During analysis of the mutations, we deduced that there were some contaminations 476 

between replicates in a few lineages. Namely, we saw sets of mutations that were identical in two 477 

replicates. We believed that the most likely explanation was that the following seven lines were 478 

contaminated sometime between Day 21 and Day 40: CIPRPIPR-3, CIPRPIPR-4, TOBR-1 479 

CIPRTOBR-1, CIPRTOBR-2, CIPRTOBR-4, and CIPR-3, where the number denotes the replicate. 480 

To redo these lineages, the corresponding Day 20 replicate frozen stocks were revived on LB 481 

agar plates. Then clonal populations were used to redo the propagation as described before. For 482 

example, CIPR-3 was evolved to piperacillin for 20 days to redo CIPRPIPR-3. We performed 483 

Sanger sequencing of replicate-specific mutations (Table S3 in S1 Text) on the Day 40 mutants 484 

to confirm successful propagation of the cultures.  485 
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Whole-genome Sequencing 486 

Frozen samples of Day 0 Ancestor, Day 20 Control, PIPR, TOBR, CIPR, Day 40 Control, 487 

PIPR, TOBR, CIPR, PIPRTOBR, PIPRCIPR, TOBRPIPR, TOBRCIPR, CIPRPIPR, and CIPRTOBR 488 

were streaked on LB agar plates and incubated at 37°C. Agar plates were submitted to Genewiz 489 

Incorporation for sequencing service. A single colony from each plate was chosen for DNA 490 

extraction, library preparation, multiplexing, and sequencing using 101-bp paired-end reads with 491 

the Illumina HiSeq 2500 platform. Reads were aligned to the reference P. aeruginosa PA14 492 

genome (NC_008463.1) with coverage ranging from 113X to 759X. This large range is due to 493 

the fact that we submitted samples for sequencing in three batches, and had different numbers of 494 

samples for each batch, but had relatively the same number of reads per batch. Nevertheless, the 495 

coverage was more than sufficient to identify the SNPs, insertions, and deletions in the genomes. 496 

The sequencing reads for Day 0 Ancestor and the 56 drug-evolved lineages are available via the 497 

NCBI SRA database (www.ncbi.nlm.nih.gov/sra), accession number XXXX, BioProject number 498 

YYYY. 499 

Reads were aligned and mutations were called using the breseq pipeline [42] using 500 

default settings. All reported mutations were visually inspected by viewing the read alignments 501 

in IGV and the breseq output files, and mutations with less than 80% frequencies were not 502 

counted. The full list of mutations is presented in Table S1 and S2 in S1 Text. The circos 503 

software package was used to plot the mutations by genomic position for Fig 3 [43] and the 504 

positions of the large chromosoal deletions in Fig 6. 505 

We confirmed some of the mutations using Sanger sequencing. For each of the Day 20 506 

PIPR, TOBR, and CIPR replicates, we chose one mutation each to confirm (Table S3 in S1 Text). 507 

We also used these to confirm that replicates were not contaminated before submitting them for 508 
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whole-genome sequencing. These mutations were also confirmed in each of the Day 40 lineages 509 

that were derived from the Day 20 PIPR, TOBR, and CIPR replicates. 510 

Reproducing hysteresis in the pyomelanin phenotype during piperacillin evolution 511 

Clonal populations of Day 0 Ancestor, Day 20 TOBR-1, -2, -3 and -4, and Day 20 CIPR-512 

1, -2,-3, and -4 were grown in LB starting from the frozen samples. These cultures were diluted 513 

in LB to OD600 of 0.001. On Day 1, in 96-well plates, 100 μl of the diluted cultures were 514 

inoculated with 100 μl of 4 μg/ml piperacillin (to yield a final concentration of 2 μg/ml 515 

piperacillin). 92 wells were used to establish independent replicate populations exposed to 516 

piperacillin. Cultures were incubated at 37°C with shaking at 125 RPM. On Day 2, replicate 517 

populations were passaged using a 96-pin replicator tool (V&P Scientific, VP246, 100-150 μl 518 

per pin) into 200 μl of 4 μg/ml piperacillin. This protocol was continued until Day 10 with a final 519 

concentration of 20 μg/ml piperacillin. For each plate, two wells were used as sterility controls 520 

(only LB), and two wells were used as growth controls (LB with bacteria, without drug). 521 

Photographs were taken daily (Fig S4 in S1 Text), and the number of visibly brown wells was 522 

recorded. 523 

Testing for drug-specific evolutionary dynamics in clinical isolates 524 

Three clinical isolates of P. aeruginosa with high piperacillin resistance and low 525 

tobramycin and ciprofloxacin resistance were obtained from the University of Virginia Health 526 

System, and were evolved to the three drugs in the same manner as the main adaptive evolution 527 

experiment. These isolates were first confirmed to actually be P. aeruginosa with PCR by using 528 

primers that specifically amplify the 16S rRNA region of P. aeruginosa (37). Three replicates of 529 

each isolate were evolved to each of the three drugs for ten days and their MICs to the three 530 

drugs were measured as before. 531 
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 The four pairs of clinical isolates of P. aeruginosa from the Hocquet study [25] were 532 

evolved to tobramycin for 15 days with three parallel replicates each, with the exception of BPM, 533 

which had two replicates due to cross-contamination in the third replicate. The MICs for 534 

piperacillin and ciprofloxacin and were also measured every five days. At the end of the 15 days 535 

of evolution, primers amplifying part of the hmgA gene were used to check for the presence of 536 

the gene in the “WT” isolates and the absence of the gene in the “PM” isolates. 537 

Statistical significance of drug order-specific effects in MIC profiles 538 

Statistical comparisons of the Day 20 and Day 40 MICs for all drugs were performed on 539 

the log2 transformed MIC values for each of the n=4 replicates per lineage in the primary 540 

adaptive evolution experiment. Two-sample t-tests were used for unrelated lineages, while paired 541 

t-tests were used for lineages that were derived from the same Day 20 lineage (e.g. Day 20 PIPR, 542 

Day 40 PIPRCIPR, and Day 40 PIPRTOBR). Calculations were done with MATLAB R2011a. 543 
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Acknowledgments: We thank Glynis Kolling, Jennifer Bartell, Anna Blazier, and Laura Dunphy 545 

for thoughtful discussions on the experimental design. We graciously thank Amy Mathers and 546 

Didier Hocquet for providing the clinical isolates. We would also like to thank Arvind Chavali, 547 

Kevin D’Auria, and Joanna Goldberg for helpful comments on the manuscript. 548 

Competing interests: None. 549 

Data and materials availability: The sequencing reads of the evolved lineages are available via 550 

the NCBI SRA database (www.ncbi.nlm.nih.gov/sra), accession number XXXX, BioProject 551 

number YYYY.  552 

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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


26 
 

References: 553 
 554 
1.  Andersson DI, Hughes D. Antibiotic resistance and its cost: is it possible to reverse 555 

resistance? Nat Rev Microbiol. Nature Publishing Group; 2010;8: 260–271. 556 
doi:10.1038/nrmicro2319 557 

2.  Ling LL, Schneider T, Peoples AJ, Spoering AL, Engels I, Conlon BP, et al. A new 558 
antibiotic kills pathogens without detectable resistance. Nature. 2015;517: 455–459. 559 
doi:10.1038/nature14098 560 

3.  Cooper MA, Shlaes D. Fix the antibiotics pipeline. Nature. 2011;472: 32. 561 
doi:10.1038/472032a 562 

4.  Szybalski W, Bryson V. Genetic studies on microbial cross resistance to toxic agents. I. 563 
Cross resistance of Escherichia coli to fifteen antibiotics. J Bacteriol. 1952;64: 489–499.  564 

5.  Imamovic L, Sommer MOA. Use of Collateral Sensitivity Networks to Design Drug 565 
Cycling Protocols That Avoid Resistance Development. Sci Transl Med. 2013;5: 566 
204ra132-204ra132. doi:10.1126/scitranslmed.3006609 567 

6.  Lázár V, Pal Singh G, Spohn R, Nagy I, Horváth B, Hrtyan M, et al. Bacterial evolution of 568 
antibiotic hypersensitivity. Mol Syst Biol. 2013;9: 700. doi:10.1038/msb.2013.57 569 

7.  Munck C, Gumpert HK, Wallin AI, Wang HH, Sommer MOA. Prediction of resistance 570 
development against drug combinations by collateral responses to component drugs. Sci 571 
Transl Med. 2014;6: 262ra156. doi:10.1126/scitranslmed.3009940 572 

8.  Kim S, Lieberman TD, Kishony R. Alternating antibiotic treatments constrain 573 
evolutionary paths to multidrug resistance. Proc Natl Acad Sci. 2014;111: 14494–14499. 574 
doi:10.1073/pnas.1409800111 575 

9.  Fuentes-Hernandez A, Plucain J, Gori F, Pena-Miller R, Reding C, Jansen G, et al. Using 576 
a Sequential Regimen to Eliminate Bacteria at Sublethal Antibiotic Dosages. PLoS Biol. 577 
2015;13: e1002104. doi:10.1371/journal.pbio.1002104 578 

10.  Rodriguez de Evgrafov M, Gumpert H, Munck C, Thomsen TT, Sommer MOA. 579 
Collateral Resistance and Sensitivity Modulate Evolution of High-Level Resistance to 580 
Drug Combination Treatment in Staphylococcus aureus. Mol Biol Evol. 2015;32: 1175–581 
1185. doi:10.1093/molbev/msv006 582 

11.  Pál C, Papp B, Lázár V. Collateral sensitivity of antibiotic-resistant microbes [Internet]. 583 
Trends in Microbiology. 2015. pp. 401–407. doi:10.1016/j.tim.2015.02.009 584 

12.  Lázár V, Nagy I, Spohn R, Csörgő B, Györkei Á, Nyerges Á, et al. Genome-wide analysis 585 
captures the determinants of the antibiotic cross-resistance interaction network. Nat 586 
Commun. 2014;5: 4352. doi:10.1038/ncomms5352 587 

13.  Roemhild R, Barbosa C, Beardmore RE, Jansen G, Schulenburg H. Temporal variation in 588 

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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


27 
 

antibiotic environments slows down resistance evolution in pathogenic Pseudomonas 589 
aeruginosa. Evol Appl. 2015;8: 945–955. doi:10.1111/eva.12330 590 

14.  Feng Y, Jonker MJ, Moustakas I, Brul S, ter Kuile BH. Dynamics of Mutations during 591 
Development of Resistance by Pseudomonas aeruginosa against Five A ntibiotics. 592 
Antimicrob Agents Chemother. 2016;60: 4229–4236. doi:10.1128/AAC.00434-16 593 

15.  Terzi HA, Kulah C, Ciftci IH. The effects of active efflux pumps on antibiotic resistance 594 
in Pseudomonas aeruginosa. World J Microbiol Biotechnol. 2014;30: 2681–2687. 595 
doi:10.1007/s11274-014-1692-2 596 

16.  Hosokawa K, Park NH, Inaoka T, Itoh Y, Ochi K. Streptomycin-resistant (rpsL) or 597 
rifampicin-resistant (rpoB) mutation in Pseudomonas putida KH146-2 confers enhanced 598 
tolerance to organic chemicals. Environ Microbiol. 2002;4: 703–712. doi:10.1046/j.1462-599 
2920.2002.00348.x 600 

17.  Suzuki S, Horinouchi T, Furusawa C. Prediction of antibiotic resistance by gene 601 
expression profiles. Nat Commun. Nature Publishing Group; 2014;5: 5792. 602 
doi:10.1038/ncomms6792 603 

18.  Schurek KN, Marr AK, Taylor PK, Wiegand I, Semenec L, Khaira BK, et al. Novel 604 
Genetic Determinants of Low-Level Aminoglycoside Resistance in Pseudomonas 605 
aeruginosa. Antimicrob Agents Chemother. 2008;52: 4213–9. doi:10.1128/AAC.00507-08 606 

19.  Feliziani S, Marvig RL, Luján AM, Moyano AJ, Di Rienzo JA, Krogh Johansen H, et al. 607 
Coexistence and Within-Host Evolution of Diversified Lineages of Hypermutable 608 
Pseudomonas aeruginosa in Long-term Cystic Fibrosis Infections. PLoS Genet. 2014;10. 609 
doi:10.1371/journal.pgen.1004651 610 

20.  Markussen T, Marvig RL, Gómez-Lozano M, Aanæs K, Burleigh AE, Høiby N, et al. 611 
Environmental Heterogeneity Drives Within-Host Diversification and Evolution of 612 
Pseudomonas aeruginosa. MBio. 2014;5: 1–10. doi:10.1128/mBio.01592-14.Editor 613 

21.  Chung JCS, Becq J, Fraser L, Schulz-Trieglaff O, Bond NJ, Foweraker J, et al. Genomic 614 
Variation among Contemporary Pseudomonas aeruginosa Isolates from Chronically 615 
Infected Cystic Fibrosis Patients. J Bacteriol. 2012;194: 4857–4866. 616 
doi:10.1128/JB.01050-12 617 

22.  Lister PD, Wolter DJ, Hanson ND. Antibacterial-Resistant Pseudomonas aeruginosa: 618 
Clinical Impact and Complex Regulation of Chromosomally Encoded Resistance 619 
Mechanisms [Internet]. Clinical Microbiology Reviews. 2009. pp. 582–610. 620 
doi:10.1128/CMR.00040-09 621 

23.  Marvig RL, Sommer LM, Molin S, Johansen HK. Convergent evolution and adaptation of 622 
Pseudomonas aeruginosa within patients with cystic fibrosis. Nat Genet. 2015;47: 57–64. 623 
doi:10.1038/ng.3148 624 

24.  Plucain J, Suau A, Cruveiller S, Médigue C, Schneider D, Le Gac M. Contrasting effects 625 

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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


28 
 

of historical contingency on phenotypic and genomic trajectories during a two-step 626 
evolution experiment with bacteria. BMC Evol Biol. BMC Evolutionary Biology; 627 
2016;16: 1–11. doi:10.1186/s12862-016-0662-8 628 

25.  Hocquet D, Petitjean M, Rohmer L, Valot B, Kulasekara HD, Bedel E, et al. Pyomelanin-629 
producing Pseudomonas aeruginosa selected during chronic infections have a large 630 
chromosomal deletion which confers resistance to pyocins. Environ Microbiol. 2016;18: 631 
3482–3493. doi:10.1111/1462-2920.13336 632 

26.  Cabot G, Zamorano L, Moyà B, Juan C, Navas A, Blázquez J, et al. Evolution of 633 
Pseudomonas aeruginosa Antimicrobial Resistance and Fitness under Low and High 634 
Mutation Rates. Antimicrob Agents Chemother. 2016;60: 1767–1778. 635 
doi:10.1128/AAC.02676-15 636 

27.  Rodríguez-Rojas A, Mena A, Martín S, Borrell N, Oliver A, Blázquez J. Inactivation of 637 
the hmgA gene of Pseudomonas aeruginosa leads to pyomelanin hyperproduction, stress 638 
resistance and increased persistence in chronic lung infection. Microbiology. 2009;155: 639 
1050–1057. doi:10.1099/mic.0.024745-0 640 

28.  Ernst RK, D’Argenio DA, Ichikawa JK, Bangera MG, Selgrade S, Burns JL, et al. 641 
Genome mosaicism is conserved but not unique in Pseudomonas aeruginosa isolates from 642 
the airways of young children with cystic fibrosis. Environ Microbiol. 2003;5: 1341–1349. 643 
doi:10.1111/j.1462-2920.2003.00518.x 644 

29.  Morita Y, Tomida J, Kawamura Y. MexXY multidrug efflux system of Pseudomonas 645 
aeruginosa. Front Microbiol. 2012;3: 1–13. doi:10.3389/fmicb.2012.00408 646 

30.  Nichol D, Jeavons P, Fletcher AG, Bonomo RA, Maini PK, Paul JL, et al. Steering 647 
Evolution with Sequential Therapy to Prevent the Emergence of Bacterial Antibiotic 648 
Resistance. PLoS Comput Biol. 2015;11: 1–19. doi:10.1371/journal.pcbi.1004493 649 

31.  Casadesús J, D’Ari R. Memory in bacteria and phage. BioEssays. 2002. pp. 512–518. 650 
doi:10.1002/bies.10102 651 

32.  Lambert G, Kussell E. Quantifying Selective Pressures Driving Bacterial Evolution Using 652 
Lineage Analysis. Phys Rev X. 2015;11016: 1–10. doi:10.1103/PhysRevX.5.011016 653 

33.  Wolf DM, Fontaine-Bodin L, Bischofs I, Price G, Keasling J, Arkin AP. Memory in 654 
Microbes: Quantifying History-Dependent Behavior in a Bacterium. PLoS One. 2008;3. 655 
doi:10.1371/journal.pone.0001700 656 

34.  Dragosits M, Mozhayskiy V, Quinones-Soto S, Park J, Tagkopoulos I. Evolutionary 657 
potential, cross-stress behavior and the genetic basis of acquired stress resistance in 658 
Escherichia coli. Mol Syst Biol. Nature Publishing Group; 2013;9: 643. 659 
doi:10.1038/msb.2012.76 660 

35.  Lagator M, Colegrave N, Neve P. Selection history and epistatic interactions impact 661 
dynamics of adaptation to novel environmental stresses. Proc R Soc London B Biol Sci. 662 

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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


29 
 

2014;281: 20141679. doi:10.1098/rspb.2014.1679 663 

36.  Lyczak JB, Cannon CL, Pier GB. Establishment of Pseudomonas aeruginosa infection: 664 
Lessons from a versatile opportunist. Microbes and Infection. 2000. pp. 1051–1060. 665 
doi:10.1016/S1286-4579(00)01259-4 666 

37.  Mira PM, Meza JC, Nandipati A, Barlow M. Adaptive Landscapes of Resistance Genes 667 
Change as Antibiotic Concentrations Change. Mol Biol Evol. 2015;32: 2707–2715. 668 
doi:10.1093/molbev/msv146 669 

38.  Oz T, Guvenek A, Yildiz S, Karaboga E, Tamer YT, Mumcuyan N, et al. Strength of 670 
Selection Pressure Is an Important Parameter Contributing to the Complexity of Antibiotic 671 
Resistance Evolution. Mol Biol Evol. 2014;31: 2387–2401. doi:10.1093/molbev/msu191 672 

39.  Kupferschmidt K. Resistance fighters. Science (80- ). 2016;352: 758–61. 673 
doi:10.1126/science.352.6287.758 674 

40.  Mongold JA, Bennett AF, Lenski RE. Evolutionary adaptation to temperature. IV. 675 
Adaptation of Escherichia coli at a niche boundary. Evolution (N Y). 1996;50: 493. 676 
doi:10.2307/2410825 677 

41.  Lee MJ, Ye AS, Gardino AK, Heijink AM, Sorger PK, MacBeath G, et al. Sequential 678 
Application of Anticancer Drugs Enhances Cell Death by Rewiring Apoptotic Signaling 679 
Networks. Cell. Elsevier Inc.; 2012;149: 780–794. doi:10.1016/j.cell.2012.03.031 680 

42.  Deatherage DE, Traverse CC, Wolf LN, Barrick JE. Detecting rare structural variation in 681 
evolving microbial populations from new sequence junctions using breseq. Front Genet. 682 
2015;5: 1–16. doi:10.3389/fgene.2014.00468 683 

43.  Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, et al. Circos: an 684 
Information Aesthetic for Comparative Genomics. Genome Res. 2009;19: 1639–1645. 685 
doi:10.1101/gr.092759.109 686 

  687 

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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


30 
 

Supporting Information Captions 688 

 689 

S1 Data. Raw data of MICPIP, MICTOB, and MICCIP. This file contains the data used in 690 

Figures 2, 5, and 6. Note that not all lineages were tested for resistance to each drug at a daily 691 

resolution.  Also, note that the ciprofloxacin resistance was measured retrospectively for the 692 

Control, PIPR, TOBR, PIPRTOBR, and TOBRPIPR lineages. 693 

 694 

S2 Data. Genes in large deletions. This file lists the genes and their relevant information of the 695 

large chromosomal deletions of PIPR-1, PIPR-2, PIPR3, AWT, APM, BWT, BPM, CWT, CPM, DWT, 696 

and DPM. 697 

 698 

S1 Text. Supplementary materials. This file contains Figures S1-S7, Tables S1-S4, and 699 

Supplementary text. 700 

 701 

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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/


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

The copyright holder for this preprint (which wasthis version posted November 23, 2016. ; https://doi.org/10.1101/089334doi: bioRxiv preprint 

https://doi.org/10.1101/089334
http://creativecommons.org/licenses/by-nd/4.0/

