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Abstract
Bacterial evolution of antibiotic resistance frequently has deleterious side effects on microbial growth, virulence, and 
susceptibility to other antimicrobial agents. However, it is unclear how these trade-offs could be utilized for manipu-
lating antibiotic resistance in the clinic, not least because the underlying molecular mechanisms are poorly under-
stood. Using laboratory evolution, we demonstrate that clinically relevant resistance mutations in Escherichia coli 
constitutively rewire a large fraction of the transcriptome in a repeatable and stereotypic manner. Strikingly, lineages 
adapted to functionally distinct antibiotics and having no resistance mutations in common show a wide range of 
parallel gene expression changes that alter oxidative stress response, iron homeostasis, and the composition of 
the bacterial outer membrane and cell surface. These common physiological alterations are associated with changes 
in cell morphology and enhanced sensitivity to antimicrobial peptides. Finally, the constitutive transcriptomic 
changes induced by resistance mutations are largely distinct from those induced by antibiotic stresses in the wild 
type. This indicates a limited role for genetic assimilation of the induced antibiotic stress response during resistance 
evolution. Our work suggests that diverse resistance mutations converge on similar global transcriptomic states that 
shape genetic susceptibility to antimicrobial compounds.
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Introduction
Excessive use of antibiotics promotes the rapid evolution 
of resistant bacteria that eventually limit the clinical use 
of existing antibiotics. However, antibiotic resistance mu-
tations frequently come at various costs that shape their 
selective advantage. First, resistance often induces a fitness 
cost in the absence of antibiotic stress (Andersson and 
Hughes 2010; Dunai et al. 2019). Second, resistance to spe-
cific antibiotics frequently increases sensitivity to various 
other antibiotics and antimicrobial peptides (Lázár et al. 
2013; Imamovic et al. 2018) a phenomenon termed collat-
eral sensitivity (Pál et al. 2015). Third, resistance mutations 
in pathogens can diminish tolerance to stresses from the 
host environment and thereby reduce virulence (Vincent 
et al. 2013). Collectively, such fitness trade-offs offer evolu-
tionary strategies to diminish or even reverse the selective 
advantage of resistant microbes (Pál et al. 2015; Baym et al. 
2016). A better understanding of antibiotic resistance 

trade-offs is therefore crucial for the design of evolution- 
proof antimicrobial therapies.

Mounting evidence indicates that gene expression al-
terations play an important role in mediating the trade- 
offs of resistance mutations (Webber et al. 2013; Suzuki 
et al. 2014). For example, in a set of laboratory-evolved bac-
teria, resistance to various antibiotics was predictable 
based on the gene expression levels of a small set of genes 
(Suzuki et al. 2014). Antibiotic resistance mutations might 
also induce global transcriptomic changes and, as a by- 
product, influence the expression level of various other 
genes underlying antibiotic susceptibility. For example, a 
clinically relevant mutation in the topoisomerase gene 
gyrA confers resistance to fluoroquinolones and simultan-
eously changes the expression of numerous genes via al-
tered DNA supercoiling (Webber et al. 2013). However, 
despite the potential importance of genomic expression 
patterns in shaping antibiotic resistance profiles, we have 
only a limited understanding of the global transcriptomic 
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rewiring induced by resistance mutations. First of all, it re-
mains unknown whether expression changes affecting 
hundreds of genes across the genome is the exception or 
the rule. Second, it is unknown whether the transcriptional 
changes induced by antibiotic stress can later become gen-
etically fixed in the population by natural selection. An 
analogous process, termed genetic assimilation, has been 
observed for a range of inducible phenotypic characters 
(Waddington 1961; Schlichting and Wund 2014; Vigne 
et al. 2021). Under the assumption that genetic assimila-
tion acts on transcriptome evolution, one might expect 
that the transcriptional states caused by resistance muta-
tions in the absence of a given antibiotic stress (i.e., consti-
tutive or genetically encoded) should be similar to those 
induced by the same antibiotic in the susceptible wild-type 
genetic background. Third, while bacteria adapted to dif-
ferent antibiotics often show overlap in their sets of mu-
tated genes (Toprak et al. 2012; Lázár et al. 2014), the 
extent of parallel evolution at the transcriptomic level is 
poorly studied. Finally, the phenotypic consequences of 
global transcriptomic changes are largely uncharted.

In this work, we explore the general patterns and phenotypic 
associations of transcriptomic changes induced by antibiotic 
adaptation by focusing on a set of laboratory-evolved 
Escherichia coli lines generated in our previous study (Lázár 
et al. 2014). This panel of lines covers adaptations to a range 
of clinically relevant antibiotics and is well-characterized with 
available whole-genome sequences and resistance phenotypes 
(Lázár et al. 2013, 2014). Our analyses led to five major conclu-
sions. First, we find that resistance conferring mutations gener-
ally induce global transcriptomic changes that span hundreds 
of genes. Second, genomic expression levels tend to change 
in a parallel manner across lines adapted to antibiotics with dif-
ferent modes of action, yielding a small number of recurrent 
gene expression signatures. Third, parallel transcriptomic 
changes are largely decoupled from parallel changes in mutated 
genes and resistance pathways. Thus, there are multiple alterna-
tive routes to evolve a “stereotypic” expression state during 
antibiotic adaptation, with each demanding a small number 
of mutations in functionally diverse genes. Fourth, such recur-
ring gene expression changes typically affect oxidative stress 
regulation, iron homeostasis and pathways underlying outer 
membrane and cell surface composition. As a consequence, 
genotypes with extensive genomic expression changes show 
elongated cell shape and increased sensitivity to various anti-
microbial peptides. Finally, the constitutive transcriptomic 
changes induced by resistance mutations in the absence of anti-
biotic stress do not resemble those induced by antibiotic stres-
ses in the susceptible wild-type background, indicating a limited 
role for genetic assimilation of the antibiotic stress response 
during resistance evolution.

Results
Adaptation to Antibiotics Generally Induce Global 
Transcriptome Rewiring
To explore the extent of transcriptomic changes caused by 
antibiotic resistance mutations, we analyzed transcriptomic 

data of a set of well-characterized laboratory-evolved resist-
ant E. coli K-12 BW25113 lines. Specifically, in our previous 
study, ten parallel E. coli populations derived from a com-
mon ancestor were exposed to gradually increasing concen-
trations of one of 12 clinically relevant antibiotics with 
diverse modes of actions (table 1; Lázár et al. 2013, 2014). 
After ∼240–384 generations, all adapted lines showed a 
substantial increase in resistance, with up to 328-fold in-
creases in their minimum inhibitory concentrations 
(MICs) relative to the wild type (Lázár et al. 2014). 
Whole-genome resequencing showed that most mutations 
accumulated in the adapted lines were driven by selection 
and many had also been detected in antibiotic-resistant 
clinical isolates (Lázár et al. 2014). Here, we focused on a 
set of 24 antibiotic-adapted lines, two parallel lines per 
each of the 12 antibiotics, for which transcriptomic 
(RNA-Seq) and whole-genome sequence data were gener-
ated in our previous studies (Lázár et al. 2013, 2014, 2018). 
RNA samples were collected in antibiotic-free medium 
to ensure comparability between lines that display vastly 
different resistance levels (Lázár et al. 2018). Thus, in this 
study, evolution of transcriptomic states corresponds to 
constitutive gene expression changes that are manifested 
in the absence of antibiotic stress. Note that none of the 
antibiotic-adapted lines analyzed here are hypermuta-
tors (supplementary data S1, Supplementary Material
online).

We report that 5–33% (on average, ∼20%) of the 4,293 
studied genes are significantly up- or downregulated in 
antibiotic-adapted lines (i.e., show at least a two-fold 
change [FC] with an FDR-adjusted P < 0.05, see fig. 1A). 
Both up- and downregulations show similar extents of tran-
scriptional changes across lines (Pearson’s r = 0.91, 

Table 1. List of Antibiotic-adapted Escherichia coli Lines Evolved in the 
Laboratory.

Genotype Antibiotics used during adaptation Mode of action

AMP7 Ampicillin Cell-wall synthesis
AMP9
FOX1 Cefoxitin
FOX8
CPR4 Ciprofloxacin Gyrase inhibitor
CPR9
NAL6 Nalidixic acid
NAL8
NIT6 Nitrofurantoin Multiple mechanisms
NIT7
CHL2 Chloramphenicol Protein synthesis
CHL9
ERY2 Erythromycin
ERY6
DOX2 Doxycycline Protein synthesis
DOX5
TET1 Tetracycline
TET7
TRM6 Trimethoprin Folic acid biosynthesis
TRM7
TOB8 Tobramycin Aminoglycoside
TOB9
KAN1 Kanamycin
KAN4
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P < 0.0001). Moreover, the proportions of significantly al-
tered genes are comparable with those reported in re-
sponse to various environmental stresses (7–27% of 
genes; Jozefczuk et al. 2010). Importantly, the extent of tran-
scriptional rewiring observed in the antibiotic-adapted 
lines is comparable with that of previously identified muta-
tions with global transcriptomic impact. For example, a spe-
cific resistance mutation in a gyrase gene globally changes 
the supercoiling state of the DNA and alters expression in 
10% of genes in Salmonella enterica (Webber et al. 2013).

The above results suggest that resistance mutations fre-
quently cause global transcriptomic changes. Two lines of 
evidence indicate that certain resistance mutations have 
especially large impact on the extent of global transcrip-
tomic changes. First, we found that the extent of transcrip-
tomic rewiring does not correlate with the number of 
mutations accumulated during evolution (supplementary 
fig. S1A, Supplementary Material online). Second, we ex-
perimentally tested whether a single resistance mutation 
is sufficient to induce global transcriptomic rewiring. To 
this end, we focused on a set of seven engineered lines 
that differ from the wild type by single mutations only 
and were constructed in our previous study (Lázár et al. 
2014; table 2). These mutations reside in genes that have 
been repeatedly mutated across the antibiotic-adapted 
lines, cover a range of molecular functions and confer 

resistance to multiple antibiotics (Lázár et al. 2013, 2014). 
Importantly, several of these genes have been previously 
found to be mutated in antibiotic-resistant clinical isolates, 
highlighting their clinical relevance (e.g., acrAB and tolC 
[Piddock 2006], gyrA [Vila et al. 1994], ompF and marR 
[Randall and Woodward 2002], soxRS [Webber and 
Piddock 2001; Koutsolioutsou et al. 2005], and envZ 
[Adler et al. 2016]). Next, we measured the transcriptomes 
of these seven lines in antibiotic-free medium using the 
same pipeline as for the 24 antibiotic-adapted lines (see 
Materials and Methods, supplementary data S2, 
Supplementary Material online). We found that the single 
mutants often show widespread transcriptomic changes 
(on average, 9.5% of the genes are altered, see fig. 1A). 
Notably, while a specific mutation in gyrA causes the largest 
transcriptomic effect (17% of genes), resistance mutations 
in other genes also induce widespread regulatory rewiring, 
including mutations in envZ, which is a member of the two- 
component regulatory system involved in osmotic stress 
(Mizuno and Mizushima 1990; Seo et al. 2017) and tran-
scriptional regulator SoxR (Wu and Weiss 1991; 
Koutsolioutsou et al. 2005).

Slow cellular growth is frequently associated with global 
gene expression changes (Matsumoto et al. 2013; Schmidt 
et al. 2016), and resistance mutations often decrease 
growth rate by incurring a fitness cost (Andersson and 
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FIG. 1. Extensive and parallel gene expression changes in antibiotic-adapted and single-mutant genotypes. Gene expression analysis of the 24 
antibiotic-adapted and 7 single-mutant genotypes. (A) Plot shows the number of significantly up- (red) or downregulated (blue) genes (FC 
> 2 or <0.5 and FDR-corrected P-value < 0.05) for each genotype. (B) Heatmap shows transcriptome similarities between all investigated gen-
otypes. Clustering was performed using the Ward method and using 1 – Pearson’s r correlation coefficient as a distance measure (Murtagh and 
Legendre 2014, Materials and Methods). Colored stripes along the heatmap’s axes indicate clusters of elevated transcriptomic similarity.
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Levin 1999; Dunai et al. 2019). However, two lines of obser-
vations indicate that the observed widespread transcrip-
tomic alterations are unlikely to be induced by the 
fitness cost of resistance mutations. First, previous growth 
rate measurements of the same antibiotic-adapted lines 
revealed that substantial fitness costs are infrequent and 
are mostly associated with aminoglycoside adaptation 
(supplementary data S3, Supplementary Material online; 
Dunai et al. 2019). Second, we found no significant correl-
ation between relative fitness and the total number of 
transcriptionally altered genes (Spearman’s rho = −0.15, 
P = 0.48, see supplementary fig. S1B, Supplementary 
Material online). Taken together, adaptation to antibiotic 
stress results in global transcriptomic changes in the ab-
sence of antibiotics and this effect is not simply the by- 
product of slow growth of resistant bacteria.

Pervasive Parallel Transcriptomic Evolution Across 
Antibiotic Stresses
Previous works established that evolution toward increased 
antibiotic resistance is often achieved through genes that 
are repeatedly mutated in independently evolving lineages, 
resulting in parallel evolution at the molecular level 
(Koutsolioutsou et al. 2005; Toprak et al. 2012; Lázár et al. 
2013; Webber et al. 2013; Oz et al. 2014). Here we sought 
to assess the extent of parallel evolution at the level of 
the transcriptomic changes, both within and between anti-
biotics. To this end, we measured transcriptome similarity 
between genotypes by calculating the Pearson correlation 
coefficient between their pairwise gene expression profiles. 
Clustering of the 24 antibiotic-adapted lines based on their 
transcriptome similarities revealed three major patterns. 
First, genotypes adapted to the same antibiotic have a ten-
dency to cluster together on the heatmap (fig. 1B). Second, 
lines adapted to aminoglycosides show transcriptional pro-
files that are highly dissimilar from the rest of antibiotic 
-adapted lines (average Pearson’s r = 0.03), but are highly 
similar among each other (see Cluster 2 on fig. 1B). Amino-
glycosides have distinct resistance mechanisms and a uni 
que uptake pathway (Taber et al. 1987). Indeed, the sets 
of genes mutated in aminoglycoside-adapted lines show 
virtually no overlap with those mutated in other lines 
(Lázár et al. 2014). Third, lines adapted to various classes 
of antibiotics converge on a limited number of transcripto-
mic clusters (fig. 1B), indicating widespread parallel evoluti 
on of gene expression upon diverse antibiotic stresses.

To further investigate the extent of parallel evolution, we 
compared the transcriptome profile similarities of lines 
adapted to the same antibiotic (within drugs), lines adapted 
to different antibiotics that have the same mode of action 
(within classes), and lines adapted to different drugs with dif-
ferent modes of action (between classes; fig. 2A). This ana-
lysis confirmed that, on average, parallel gene expression 
changes are strongest between genotypes that were exposed 
to the same antibiotic (fig. 2B). This result remains when ex-
cluding aminoglycoside-adapted lines (fig. 2C), which show 
similar transcriptome profiles to each other but are highly 
distinct from the rest of adapted lines. The extent of parallel 
evolution between lines that were exposed to the same anti-
biotic differs across antibiotic classes: lines adapted to 30S 
ribosome inhibitors tetracycline and doxycycline show espe-
cially strong signals of parallel transcriptomic changes 
(supplementary fig. S2, Supplementary Material online).

Strikingly, we find that even lines adapted to different 
classes of antibiotics often show a positive Pearson correl-
ation in their transcriptome profiles (average Pearson’s r = 
0.22). This pattern is especially prominent when excluding 
aminoglycoside-adapted lines (fig. 2C): on average, two 
lines adapted to distinct non-aminoglycoside antibiotic 
classes show a profile similarity of r = 0.29. These results 
apply to both up- and downregulations of gene expression 
(supplementary fig. S2, Supplementary Material online). 
For example, nalidixic acid–adapted lines show a ∼four- 
fold enrichment in upregulated genes with lines adapted 
to other antibiotic classes (supplementary fig. S2, 
Supplementary Material online). Although we observed a 
general tendency of lines adapted to distinct antibiotic 
classes to have similar transcriptomes, such similarities 
are not evenly distributed (fig. 1B). Specifically, the major-
ity of non-aminoglycoside-adapted lines form two clusters 
of elevated transcriptomic similarity, encompassing six and 
nine adapted lines, respectively (see fig. 1B). Importantly, 
both clusters contain lines adapted to multiple distinct 
antibiotic classes. Overall, these findings suggest wide-
spread parallel evolution of gene expression as a response 
to antibiotic adaptation, even upon exposure to antibio-
tics with different modes of action.

Evolutionary Changes Do Not Resemble Plastic Gene 
Expression Changes Initiated by Antibiotic 
Treatments
Evolutionary adaptation to a new stressful environment 
may begin with environmentally initiated phenotypic 
changes without the involvement of mutations (i.e., 
phenotypic plasticity), followed by beneficial genetic 
changes. If the plastic phenotypic response enhances fit-
ness in the new stressful environment, it might be selected 
to become constitutively expressed without the stress cue, 
a process termed genetic assimilation (Waddington 1953; 
Schlichting and Wund 2014; Ehrenreich and Pfennig 
2016). More specifically, plastic transcriptomic changes in-
itiated by sublethal doses of antibiotics may enhance cell 
survival and may be assimilated by genetic changes driven 

Table 2. List of Genotypes Engineered to Carry Single Resistance 
Mutations.

Genotype Mutation Description of the genes

envZ* Val241Gly Sensory histidine kinase
gyrA* Asp87Gly DNA gyrase subunit A
marR* Val84Glu DNA-binding transcriptional repressor
phoQ* Gly384Cys Bifunctional sensory histidine kinase
rpoC* Ala784Val RNA polymerase subunit β’
soxR* Leu139* DNA-binding transcriptional dual regulator
trkH* Thr350Lys K+ transporter
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by natural selection to tolerate antibiotic stress, resulting 
in the constitutive expression of the initial gene expression 
changes. If different antibiotics induce similar plastic tran-
scriptomic responses (Kohanski et al. 2007), then genetic 
assimilation might explain the pervasive parallel evolution 
of constitutive transcriptomic changes across antibiotics 
stresses. To test this idea, we analyzed a published data 
set of transcriptomic responses of wild-type E. coli to vari-
ous sublethal antibiotic treatments, including five antibio-
tics studied here (Zoffmann et al. 2019; fig. 3). Note that 
the strain background (BW25113) employed in the tran-
scriptomic study was the same as the ancestor strain in 
our evolutionary experiments. We found that antibiotic 
treatments generally induce widespread transcriptional 
changes in the wild type (on average, ∼845 differentially 
expressed genes, supplementary table S1, Supplementary 
Material online), and different antibiotics tend to elicit 
similar expression responses (average Pearson’s r = 0.35), 
as expected based on earlier observations (Kohanski 
et al. 2007; fig. 3). However, the transcriptomic changes 
of antibiotic-adapted lines in the absence of antibiotic 
stress show very low overall similarities with the plastic 
transcriptome responses induced by the corresponding 
antibiotics (average Pearson’s r = 0.07), with a 
nitrofurantoin-adapted line being the sole exception 
(Pearson’s r = 0.4). To test whether the low similarity be-
tween the evolved constitutive and the plastic transcrip-
tional states holds upon high antibiotic dose, we next 
measured the transcriptomic response of the ancestral 
strain to lethal ciprofloxacin treatment (i.e., at a six-fold 
MIC concentration) using the same transcriptomic 

protocol as for the evolved lines (see Materials and 
Methods and fig. 3). Specifically, we investigated gene ex-
pression changes after 120 min of lethal ciprofloxacin 
stress in the ancestral wild-type background (see 
Materials and Methods). Again, we found very low overall 
similarities between the plastic transcriptional responses 
and the constitutive transcriptomic changes evolved in 
the two ciprofloxacin-adapted lines (Pearson’s r = 0.06 
and −0.08 for CPR4 and CPR9, respectively). Together, 
these results indicate that genetic assimilation of the plas-
tic transcriptomic changes initiated by antibiotic stresses is 
unlikely to explain the frequent convergence of constitu-
tive gene expression states following resistance evolution.

Genomic and Transcriptomic Parallel Evolution are 
Largely Decoupled
We next explored the links between parallel evolution at the 
genomic and the transcriptomic levels. One might expect 
that parallel gene expression changes are caused by parallel 
mutated genes in the different antibiotic-adapted lines. To as-
sess the role of parallel mutated genes in transcriptome simi-
larity, we asked whether the number of shared mutated 
genes explains transcriptome similarity between the 
antibiotic-adapted lines. Because aminoglycoside-adapted 
lines show dissimilar transcriptome profiles (fig. 1B) and also 
carry highly distinct mutations, we exclude them from all sub-
sequent analyses. Remarkably, the number of shared mutated 
genes does not correlate with transcriptome similarity 
(Spearman’s rho = 0.11, P = 0.14, fig. 4A). Importantly, many 
pairs of antibiotic-adapted lines do not share any mutated 
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test). However, between-class similarity no longer differs from within-class similarity due to the increased similarity of between-class pairs upon 
exclusion of aminoglycoside-adapted lines.
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genes, yet they show a substantial degree of transcriptome 
similarity (i.e., 30% of such pairs have a Pearson’s r > 0.4).

To further test whether completely different sets of muta-
tions can result in similar transcriptomic states, we next com-
pared the transcriptomes of engineered strains carrying 
specific single resistance mutations with antibiotic-adapted 
lines that do not carry any mutations in the corresponding 
genes (supplementary data S3, Supplementary Material on-
line). We found several cases, spanning multiple antibiotic 
classes and resistance mechanisms, where an engineered mu-
tant strain shows marked transcriptome similarity to an 
antibiotic-adapted line with no shared mutated gene. For ex-
ample, the transcriptome profiles of strain pairs FOX8-envZ*, 
CPR9-soxR*, NIT7-phoQ*, TET7-soxR*, DOX2-soxR*, 
TET1-soxR*, and FOX1-gyrA* all display a Pearson correlation 
>0.4. Manual inspection of the deposited sequence data of 
these adapted lines confirmed that the corresponding genes 
remained intact during laboratory evolution (supplementary 
data S1 and S3, Supplementary Material online). We next hy-
pothesized that mutations in non-shared genes may also in-
duce similar expression changes if they affect the same 
cellular processes or the same resistance mechanisms. To 
test this hypothesis, we classified the mutated genes into 
nine major resistance categories as previously (fig. 4B, 
supplementary data S3, Supplementary Material online; 
Lázár et al. 2014). Based on this categorization, we calculated 
the overlap in the mutated resistance categories across all 
pairs of antibiotic-adapted lines (fig. 4B and C). There was 
no significant correlation between transcriptome similarity 
and the extent of overlap in the mutated resistance categor-
ies (Spearman’s rho = 0.13, P = 0.07, fig. 4C). A similar result 

was obtained when genetic similarity between 
antibiotic-adapted lines was calculated by classifying mu-
tated genes into Gene Ontology (GO) categories instead of 
major resistance mechanisms (Spearman’s rho = 0.09, P = 
0.24, supplementary fig. S3, Supplementary Material online).

How to explain the broad transcriptome similarity of 
adapted lines mutated in functionally distinct genes? 
Inspection of the list of mutated genes revealed that 
they are frequently parts of the same regulatory unit in-
volved in multidrug transport regulation (supplementary 
text S1, Supplementary Material online). For example, a 
line adapted to chloramphenicol (CHL9) carries mutations 
in genes affecting efflux pump activities (marR, acrR, and 
acrB), while another line adapted to ampicillin (AMP7) is 
mutated in ompF, which encodes an outer membrane por-
in. Intriguingly, the two lines show similar transcriptional 
changes (Pearson’s r = 0.63), possibly due to ompF being 
a regulatory target of the MarAR system (Prajapat et al. 
2015). More generally, we found that mutations either af-
fected regulators, such as AcrR, EnvZ, MarR, OmpR, PhoQ, 
and SoxR, or their downstream-regulated genes that en-
code porins (OmpC, OmpF) and multidrug efflux pumps 
(AcrAB). Consequently, all of these mutations likely confer 
resistance by altering the uptake or efflux of antibiotics 
and thereby induce similar transcriptional changes.

Parallel Evolution of Extensive Transcriptome 
Rewiring
The results above show that adaptation to various unre-
lated antibiotics often yields similar gene expression 
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changes. We hypothesize that evolutionary adaptation to 
antibiotic stresses elicits a limited repertoire of stereotypic 
global gene expression programs rather than unique, 
antibiotic-specific responses. Consistent with this hypoth-
esis, the extent of transcriptional similarity between pairs 
of antibiotic-adapted lines show a marked positive correl-
ation with the average number of differentially expressed 
genes in the two lines (without aminoglycoside-adapted 
lines, Spearman’s rho = 0.46, P < 0.0001, supplementary 
fig. S4, Supplementary Material online). This suggests 
that the transcriptomic profiles of genotypes that show ex-
tensive gene expression rewiring are not unique but rather 
show strong parallelism between antibiotic-adapted lines. 
For example, lines adapted to tetracycline (TET1 and 
TET7) show massive gene expression rewiring, affecting 
>1,200 transcripts. Remarkably, the resulting transcrip-
tomic profiles are similar not only to those of other 30S 
ribosome inhibitor adapted lines, but also to those 
adapted to cell wall and gyrase inhibitors (table 1, fig. 1B).

We next sought to understand the common properties 
of antibiotic-adapted lines showing extensive genomic ex-
pression changes. First, we asked whether such lines share 
mutations in specific genes. We found that lines with both 
high and low numbers of differentially expressed genes 
show similar sets of shared mutations (fig. 5A and B), hence 
recurrently mutated genes are unlikely to explain this dif-
ference. For example, mutations in the acrAB multidrug ef-
flux pump genes occur frequently in lines with low and 
high numbers of differentially expressed genes alike. On 
the other hand, many genes were mutated in a single 
antibiotic-adapted line only (fig. 5B). Overall, these 

findings indicate that parallel evolution at the level of mu-
tated genes is decoupled from parallelism at the transcrip-
tomic level, potentially due to the existence of multiple 
alternative ways to induce similar gene expression changes.

Next, we systematically identified recurrent changes in 
the activity of transcriptional regulators across 
antibiotic-adapted lines. To this end, we made use of a 
set of 92 statistically independent transcriptomic modules 
that shape the expression of specific genes sets (Sastry 
et al. 2019). These transcriptomic modules were previously 
inferred, in an unbiased manner, from a diverse compen-
dium of RNA-Seq data sets covering regulatory responses 
to various environmental and genetic perturbations 
(supplementary data S4, Supplementary Material online). 
Importantly, the majority of these modules correspond 
to known regulons and therefore represent the activity 
states of transcriptional regulators (Sastry et al. 2019). 
For each antibiotic-adapted line, we identified transcrip-
tomic modules that show significantly altered activities 
compared with wild type based on its gene expression pro-
file (fig. 5C, see Materials and Methods). We found several 
regulatory responses that are shared across 
antibiotic-adapted lines with large numbers of differential-
ly expressed genes. These include, among others, enhanced 
activity of modules Fur-1, Fur-2, SoxS, and ArcA, which are 
involved in iron homeostasis, oxidative stress response, 
and respiration, respectively (Sastry et al. 2019). Indeed, 
the inferred activity of the SoxS module correlates well 
with the total number of significant gene expression 
changes across antibiotic-adapted lines (Pearson’s r = 
0.58, P < 0.01). These changes in module activities indicate 
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alterations in metabolism linked to oxidative stress, as sug-
gested before (Kohanski et al. 2010; Dwyer et al. 2014; 
Händel et al. 2016; Courtney et al. 2017). In addition, we 
report altered activity of a key transcriptional module 
(RcsAB) involved in colanic acid exopolysaccharide biosyn-
thesis. Exopolysaccharides protect against osmotic and 
oxidative stress (Chen et al. 2004) and influence survival 
in the gastrointestinal environment (Mao et al. 2006). 
Finally, antibiotic-adapted lines with extensive gene ex-
pression changes share a common response that affects 
lipopolysaccharide (LPS) synthesis. This finding is 

consistent with a previous report that several of these 
antibiotic-adapted lines show enhanced susceptibility to 
the membrane-damaging agent bile acid and display al-
tered expression in LPS-related genes (Lázár et al. 2018). 
Notably, while the above-listed regulatory changes are 
most prominent among antibiotic-adapted lines belong-
ing to one particular transcriptomic cluster (Cluster 3, 
see fig. 1B), they also occur in various other lines with ex-
tensive expression changes (fig. 5C), suggesting that they 
represent recurrent regulatory alterations associated 
with global transcriptomic rewiring.
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Taken together, these results suggest that resistance evo-
lution in the laboratory often converges on a regulatory state 
with elevated oxidative stress response and altered cell sur-
face composition. Conceivably, the antibiotic-adapted lines 
display extensive genome-wide transcriptional changes 
(fig. 1) because the altered regulatory modules influence 
the expression of numerous genes (Sastry et al. 2019).

Transcriptome Rewiring is Associated With Altered 
Cell Shape
Escherichia coli adopts an elongated cell shape in stressful 
environments where cells can grow but are unable to divide 
(Murashko and Lin-Chao 2017). Because our results above 
indicate that antibiotic-adapted lines frequently display a 
constitutively activated stress response (i.e., in the absence 
of antibiotics), we hypothesize that these lines may also 
show altered cell shapes. To test this, we analyzed cell shape 

under a non-stressed condition using light microscopy (see 
Materials and Methods). Remarkably, we found that over 
half of the antibiotic-adapted lines (14 out of 24) show ab-
normally long cells (supplementary data S3, Supplementary 
Material online). For example, cells of the TET1 line are 
markedly longer than wild type and form long filaments 
of incompletely separated cells (fig. 6A). Changes in cell shape 
are highly reproducible among parallel lines adapted toward 
the same antibiotic stress: in 11 out of 12 antibiotics, parallel 
lines show similar morphology (fig. 6B, supplementary 
data S3, Supplementary Material online).

In agreement with the hypothesis, we find that lines with 
elongated cells contain particularly high numbers of differ-
entially expressed genes (fig. 6C, Welch’s t-test, P < 0.01; 
without aminoglycoside-adapted lines P < 0.05), that in-
clude both up- and downregulations (Welch’s t-test, P = 
0.044 and P = 0.013 for up- and downregulated genes, re-
spectively). We further hypothesize that this extensive 
regulatory rewiring may lead to activated stress response 
similar to that caused by exposure to hostile environment 
and thus results in elongated cells. Therefore, we system-
atically identified stress response modules that are specif-
ically activated in antibiotic-adapted lines with elongated 
cells. We found that the SoxS stress module, which is re-
lated to oxidative stress is specifically activated in the 
elongated adapted lines (fig. 6D, supplementary data S4, 
Supplementary Material online). This finding is broadly 
consistent with previous studies indicating that activa-
tion of stress response could lead to stalled cell division 
and hence increased survival in various stressful environ-
ments (Miller 2004; Justice et al. 2008; Jones et al. 2013). 
Because antibiotic-adapted lines show an elongated 
morphology in the absence of antibiotics, these findings 
indicate that constitutive activation of stress response 
pathways leads to a permanent and inadequate percep-
tion of stresses and consequent alteration in cell shape. 
Notably, antibiotic-adapted lines with an elongated 
shape do not share any particular mutations, further sup-
porting the role of common transcriptomic alterations 
underlying filamentous morphology (figs. 5B and 6B). 
Finally, we note that elongated cell morphology has likely 
been reached through multiple distinct mechanisms in 
our antibiotic-adapted lines. For example, the elongated 
shape of aminoglycoside-adapted lines (supplementary 
data S4, Supplementary Material online, fig. 6B) is unlikely 
to be driven by the above stereotypic expression changes, 
but could potentially be linked to the large fitness cost as-
sociated with aminoglycoside resistance.

Extensive Transcriptome Rewiring is Associated With 
Collateral Sensitivity to Antimicrobial Peptides
Finally, we asked whether the widespread gene expression 
changes induced by antibiotic resistance are associated 
with altered susceptibility to other antimicrobial com-
pounds. Our results so far indicate that antibiotic-adapted 
lines with extensive gene expression changes have altered 
metabolism, outer membrane, and cell surface composition 
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and cell shape. These physiological alterations in turn 
may modulate the uptake and cellular toxicity of vari-
ous drugs (Martínez and Rojo 2011; Ferreira and 
Kasson 2019; Nelson et al. 2020). For example, expres-
sion changes in LPS biosynthesis–related genes are 
associated with enhanced susceptibility to certain anti-
microbial peptides (Lázár et al. 2018). Therefore, we hy-
pothesize that such antibiotic-adapted lines might 
show altered susceptibility to an especially large num-
ber of antimicrobials.

To test the hypothesis, we focused on two distinct sets of 
antimicrobial agents: conventional antibiotics and anti-
microbial peptides, which are promising alternative antimi-
crobials (Wang et al. 2019; Lazzaro et al. 2020). In our 
previous studies, we measured the susceptibility profiles 
of the antibiotic-adapted lines against 12 antibiotics 
(Lázár et al. 2014) and 24 antimicrobial peptides (Lázár 
et al. 2018) using high-throughput assays (supplementary 
data S4, Supplementary Material online). Both sets of com-
pounds were selected to cover a broad range of mechan-
isms of action. The resulting data set provides qualitative 
information on the presence and absence of cross- 
resistance and collateral sensitivity interactions across anti-
microbials (supplementary data S4, Supplementary 
Material online). Based on our previously published anti-
biotic susceptibility measurement (Lázár et al. 2014, 
2018), we estimated the degrees of cross-resistance and col-
lateral sensitivity for each antibiotic-adapted line by count-
ing the number of antibiotics and antimicrobial peptides 
that show decreased and increased susceptibility to it, re-
spectively. Remarkably, the extent of transcriptional 
changes shows a positive correlation with the number of 
collateral sensitivity interactions toward antimicrobial pep-
tides (fig. 7A). We have previously shown that upregulation 
of LPS-related genes in antibiotic-adapted lines contributes 
to increased sensitivity toward certain antimicrobial pep-
tides (Lázár et al. 2018, supplementary fig. S5, 
Supplementary Material online). Importantly, the correl-
ation between the extent of transcriptional changes and 
the degree of collateral sensitivity toward antimicrobial 
peptides remains when removing LPS-related genes from 
the analysis (Spearman’s rho = 0.55, P < 0.05). Indeed, genes 
belonging to several other functional categories show a 
similar association between the extent of transcriptional 
changes and degree of collateral sensitivity to antimicrobial 
peptides (supplementary data S5, Supplementary Material
online). Among the functional classes, phosphotransferase 
activity, cellular iron ion homeostasis, sulfuric ester hydro-
lase, lipid A biosynthetic process, transmembrane transport 
activity, and membrane-related genes show the strongest 
correlations. Furthermore, antibiotic-adapted lines with ex-
tensive gene expression changes tend to show enhanced 
sensitivity to various pore forming and intracellular target-
ing peptides alike (supplementary data S4, Supplementary 
Material online). At the same time, these lines show few, if 
any, cross-resistances to antimicrobial peptides (fig. 7B). In 
contrast to these findings on antimicrobial peptides, the ex-
tent of transcriptional changes does not correlate with 

either the cross-resistance or collateral sensitivity degree 
against antibiotics (fig. 7C and D).

Collectively, these results suggest that antibiotic-adapted 
lines with numerous differentially expressed genes show a 
common physiological change that is associated with en-
hanced susceptibility to various antimicrobial peptides.

Discussion
In this work, we tested the hypothesis that antibiotic- 
resistance mutations cause widespread gene expression 
changes that in turn alter cellular phenotypes, including al-
tered susceptibilities to other antimicrobial agents. We 
studied transcriptomic changes in laboratory-evolved 
antibiotic-resistant bacteria due to their tractability. We 
found that antibiotic-resistance mutations, including clinically 
relevant ones, frequently induce genome-wide gene expres-
sion changes in the absence of antibiotic stress. Notably, the 
extent of such constitutive transcriptomic changes is compar-
able with those induced by environmental stresses (Jozefczuk 
et al. 2010; Rau et al. 2016). Gene expression changes were re-
peatable even among lines adapted to functionally distinct 
antibiotics and those that have no mutated resistance genes 
in common, possibly due to convergent regulatory rewiring of 
the multidrug transport system. The resulting stereotypic ex-
pression changes include upregulation of regulatory modules 
involved in oxidative stress response, ferric ion homeostasis, 
and membrane-associated functions. Finally, we found that 
these gene expression alterations are associated with elon-
gated cell shape and increased sensitivity to various antimicro-
bial peptides, suggesting that transcriptomic rewiring may 
mediate trade-offs between resistance phenotypes.

Constitutive activation of specific stress response regu-
lons in antibiotic-adapted bacteria might be adaptive ra-
ther than simply a pleiotropic side effect of resistance 
mutations. Several links have been described between 
stress protection and antimicrobial-resistant determi-
nants, including stress-dependent recruitments of efflux 
systems and LPS modification (Poole 2012). It is thus con-
ceivable that at least some of the mutations that upregu-
late stress regulons had a selective advantage during 
laboratory evolution. Finally, while the observed gene ex-
pression alterations may incur some fitness cost, this is un-
likely to be substantial because adapted lines with 
extensive transcriptomic alterations did not display par-
ticularly low fitness in the absence of antibiotic stress 
(supplementary fig. S1B and data S3, Supplementary 
Material online).

Prior works indicate that evolution of antibiotic resist-
ance often induces collateral sensitivity toward antimicro-
bial peptides (Lee et al. 2009; Andersson et al. 2016; Lázár 
et al. 2018). It has been shown that specific collateral sensi-
tivity interactions partly arise through regulatory changes 
affecting the LPS composition of the bacterial outer mem-
brane (Lázár et al., 2018). Our results go beyond prior find-
ings in two aspects. First, our data suggest that gene 
regulatory changes influence not only the sensitivity to spe-
cific antimicrobial peptides, but also the broader capacity 
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to tolerate various classes of antimicrobial peptides. In par-
ticular, antibiotic-adapted bacteria with widespread gene 
expression alterations tend to show enhanced sensitivity 
to multiple antimicrobial peptides, including both pore 
forming and intracellular targeting peptides 
(supplementary data S4, Supplementary Material online). 
Second, increased sensitivity toward antimicrobial peptides 
is associated with regulatory changes in various cellular sub-
systems beyond LPS-related gene functions. For example, 

gene expression changes in ferric ion binding proteins 
and transmembrane transporters are predictive of the 
breadth of collateral sensitivity to antimicrobial peptides. 
Clearly, further studies are needed to test the causal in-
volvement of these gene expression changes in antimicro-
bial peptide susceptibilities and to decipher their 
molecular mechanisms. Finally, we note that while the an-
cestral strain background (BW25113) used in the present 
study is widely employed to study the mechanistic aspects 
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FIG. 7. Correlation between the extent of gene expression changes and degree of altered susceptibility to antimicrobial compounds. Plots show 
the numbers of cross-resistance and collateral sensitivity interactions (i.e., cross-resistance and collateral sensitivity degrees, respectively) as a 
function of the total number of significant gene expression changes across antibiotic-adapted lines (N = 20 adapted lines, without 
aminoglycoside-adapted ones). For antimicrobial peptides, (A) the degree of collateral sensitivity interactions positively correlates 
(Spearman’s rho: 0.56, P = 0.0103), while (B) the degree of cross-resistance interactions negatively correlates (Spearman’s rho: −0.60, P = 
0.005). In the case of antibiotics, neither (C ) the degree of collateral sensitivity (Spearman’s rho = 0.16, P = 0.49) nor (D) the degree of cross- 
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of AMP susceptibility (Ebbensgaard et al. 2015, 2018; 
Krizsan et al. 2015; Lázár et al. 2018), it is unable to synthe-
size the O-antigen (Browning et al. 2013) and therefore the 
relevance of our findings to clinical isolates remains to be 
tested.

Our work has implications to our understanding of the 
links between bacterial cellular morphology and antibiotic 
treatments. Bacterial cells often adopt an elongated shape 
upon exposure to various stresses, including antimicrobial 
agents (Justice et al. 2008). Such morphological changes are 
thought to enhance survival under stressful conditions and 
play a crucial role in subverting the host immune response 
in pathogenic E. coli (Justice et al. 2006). Our results indicate 
that evolutionary adaptation to antibiotic stresses fre-
quently leads to an elongated cell shape in non-stressed 
conditions. Elongated morphology showed a close associ-
ation with induction of oxidative and heat stress responses, 
suggesting that a constitutively active stress response may 
underlie this phenotype. This hypothesis is broadly consist-
ent with previous examples showing a link between the in-
duction of DNA damage response and elongated bacterial 
forms (Justice et al. 2008). It has also been proposed that 
elongation might be the first step in the evolution of resist-
ance to mutagenic antibiotic exposure (Bos et al. 2015). A 
key open issue is whether the accumulation of resistance 
mutations also alters cell shape in clinical isolates. If so, it 
might offer a strategy to rapidly detect resistant bacteria 
by monitoring cell morphology (Otero et al. 2017).

Finally, our results have implications for the interplay 
between phenotypic plasticity and adaptive evolution of 
genomic expression. It has been debated whether plastic 
gene expression changes act as stepping stones to genetic 
adaptation when the organism encounters a new environ-
ment (Ho and Zhang 2018) and whether selection acts to 
render the plastic response constitutive (i.e., genetic as-
similation; Schlichting and Wund 2014; Horinouchi et al. 
2017). We found that the initial plastic transcriptomic re-
sponse upon antibiotic stress is markedly different from 
the constitutive transcriptomic changes evolved as a result 
of accumulating resistance mutations. This finding indi-
cates that the constitutive gene expression states reached 
by antibiotic adaptation are unlikely be the result of gen-
etic assimilation of the initial plastic response, at least on 
the evolutionary time scale of our laboratory study. 
Furthermore, this result is broadly consistent with recent 
observations that plastic gene expression changes do not 
typically act as stepping stones for genetic adaptations in 
experimental evolutionary studies (Ho and Zhang 2018). 
Nevertheless, we wish to emphasize that further studies in-
volving transcriptome profiling of antibiotic-adapted lines 
in the presence of antibiotic stresses would be needed to 
more directly test the stepping stone hypothesis.

In sum, our work establishes that adaptation to various 
classes of antibiotics often leads to global regulatory rewir-
ing that converges on similar gene expression profiles. We 
propose that these regulatory changes in turn influence 
the cellular morphology and antimicrobial susceptibility 
of resistant bacteria.

Materials and Methods
Genotypes
Antibiotic-adapted and single-mutant lines were obtained 
from our previous laboratory adaptation experiment 
(Lázár et al. 2013). Briefly, lines were parallel evolved under 
the same physical conditions and the same chemically de-
fined medium supplemented with one of the 12 antibio-
tics, similar to other studies (Oz et al. 2014; Tenaillon 
et al. 2016; Horinouchi et al. 2017). Escherichia coli K-12 
BW25113 was used as the wild-type ancestor during the la-
boratory adaptation as well as in the transcriptomic ana-
lysis. Altogether 24 antibiotic-adapted lines (2 adapted 
lines per antibiotic) and 7 single mutants (lines carrying 
a single antibiotic-resistance mutation identified in one 
of the antibiotic-adapted lines) were chosen for transcrip-
tomic analysis. Antibiotic-adapted lines exhibit MICs up to 
328-fold above that of the wild-type ancestor, well above 
the current clinical breakpoints according to EUCAST or 
the European Reference Laboratory for Antimicrobial 
Resistance. Whole-genome sequencing results are available 
from our previous studies for all 24 adapted lines (Lázár 
et al. 2013, 2014) The seven E. coli single-mutant lines car-
rying one of the following resistance mutations: 
envZ[Ala396Thr], marR[Val84Glu], trkH[Thr350Lys], 
gyrA[Asp87Gly], phoQ[Gly384Cys], rpoC[Ala784Val], and 
soxR[Leu139*] were established using a highly precise allele 
replacement protocol (Toprak et al. 2012; Lázár et al. 2013; 
Nyerges et al. 2016). All antibiotic-adapted and single- 
mutant lines as well as the wild-type ancestor were pre-
served at 80 °C in 20% (v/v) glycerol solution.

Medium and Total RNA Isolation
For obtaining the RNA samples, the antibiotic-adapted and 
single-mutant lines, as well as the wild type, were grown in 
the same medium as during the evolutionary experiments, 
but without adding any antibiotics (i.e., autoclaved 
MS-minimal medium supplemented with 0.2% glucose 
and 0.1% casamino acids). To ensure that transcriptomic 
measurements are comparable across different genotypes, 
total RNA were collected in log-phase (A600 nm ≈ 1) from 
samples grown in minimal medium devoid of any antibiot-
ic. Total RNA was isolated as described previously (Méhi 
et al. 2014). In short, isolation was performed using 
NucleoSpin RNA extraction kit (Macherey-Nagel), then 
the purity was determined as 260 nm/280 nm absorbance 
ratio (expected ≈ 2) using NanoDrop 1000 spectropho-
tometer (Thermo Scientific). RNA integrity measurement 
was done by using 1% agarose gel electrophoresis with 
GelRed staining. Then, the remaining genomic DNA were 
eliminated using Ambion DNase I (Ambion).

Whole Transcriptome Sequencing and Data Analysis
Whole transcriptome sequencing was performed on 24 
antibiotic-adapted lines (2 lines per antibiotic), 7 single 
mutation carrying lines and the ciprofloxacin-treated wild- 
type ancestor. The transcriptomes of the 24 
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antibiotic-adapted lines were analyzed and published in 
our previous work (Lázár et al. 2018). Here we used the 
same RNA extraction, sequencing and data analysis 
method for the analysis of the additional set of seven 
single-mutant lines and the ciprofloxacin-treated wild- 
type ancestor strain as described previously (Lázár et al. 
2018). In the case of ciprofloxacin treatment, before RNA 
isolation, log-phase cells of the ancestor were treated 
with a lethal concentration of ciprofloxacin (50 ng/ml) 
for 120 min. These samples were then compared with 
those obtained immediately before ciprofloxacin treat-
ment. Three biological replicates were used for both the 
adapted, the single-mutant lines, as well as for ciprofloxa-
cin treatment, while the untreated wild-type control was 
represented by 15 biological replicates. Raw sequence 
has been quality filtered and the mapped read counts 
for each annotated gene has been calculated using 
U00096.3 reference genome sequence and E. coli strain 
K-12 MG1655 annotation (Zhou and Rudd 2013; Lázár 
et al. 2018). All of the programs and parameters used to 
estimate gene expression can be found in our previous 
study (Lázár et al. 2018). In the next steps, genes with 
low expression level (keeping only those genes that were 
detected by at least five mapped reads in at least 25% of 
the samples included in the study) along with ribosomal 
genes were removed from the analysis. R version 3.0.2 
(2013) is used for data normalization (Robinson et al. 
2010), Log transformation, and quantile normalization 
(Ritchie et al. 2015; using “trimmed mean of M-values” 
method—Robinson and Oshlack 2010) and “ComBat” 
tool from the “sva” package version 3.8.053 for the correc-
tion of the systematic batch effect as described previously 
(Lázár et al. 2018). Subsequently, empirical Bayes moder-
ation and calculation of differentially expressed genes 
were carried out using “limma” (Ritchie et al. 2015).

Differentially expressed genes were identified based on 
the comparison of the normalized counts per read of the 
control and the other lines. Genes considered as differen-
tially expressed when the false-discovery rate corrected 
P-values were below threshold (corrected P-values <0.05) 
and also had greater FC than a chosen threshold (|log2-
(FC)|>1). The log2 FC values of the normalized expression 
data and the false-discovery rate corrected P values are pro-
vided in supplementary data S2, Supplementary Material
online.

Log2 FC values of the genes were used for clustering the 
7 single mutant and the 24 antibiotic-adapted lines. 
Ensemble method with Euclidean distance measure was 
adapted for gene-wise clustering, while clustering of geno-
types was performed using the Ward method with 1 - 
Pearson’s r as a distance measure (Murtagh and 
Legendre 2014).

To analyze the transcriptomic response of the wild-type 
BW25113 strain background to sublethal dose of antibiotic 
stress, we collected processed transcriptomic data for 5 
antibiotic treatments from a previous transcriptome se-
quencing study (Zoffmann et al. 2019) (supplementary 
data S2, Supplementary Material online).

The transcriptome data can be accessed from the Gene 
Expression Omnibus repository (https://www.ncbi.nlm. 
nih.gov/geo/) with accession number GSE96706 and 
GSE223493.

Measurement of Regulatory Module Activity
As most of the gene expression changes are likely caused by 
alterations in the underlying regulatory network, we esti-
mated changes in the activity of independent regulatory 
modules based on a previous study (Sastry et al. 2019). In 
that study, a diverse compendium of high-quality E. coli 
RNA-Seq data sets were subjected to signal decomposition 
to identify gene sets that are independently modulated at 
constant ratios across all conditions, referred to as modules 
here and mathematically represented as a matrix of inde-
pendent components (Sastry et al. 2019). Importantly, 
most of these modules correspond to specific regulons as-
sociated with the activities of specific transcription factors. 
Using our gene expression data and the independent com-
ponents matrix, we inferred the relative activity of these 92 
statistically independent modules in our genotypes. First, 
we filtered out the non-overlapping genes between the in-
dependent components matrix (S-matrix) and the matrix 
(X ) containing our 31 expression profiles and we kept 
3,923 genes. We used the following formula to estimate 
modulon activity:

A = pinv(S)∗X 

where A represents the activities of the modules for the 31 
genotypes and pinv is the pseudo-inverse function 
(Ben-Israel and Greville 2003). Matrix A is provided in 
supplementary data S4, Supplementary Material online.

Microscopic Analysis
The 24 antibiotic-adapted, the 7 single-mutant lines, as 
well as the wild-type ancestor were grown in autoclaved 
MS-minimal medium supplemented with 0.2% glucose 
and 0.1% casamino acids and incubated at 30 °C in 
96-well plate with shaking at 300 rpm. After mounting 
the cells, images were captured using Nikon Eclipse 80i 
microscope with a 100× oil immersion lens.

Supplementary material
Supplementary data are available at Molecular Biology and 
Evolution online.
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