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Analysis of growth rates. We measured the growth curves (OD600) of the 68 evolved replicate 

lineages (17 lineages of 4 biological replicates each) as well as the Day 0 Ancestor in 

quadruplicates grown in LB broth for 24 hours (S5 Fig). Subsequently, the growth rates were 

calculated from the growth curves using the Curve Fitter analysis software (N. F. Delaney, CJM, 

unpublished; http://www.evolvedmicrobe.com/Software.html), which was used in [1].  S6A Fig 

shows the growth rates for the 68 evolved lineages and the Day 0 Ancestor. While we observed 

many different growth rates across the different lineages, we did not find evidence to support the 

hypothesis that slower growers led to the drug resensitization during subsequent evolution of the 

Day 20 one-drug-evolved lineages to subsequent treatments. Specifically, S6B Fig shows that 

there is no correlation between the growth rate of the Day 40 lineages and the changes in MIC 

from the corresponding Day 20 lineages from which they were derived from. For example, while 

both Day 40 TOB
R
LB and TOB

R
CIPR became partially resensitized to tobramycin from Day 20 

TOBR (Fig 3A, middle), this occurred independently of growth rate, as Day 40 TOB
R
LB (blue 

diamonds in S6B Fig) had a higher growth rate than Day 40 TOB
R
CIP

R
 (blue circles in S6B Fig). 

Furthermore, Day 40 TOB
R
PIP

R
 (blue crosses in S6B Fig) maintained relatively high tobramycin 

resistance, yet the growth rates of those four replicates spanned within the ranges of those of Day 

40 TOB
R
CIP

R
 and TOB

R
LB. We would also like to emphasize that the daily propagation 

protocol resulted in approximately nine generations of growth in all of the evolved lineages (S1 

Data). Thus, independently of growth rate, we consistently propagated bacteria from the MIC 

concentration gradients from populations that have undergone ~9 generations of growth in ~24 

hours. 

 

Confirmation of mutations in evolved lineages. To test how representative the sequencing 

results were of the mutant populations, we used PCR and Sanger sequencing to test for the 

presence of specific mutations in multiple colonies of different lineages. We used the primers 

from S3 Table to test for the presence of one mutation from one replicate of each lineage, with 

four colonies of each lineage. For example, for the PIP
R
 lineages, we used the P1_dacC primers 

to check for the presence of the dacC C→T mutation in four colonies each of Day 20 PIP
R
-1, 

Day 40 PIP
R
-1, Day 40 PIP

R
TOB

R
-1, Day 40 PIP

R
CIP

R
-1, and Day 40 PIP

R
LB-1 using colony 

PCR followed by Sanger sequencing. The dacC mutation was observed in all four colonies of 

each of these tested lineages. Similarly, for the CIP
R 

lineages, we used the F1_aotJ primers to 

check for the presence of the aotJ Δ1 bp mutation in four colonies each of Day 20 CIP
R
-1, Day 

40 CIP
R
-1, Day 40 CIP

R
PIP

R
-1, Day 40 CIP

R
TOB

R
-1, and Day 40 CIP

R
LB-1. The aotJ mutation 

was observed in all four colonies of each of these tested lineages. Lastly, for the TOB
R 

lineages, 

we used the T1_25490 primers to check for the presence of the PA14_25490 T→C mutation in 

four colonies each of Day 20 TOB
R
-1, Day 40 TOB

R
-1, Day 40 TOB

R
PIP

R
-1, Day 40 

TOB
R
CIP

R
-1, and Day 40 TOB

R
LB-1. The PA14_25490 mutation was observed in all four 



colonies of each of these tested lineages, except for Day 20 TOB
R
-1, where 1 of the 4 colonies 

had the mutation and 3 of the 4 colonies had the wild-type base pair. To investigate the potential 

heterogeneity of Day 20 TOB
R
-1, we checked for the presence of a different mutation (the fusA1 

T→C SNP) using the T1_fusA1 primers in addition to the PA14_25490 T→C SNP in 8 colonies 

of Day 20 TOB
R
-1. Here, we found that all 8 eight colonies had the fusA1 SNP and 2 of the 8 

colonies had the PA14_25490 SNP. These experiments suggest that while there may be limited 

heterogeneity in the populations with respect to a few of the mutations, the large majority of the 

mutations are homogeneous in the populations and fixed within the lineages. 

 

Extended analysis of mutations. Several of the P. aeruginosa multidrug efflux pumps 

(MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexXY-OprM [2]) and their associated 

transcription factors were also common targets for mutations during evolution to all three drugs. 

The nfxB gene was the second most mutated gene. There were seven deletion mutations (all 

resulting in frameshifts) in seven separate ciprofloxacin-evolved lineages and one insertion 

mutation in the intergenic region between nfxB and mexC in a tobramycin-evolved sample. nfxB 

codes for a negative transcriptional regulator of the MexCD-OprJ efflux pump, and nfxB-type 

mutants overexpress the normally repressed MexCD-OprJ system [2]. nfxB has been observed to 

be mutated frequently during adaptive evolution to ciprofloxacin [3]. Inactivation of nfxB results 

in de-repression of the transcription of the MexCD-OprJ efflux pump, which contributes 

resistance to fluoroquinolones, macrolides, tetracycline, and some beta-lactams [2]. The one 

intergenic insertion occurred in the binding site of nfxB [4] of Day 40 CIP
R
TOB

R
-4 during the 

tobramycin evolution. This sample also acquired a 16 base pair deletion during the earlier 

ciprofloxacin evolution (Day 20 CIP
R
-4). Thus, it seems that this sample interestingly has a non-

functional NfxB protein and most likely non-functional NfxB binding site as well. Also 

interestingly, overexpression of the MexCD-OprJ pump has been reported to result in 

hypersusceptibility to beta-lactams and aminoglycosides [5,6].  

Other mutations involving the multidrug efflux pumps and their regulators include: nalD 

(PA14_18080), mexS (PA14_32420), mexC (PA14_60850), mexR (PA14_05520), nalC 

(PA14_16280), parS (PA14_41270), amrB (aka mexY, PA14_38410), mexA (PA14_05530), 

mexD (PA14_60830), mexF (PA14_32390), mexT (PA14_32410), and muxA (PA14_31870). We 

even saw a SNP located exactly at the predicted transcription site of PA3720-armR in P. 

aeruginosa PAO1 [7] (corresponding to PA14_16290-PA14_16300 in PA14), which is a 

possible region of a NalC binding site. NalC is a repressor of MexAB-OprM expression. 

There were a few genes that were repeatedly mutated that are not very well characterized 

in the literature. Three frameshift mutations occurred in PA14_09960 in three different 

ciprofloxacin treatments (Day 40 CIP
R
-2, Day 40 PIP

R
CIP

R
-4, and Day 40 TOB

R
CIP

R
-3). This 

hypothetical protein has a Pfam description of being an Rrf2-like transcription regulator. Two 

frameshift mutations occurred in PA14_35210 in two different ciprofloxacin treatments (Day 40 

CIP
R
-1, and Day 40 CIP

R
-2), and it is annotated as being a TetR family transcriptional regulator. 

Lastly, two SNPs occurred in PA14_51910 in two different piperacillin treatments (Day 20 PIP
R
-

3 and all progeny lineages, and Day 40 TOB
R
PIP

R
-2), suggesting that the hypothetical protein 

plays a role in piperacillin resistance. 

Large deletions of the genome (>100 kbp) were observed in multiple lineages. Three of 

the lineages evolved to piperacillin (Day 20 PIP
R
-1, -2, and -3) sustained ~400 kbp deletions 

(encoding ~350 genes), which subsequently fixed in their respective Day 40 PIP
R
, PIP

R
TOB

R
, 

and PIP
R
CIP

R
 lineages. These three deletions all occurred within a conserved region of the 



chromosome, and they overlap each other by ~190 kbp (encoding ~160 genes) (S5 Data). We 

also observed a ~176 kbp deletion occur in this same region during adaptation to ciprofloxacin 

after prior adaptation to tobramycin (TOB
R
CIP

R
-2), which suggests that this deletion is not 

specific to piperacillin adaptation in this study, but occurs during ciprofloxacin adaptation as 

well when the historical genomic context is suitable. When all four large deletions are compared, 

the overlap region is ~95 kbp (encoding ~77 genes). Bacteria are known to shed large portions of 

their genome as they adapt to a niche environment, suggesting that they streamline their DNA 

and get rid of non-essential genes that do not contribute to an enhanced fitness in the 

environment [8]. In pathogens such as P. aeruginosa, selective genome reduction has been seen 

in clinical isolates as bacteria adapt to the niche environment of the host [9]. It is interesting that 

we were able to also recapitulate similar genomic deletions through experimental evolution. 

During the adaptive evolution, a visually observable phenotype was observed for all the 

lineages that had the large chromosomal deletion. These lineages produced the brown secreted 

pigment pyomelanin. The hyperproduction of pyomelanin observed here is attributed to the 

inactivation of the hmgA gene in the homogentisate pathway, which is part of the larger tyrosine 

catabolism pathway. hmgA codes for homogentisate-1,2-dioxygenase, which converts 

homogentisate to 4-maleylacetoacetate. When hmgA is non-functional, homogentisate gets 

secreted, auto-oxidizes, and self-polymerizes to form pyomelanin [10,11]. Indeed, in all the 

lineages that had the large chromosomal deletion, hmgA was one of the genes in the deletion. 

Because hmgA is only one of many genes lost in the large deletion, it is unclear if there is an 

actual selective advantage for the pyomelanin phenotype, or if the pyomelanin phenotype is a 

“side-effect” of losing one or more genes in the deletion that actually does confer a selective 

advantage. There have been some studies that suggest that pyomelanin production by P. 

aeruginosa protects the bacteria against oxidative stress and contributes to increased persistence 

in a mouse model of chronic lung infection [10]. Clinical isolates of P. aeruginosa that produce 

pyomelanin have been well documented in the literature [12], but to the best of the authors’ 

knowledge, there has only been two studies that attribute the pyomelanin production in clinical 

isolates to loss of hmgA as part of a large chromosomal deletion, similar to those seen in this 

experimental evolution study [13,14]. This result demonstrates how this experimental evolution 

study has recapitulated genotypes and phenotypes encountered clinically. 
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