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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Comparison of minimum inhibitory concentration 
(MIC) of antibiotics for sensitive and multidrug-resistant/extensively 
drug-resistant strains. (A) Comparison of minimum inhibitory concentration 
(MIC) of recent vs. control antibiotics for sensitive and multidrug-resistant/
extensively drug-resistant strains. The figure shows the median MIC values (on 
a log10-scale) of control (top row) and recent (bottom row) antibiotics across all 
tested bacterial strains. Each vertical panel represents a specific antibiotic class, 
as indicated at the top. Individual points depict the median MIC value of strain-
antibiotic pairs, with lines connecting paired data points representing MIC values 
of one antibiotic for one sensitive (SEN) and one multidrug-resistant/extensively 
drug-resistant (MDR/XDR) strain for the same species. Blue points/lines indicate 
cases where the MIC of a single antibiotic for a sensitive strain is lower compared 
to the MDR/XDR strain of the same species, while red indicates cases where it is 
not lower. Median MIC values are based on 2 biological and 3 technical replicates 
for each bacterial strain-antibiotic combination. Boxplots display the median, 
first, and third quartiles, with whiskers indicating the 5th and 95th percentiles 
of the median MIC values per each investigated group. Paired Wilcoxon rank 
sum analysis (two-sided test) was performed to assess significant difference in 
sensitivity between antibiotic sensitive (SEN) and MDR/XDR bacterial strains **** 
indicates P < 0.0001, whereas ns indicates that the P value is not significant. For 
antibiotic abbreviations, see Table 1. Antibiotic classes: TOPO (topoisomerase 
inhibitors), TETR (tetracyclines), AMIN (aminoglycosides), CARB (carbapenems), 

CEPH (cephalosporins), and MEMB (membrane-targeting antibiotics). (B) 
Comparison of minimum inhibitory concentration (MIC) of recent antibiotics 
for sensitive and multidrug-resistant/extensively drug-resistant strains. The 
figure shows the median MIC values (on a log10 scale) of recent antibiotics across 
all tested bacterial strains. Each vertical panel represents a specific antibiotic 
class and recent antibiotic, as indicated at the top. Individual points depict 
the median MIC value of strain-antibiotic pairs, with lines connecting paired 
data points representing MIC values of one antibiotic for one sensitive (SEN) 
and one multidrug-resistant/extensively drug-resistant (MDR/XDR) strain for 
the same species. Blue points/lines indicate cases where the MIC of a single 
antibiotic for a sensitive strain is lower compared to the MDR/XDR strain of the 
same species, while red indicates cases where it is not lower. Median MIC values 
are based on 2 biological and 3 technical replicates for each bacterial strain-
antibiotic combination. Boxplots display the median, first, and third quartiles, 
with whiskers indicating the 5th and 95th percentiles of the median MIC values 
per each investigated group. Paired Wilcoxon rank sum analysis (two-sided 
test) was performed to assess significant difference in sensitivity between 
antibiotic sensitive (SEN) and MDR/XDR bacterial strains. ****/*** indicates 
P < 0.0001/0.001, ns indicates that the P value is non-significant. For antibiotic 
abbreviations, see Table 1. Antibiotic classes: TOPO (topoisomerase inhibitors), 
TETR (tetracyclines), AMIN (aminoglycosides), CARB (carbapenems), CEPH 
(cephalosporins), and MEMB (membrane-targeting antibiotics).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Adaptation to antibiotics by frequency of resistance 
assay. (A) Changes in minimum inhibitory concentrations (MIC) in mutants 
isolated in frequency-of-resistance (FoR) assays. Each point represents the MICs 
of a mutant line and the corresponding ancestor (log10 scale). Control and recent 
antibiotics are indicated by blue and orange panels, respectively. The colour of 
the data points represents the bacterial species. The black dashed line indicated y 
= x (that is no changes in MIC in the mutants), whereas the red dashed line shows 
the antibiotic specific peak plasma concentration (Supplementary Table 3). For 
abbreviations, see Table 1. (B) Percentage of mutant lines reaching the clinical 
breakpoint in frequency of resistance assay and adaptive laboratory evolution. 
The heatmap shows the percentage of lines reaching the clinical breakpoint. 
Unavailable clinical breakpoints are indicated by white. For the antibiotic 
abbreviation and clinical breakpoints see Supplementary Table 3, for strain 
abbreviation see Supplementary Table 4. (C) Frequency of resistance of evolved 
lines adapted to different antibiotics. The frequency of resistance at 8 × MIC 

antibiotic concentrations was calculated for all antibiotics, shown as the number 
of mutations per cell per generation. Each data point represents the median MIC 
value of a distinct mutant line derived from the frequency of resistance assays 
(FoR), species are denoted by different colours. Median MIC values are based 
on 2 biological and 3 technical replicates for each bacterial strain-antibiotic 
combination. The label colour on the x-axis shows the generation of the different 
antibiotics (blue stands for control, orange for recent antibiotics). The boxplots 
show the median, first, and third quartiles, with whiskers showing the 5th 
and 95th percentiles of the median MIC values per each investigated group. 
There is highly significant heterogeneity in the frequency of resistance across 
antibiotics (Kruskal-Wallis test, P < 0.00001), but no statistical difference was 
found between control and recent antibiotics (Wilcoxon’s rank-sum-test, two-
sided, P = 0.9) when all species and antibiotics were considered. For antibiotic 
abbreviations, see Table 1.
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Extended Data Fig. 5 | Features shaping the resistance level during evolution. 
(A) Correlation of the initial MIC and increase in resistance levels during adaptive 
laboratory evolution for all species. The scatterplot shows the correlation 
between initial resistance level (MIC of the ancestor) and the increase in MIC 
(both on log10-scale) during adaptive laboratory evolution (ALE) for the four 
bacterial species. Increase in MIC was calculated by subtracting the initial MIC 
from the final MIC. Each point corresponds to an adapted line-antibiotic pair. 
Spearman’s rank correlation coefficients (calculated using a two-sided test) 
and corresponding p-values between the two variables across all adapted lines 
of each species are displayed in the figure. Colours indicate the 4 bacterial 
species studied. (B) Correlation analysis between the initial MIC and the increase 
in MIC during adaptive laboratory evolution for all genomic backgrounds. 
The scatterplots show the initial MIC and the increase in MIC (both on log10-
scale) during adaptive laboratory evolution for each 8 studied bacterial strain 
(indicated in the top of each panel). Increase in MIC was calculated by subtracting 
the initial MIC from the final MIC. Each point corresponds to an adapted line-
antibiotic pair. Spearman’s rank correlation coefficients (calculated using a two-
sided test) and corresponding p-values are indicated within each panel. Error 
bars represent 95% confidence intervals. Colours indicate the 4 bacterial species 
studied. For abbreviations, see Supplementary Table 4. (C) Correlation analysis 
between the initial MIC and the increase in MIC during adaptive laboratory 
evolution for all tested antibiotics. The scatterplots shows the initial MIC and 

the increase in MIC (both on log10-scale) during ALE for all antibiotic studied 
(indicated in the top of each panel). Increase in MIC was calculated by subtracting 
the initial MIC from the final MIC. Each point corresponds to an adapted line-
antibiotic pair. Spearman’s rank correlation coefficients (calculated using a two-
sided test) and corresponding p-values are indicated within each panel (absence 
of values in certain panels is due to the lack of variability in the initial MIC). Error 
bars represent 95% confidence intervals. Colours indicate the 4 bacterial species 
studied. For abbreviations, see Table 1. (D) Multiple linear regression (MLR) 
analysis on features shaping the resistance level reached during evolution. The 
analysis focused on three main features i) the MIC level of the ancestor strain 
(MICa), ii) the antibiotic employed (AB) and the iii) genetic background (strain). 
The adjusted coefficient of determination (adjusted R-square) was used as a 
statistical metric to measure the explanatory power of the models, ie. how much 
of the variation in the absolute increase in MIC (log2) can be explained by the 
variation in these features and combinations thereof, while adjusting for the 
number of parameters used in the fitted model. Additivity (indicated with + sign 
in axis labels) and interaction (* sign in axis labels) between explanatory variables 
are marked with orange and red colours, respectively. The predictors included 
in the models are also depicted in the right panel. We found a significant increase 
in adjusted R-square in all cases when a more complex model was compared to a 
simpler one (ANOVA, two-sided, P < 0.0001).
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Extended Data Fig. 6 | Characterization of mutational events in antibiotic 
resistant evolved lines. (A) Distribution of SNPs and indels in resistant lines 
across four bacterial species. Red and green colours denote short indels and 
SNPs, respectively. As expected, lines derived from FoR have accumulated fewer 
mutations (one-sided Wilcoxon rank sum test, P < 2.2e-16), when compared to 
lines derived from ALE. (B) Fraction of non-synonymous mutations. To assess the 
signatures of adaptive evolution in our genomic samples from ALE and FoR assay, 
we tested whether the fraction of non-synonymous mutational events within all 
SNPs in the coding region was higher than expected based on a purely neutral 
model of evolution using an established method98. For each bacterial strain 
background, we identified all SNPs in the coding regions, counted the number 
of non-synonymous (nonsyn) and synonymous (syn) ones and calculated the 

observed fraction of non-synonymous mutations (red dashed line) as follows: 
nonsyn / nonsyn + syn, where nonsyn and syn are the number of non-synonymous 
and synonymous mutations, respectively. Next, we randomly generated the same 
number of SNPs at random coding positions along the genome as observed in the 
mutation dataset. We repeated this step 5000 times, then plotted the fraction 
of non-synonymous mutations as histograms for each species (columns) and 
strain type (rows). Next, we calculated the probability (P-value) that the fraction 
of nonsynonymous mutations was equal to or higher in the real data than that of 
in the randomly generated one. (C) Distribution of different mutational events. 
Top and bottom row correspond to the adapted lines originating for laboratory 
evolution (ALE) and frequency of resistance (FoR) assays, respectively.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Non-synonymous mutations shared by laboratory 
evolved lines and natural isolates of E. coli and A. baumannii. The barplots 
show the number of natural isolates (top left and right panel in E. coli and  
A. baumannii, respectively) with the same non-synonymous mutation that arose 

during laboratory evolution of resistance. The corresponding genes possessing 
non-synonymous mutations are labeled with dark grey strips. The bottom left 
panel shows the number of natural strains with canonical resistance mutations 
(source: Pointfinder99).
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Extended Data Fig. 8 | Comparison of the distribution of resistance 
mechanisms across antibiotics between assays. The figure shows the 
distribution of resistance mechanisms across different antibiotics (blue and 
orange indicate control and recent antibiotics, respectively). The fraction of 
resistance mechanisms are colour-coded: those that rely on genomic mutations 

(ALE/FoR) and ARGs (functional metagenomics) are coloured brown and 
green, respectively. Genetic elements were assigned to five major resistance 
mechanisms (vertical panels) based on homology to genes featured in the CARD 
and ResFinder databases.
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Extended Data Fig. 9 | Distribution of canonical resistance mechanisms across 
antibiotic treatments. (A) Distribution of canonical resistance mechanisms 
across antibiotic treatments in adaptive laboratory evolution and frequency of 
resistance assay. Unique de novo genomic mutations were assigned to four major 
resistance mechanisms based on homology to genes featured in the CARD and 
ResFinder databases. Those antibiotic treatments were disregarded that did not 
yield at least 10 unique mutations during the course of laboratory evolution. 
The four major resistance categories include reduced membrane permeability, 
antibiotic target alteration, antibiotic inactivation, and antibiotic efflux. The 
distribution of mutations belonging to each resistance mechanism differs 
across the antibiotics (two-sided proportion test, p < 0.001). For antibiotic 
abbreviations, see Table 1. (B) Distribution of resistance mechanisms across 

antibiotic treatments in functional metagenomics screens. The barplot shows 
the fraction of ARGs per antibiotic resistance mechanisms across functional 
metagenomics screens in the presence of different antibiotics (blue and orange 
indicate control and recent antibiotics, respectively). ARGs were assigned 
to five major resistance mechanisms (vertical panels) based on homology 
to genes featured in the CARD and ResFinder databases. The five major 
resistance categories include antibiotic efflux. antibiotic inactivation, antibiotic 
target alteration, antibiotic target protection, and reduced permeability to 
antibiotics. The distribution of ARGs belonging to each resistance mechanism 
shows heterogeneity across the antibiotics (two-sided roportion test, p < 0.001). 
For antibiotic abbreviations, see Table 1.
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Extended Data Fig. 10 | Characterization of potential health-risk of ARGs 
across antibiotic treatments. (A) Antibiotic resistance genes and health-risk 
criteria. The figure shows the fraction of putative ARGs that meet the following 
criteria: i) gene mobility, ii) presence in microbiomes associated with the human 
body, and iii) bacterial host pathogenicity. Numbers within the bars indicate the 
total number of ARGs belonging to the specific category. There is significant 
variation in the frequency of ORFs across the antibiotics tested (two-sided 
proportion test, p < 0.05) for each criteria, indicating that adaptations to certain 
antibiotics are more likely to meet a specific criterium. Abbreviations: TOPO: 
topoisomerase inhibitors, TETR: tetracyclines, AMIN: aminoglycosides, CARB: 
carbapenems, CEPH: cephalosporins, MEMB: membrane targeting antibiotics. 

For antibiotic abbreviations, see Table 1. (B) Potential-risk antibiotic resistance 
genes against recent antibiotics. The heatmap shows resistance genes identified 
in functional metagenomics screens. Blue and orange labels indicate control and 
recent antibiotics, respectively. Only genes that display high sequence similarity 
to already known antibiotic resistance genes are depicted here. The colours of 
the heatmap indicate different resistance mechanisms associated with a given 
antibiotic resistance gene. Horizontal panels depict major types of resistance 
genes. Antibiotic classes (vertical panels): TOPO (topoisomerase inhibitors), 
TETR (tetracyclines), AMIN (aminoglycosides), CARB (carbapenems), CEPH 
(cephalosporins), and MEMB (membrane-targeting antibiotics). For antibiotic 
abbreviations, see Table 1.
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