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Abstract 

The worldwide increase of antimicrobial resistance threatens human health as it 

causes therapy failure and increased costs for control of infectious diseases. 

Hence, strategies to slow down the evolution of resistance in bacteria are 

urgently needed. De novo acquisition of resistance due to mutations and/or 

phenotypic adaptation has previously been shown to occur rapidly as a result of 

interactions of gene expression and mutations [221]. Based on that study, 

deletion mutants were selected to investigate the contribution of several 

individual genes in the de novo acquisition of antibiotic resistance in E. coli. In 

addition, the potential of bacteria to become resistant to antibiotics under non-

optimized conditions, such as a lowered pH or increased salt concentration, was 

documented. The results indicate that the SOS response and global 

transcriptional activators, such as gadE, play a crucial role in to the 

development of antibiotic resistance. Deletion of the transcriptional regulator 

soxS that is involved in superoxide removal slowed down the acquisition of 

resistance, but only to bactericidal antibiotics. Acquisition of resistance in the 

presence of a second stressor resulted in a lower adaptation rate and could 

therefore present a useful strategy to combat evolution of resistance. The 

outcome suggests that a central cellular mechanism is crucial for development 

of resistance. In this system genes involved in regulation of transcription that 

were not identified by changes in expression level upon exposure to antibiotics 

also play a role.  
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Introduction 

The worldwide emergence of antibiotic resistant bacteria poses a serious threat 

to human health, as costs of treatment increase and the outcome is negatively 

affected. Bacteria can become resistant de novo by genetic or phenotypic 

changes, but also through acquisition of resistance conferring plasmids. 

Induction of resistance to antibiotics was shown to occur very rapidly as a result 

of exposure to stepwise increasing sub-lethal drug concentrations [130]. Within 

15 daily transfers, corresponding to only 90 generations, bacterial cells 

developed genetic and permanent transcriptional changes [221]. These cellular 

modifications allow the population on the one hand to grow in the presence of 

high antibiotic pressure, but on the other hand they may decrease fitness or 

cause a metabolic burden [130, 151, 221]. For example, the adaptation of E. coli 

to amoxicillin was accompanied by a reduced ecological range, corroborating 

the notion of physiological costs of resistance [196].  

In order to be able to develop countermeasures that avoid or slow down the 

acquisition of antibiotic resistance, it is essential to understand how bacteria 

respond to drug exposure. Many studies investigated adaptation under 

optimized culture conditions and revealed underlying molecular mechanisms in 

response to a single stress agent, namely the antibiotic itself [88, 153, 221, 222]. 

But how bacteria adapt to antibiotics under non-optimized conditions and thus 

in the presence of two or more stressors is still poorly understood and generally 

not well known. One of the aims of this study is to investigate the potential of E. 

coli to adapt to antibiotics in a non-optimal growth environment, in this case a 

lowered pH and increased salt concentrations.  

The genetic background is likely to affect the ability to adapt and become 

resistant. Genes that were permanently differentially regulated in E. coli cells 

resistant to amoxicillin, enrofloxacin or tetracycline compared to their sensitive 

ancestor [221] are interesting candidates for such research. The current study 

focusses on the role in adaptation to antibiotics of the transcriptional activator 

gadE, the outer membrane porin ompF and the transcriptional regulator soxS 

that is involved in superoxide removal. ΔgadE, ΔsoxS, ΔompF mutants were 

exposed to stepwise increasing antibiotic concentrations. The data shows a 

divergent adaptation rate compared to the wild-type. Furthermore, the role of 
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the SOS response was examined by exposing ΔrecA cells to increasing 

concentrations of drugs belonging to the different antibiotic classes.  

 

Material and Methods 

Bacterial strains, growth media, antibiotics and MIC measurement 

The drug sensitive wild-type E. coli MG1655 was used as control throughout 

this study. Single knockout strains (ΔrecA, ΔgadE, ΔsoxS, ΔompF) were 

purchased from a BW25113 deletion library [223]. Cells were grown in 100 ml 

flasks at 37°C in a phosphate buffered (100 mM Na2H2PO4) and defined 

minimal medium containing 55 mM glucose and shaken at 200 rpm [200]. If not 

stated otherwise, the pH was set to 6.9 with 4 N NaOH. In experiments 

performed with varying environmental conditions, the pH was set to 6.0 or an 

additional 2% NaCl was added to the medium. To study the development of 

resistance under non-optimal conditions, wild-type cells were adapted during 

one week by daily transferring cells into fresh medium at an OD of 0.1 for each 

condition tested: (1) pH 6.9, 0% additional NaCl; (2) pH 6.0, 0 % additional 

NaCl, (3) pH 6.9, 2% additional NaCl. Amoxicillin, tetracycline and 

enrofloxacin stock solutions (10 mg/ml) were 0.2-µm filtersterilized and stored 

at 4°C. Light sensitive tetracycline stock solutions were wrapped in tinfoil to 

prevent exposure to light. Wild-type and deletion mutants were grown with 1.25 

µg/ml amoxicillin, 0.5 µg/ml tetracycline or 0.125 µg/ml enrofloxacin to induce 

the buildup of resistance. The starting enrofloxacin concentration for the ΔrecA 

deletion mutant was reduced to 0.03125 µg/ml, as cells showed no growth with 

higher concentrations of this antibiotic. Resistance to antibiotics was induced by 

stepwise increasing the drug concentration with every transfer cycle when 

almost normal growth occurred [130]. The MIC values were measured by 

following growth in 96 well plates as described previously [161], using 

duplicate serial dilutions of a factor of 2, ranging from 0.5 to 1024 μg/ml of the 

antibiotic. Additionally, two wells were used to follow growth without any 

antibiotic. The MIC was defined as the lowest concentration of antibiotic that 

reduced the growth to an OD595 of 0.2 or less after 23 hours.  
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Amplification and sequencing of resistance conferring gene loci  

Amplification was performed in 50-µl working volumes with Taq DNA 

polymerase (Thermo scientific), using the following parameters: denaturation at 

95°C for 5 min, followed by 35 cycles of 35 s at 95°C, 55 s at 49°C and 90 s at 

72°C, and finally 90 s extension at 72°C. The MSB Spin PCRapace kit (Invitek) 

was used to purify the amplified PCR products.  Oligonucleotide primers used 

for amplification of resistance conferring regions are identical to those used 

previously [221]. PCR products were sequenced by Macrogen Europe.  

 

RNA isolation and quantitative real-time PCR 

E. coli pre-cultures were grown overnight without antibiotics in defined 

minimal medium under different conditions. Cells were inoculated to an OD of 

0.2 in fresh medium with or without 0.125 µg/ml enrofloxacin. When cultures 

reached an OD of 1.0, cells were harvested directly into RNAlater RNA 

Stabilization Reagent (Qiagen). After centrifuging 3 min at 4000 rpm and 4°C, 

pellets were flash-frozen in liquid nitrogen and stored at -80°C. The total RNA 

was extracted by adding 500 µl of RNeasy lysis buffer containing 1% 

mercaptoethanol and incubated at room temperature for 5 min. The lysed cells 

were extracted twice with acid phenol, followed by two chloroform extractions. 

Total RNA was precipitated with isopropanol, incubated overnight at -80°C and 

centrifuged for 30 min at 4°C. The pellet was washed with ice-cold 75% ethanol 

and re-dissolved in 100 µl RNAse free water. The RNA samples were purified 

with the RNeasy Kit (Qiagen) and RNA quality was verified on a 1% agarose 

gel to assure absence of RNA degradation. The amount of RNA was measured 

on the NanoDrop ND-1000 (Thermo Scientific). DNA residues were removed 

with the help of Ambion® TURBO DNA-free™ DNase Treatment and 

Removal Reagents according to the manufacturer’s instructions. First strand 

cDNA was synthesized from RNA (1 µg) using the RevertAid First Strand 

cDNA Synthesis kits (Fermentas). The final concentrations of cDNA and 

primers in a total volume of 50 µl were 20 ng and 50 nM, respectively. The 

optimal primer concentration was verified beforehand for each primer pair. 

Primers for quantitative real-time PCR (qRT-PCR) used in this study are shown 

in table 1. qRT-PCR was performed with the 7300 real-time PCR system 

(Applied Biosystems) and universal cycling conditions (2 min at 50°C, 10 min 
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at 95°C, 40 cycles of 15 s at 95°C and 1 min at 60°C) using the Power SYBR® 

Green PCR Master Mix (Life Technologies). Cycle threshold (Ct) values were 

determined by automated threshold analysis with ABI Prism version 1.0 

software. The relative abundance was calculated and normalized with the ΔΔCT 

method, using idnT as the reference gene according to Zhou et al. [224]. Stable 

expression of the reference gene was verified with expression data obtained in a 

microarray study comparing antibiotic exposed sensitive and antibiotic resistant 

E. coli cells to wild-type expression levels [221]. qRT-PCR performance under 

the above mentioned conditions was validated according to the manufacturer’s 

instructions using serial dilutions of template cDNA. 

 

   Table 1. Primer used in this study for qRT-PCR. 

 

Gene 
 

Oligonucleotide sequence 

idnT 
Forward 5’ CGCCACTACGCTGATTGCT 3’ 
Reverse 5’ TCACTAGCGCCCATTGCA 3’ 

rpoS 
Forward 5’ TCGCCGCCGGATGA 3‘ 
Reverse 5’ GGCGGGCAATTTTTACCA 3‘ 

soxS 
Forward 5’ GGCCGCCGTTGAGTTG 3’ 
Reverse 5’ GGTCCATTGCGATATCAAAAATC 3’ 

umuD 
Forward 5’ TGATATTGTCATCGCTGCTGTTG 3’ 
Reverse 5’ CGGGCGTAGTTGCAATTTTT 3’ 

 

Results 

Effect of selected gene deletions on the acquisition of antibiotic resistance  

Single deletion of promising gene candidates (gadE, soxS, ompF) that could 

affect the buildup of resistance to 3 different antibiotics had only a marginal 

effect on the sensitivity to amoxicillin and tetracycline compared to the wild-

type (table 2). Only when measuring the MIC for enrofloxacin in the ΔsoxS and 

ΔgadE strain an 8- and 4-fold reduction of the MIC was observed.  
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Table 2. MIC for wild-type (WT) and deletion mutants grown in defined mineral or LB 
medium for amoxicillin, enrofloxacin and tetracycline. 

 WT ΔsoxS ΔgadE ΔompF 
WT in 
LB 

ΔrecA 
in LB 

MIC for amoxicillin 
[µg/ml] 

4 8 4 4 16 8 

MIC for enrofloxacin 
[µg/ml] 

0.5 0.0625 0.125 1 0.25 0.0313 

MIC for tetracycline  
[µg/ml] 

2 1 1 4 8 4 

 

Induction of resistance to amoxicillin and enrofloxacin was affected in 

different ways by these gene deletions. During the acquisition of resistance to 

amoxicillin only ΔsoxS cells showed a reduced adaptation rate, and then again 

only at high amoxicillin concentration above 128 µg/ml (figure 1). Whereas the 

wild-type reached the highest amoxicillin concentration of 1024 µg/ml after 18 

days, ΔsoxS cells were only able to grow with 256 µg/ml after 26 days. 

Development of enrofloxacin resistance was more effected by selected 

deletions. Both the ΔgadE and ΔsoxS mutant adapted slower to increased 

enrofloxacin concentrations compared to the wild-type (figure 2). The deletion 

of the outer membrane protein F in the ΔompF strain seemed to be beneficial in 

the beginning compared to the wild-type, but cells stopped growing at day 7. 

Re-inoculated ΔompF cells from the -80°C glycerol stock, grown at 1 µg/ml 

enrofloxacin, showed similar adaptation rates to increasing enrofloxacin 

concentration as the wild-type. Overall, only deletion of soxS affected 

development of resistance to the two bactericidal antibiotics enrofloxacin and 

amoxicillin. To test whether the lack of soxS hampers the acquisition of 

resistance to a bacteriostatic antibiotic as well, ΔsoxS cells were made resistant 

to tetracycline (data not shown). However, no difference in the buildup of 

resistance to tetracycline in the ΔsoxS mutant was observed compared to the 

wild-type strain. 
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Figure 1. Acquisition of resistance to amoxicillin in E. coli wild-type 
and ΔsoxS, ΔompF and ΔgadE knockout strains in mineral medium. 
Cells were adapted by stepwise increasing the drug concentration by a 
factor of 2 when growth was comparable to wild-type cells. 

Figure 2. Acquisition of resistance to enrofloxacin in E. coli wild-type 
and ΔsoxS, ΔompF and ΔgadE knockout strains in mineral medium. 
Cells were adapted by stepwise increasing the drug concentration by a 
factor of 2 when growth was comparable to wild-type cells. 
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Acquisition of antibiotic resistance with inefficient SOS-response in LB medium 

To study the development of antibiotic resistance in cells with an inefficient 

SOS response, complex LB medium had to be used, as the ΔrecA strain was not 

able to grow in mineral medium. The time needed to adapt to enrofloxacin and 

tetracycline in wild-type cells and complex medium was similar to rates 

obtained in mineral medium (figure 2 and 3). However, adaptation of wild-type 

cells to amoxicillin seemed to benefit from complex medium as growth in the 

presence of 1280 µg/ml was already observed after 10 days. 

Surprisingly, no mutation in the promoter region of ampC was found when 

wild-type cells were grown at 320 and 1280 µg/ml (table 3). In contrast, 

adaptation of wild-type cells in mineral medium to amoxicillin concentrations 

higher than 20 µg/ml resulted in genetic modifications of the ampC promoter 

region as shown in this and previous studies. Therefore results were verified 

twice by sequencing relevant PCR products, but no mutation could be detected. 

The MIC for amoxicillin and tetracycline was only marginally affected by 

the lack of recA (table 2). Adaptation in response to increasing amoxicillin and 

tetracycline concentrations was generally slower in recA deficient mutants, but 

ΔrecA cells were able to adapt to both antibiotics (figure 3A and 3C). 

Adaptation to amoxicillin in ΔrecA cells was characterized by long plateaus at 4 

and 8 µg/ml, corresponding to the range of concentration in which resistance 

conferring mutations occur in the ampC promoter region [221]. In contrast, the 

MIC value for enrofloxacin in the ΔrecA strain showed an 8-fold reduction 

compared to the wild-type (table 2). As a consequence, the starting sub-MIC 

concentration had to be lowered for ΔrecA cells from 0.125 µg/ml used for 

wild-type cells to 0.03125 µg/ml. After 6 days of growth only in LB medium 

and passaging a fraction every day into fresh medium containing 0.03125 µg/ml 

enrofloxacin, sufficient growth was obtained to continue the process of 

adaptation (figure 3B). After 20 days ΔrecA cells were only adapted to a 

concentration of 0.25 µg/ml, corresponding to the MIC value of the wild-type in 

LB. In contrast to the wild-type that showed a first resistance conferring 

mutation in gyrA with 0.125 µg/ml, the first mutation in gyrA of ΔrecA cells 

was only identified at a concentration of 0.25 µg/ml (table 5). 
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Figure 3. Acquisition of resistance to amoxicillin (a), 
enrofloxacin (b) and tetracycline (c) in E. coli wild-type 
and ΔrecA cells in complex LB medium.  

a 

b 

c 
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Table 3. Mutations found in the ampC promoter region of wild-type (WT) and deletion 
mutant cells during the acquisition of resistance to amoxicillin (AMX).  

Concen-
tration 
AMX 

(µg/ml) 

WT  ΔsoxS  ΔompF  ΔgadE 
WT 

in LB 
ΔrecA  
in LB  

0 - 
 

- - - - - 

2.5 interbox* 
 

- - -35 
box 

- - 

10 -10 box;  
-35 box 

 

-10 box* -35 box -35 
box 

-10 box -10 box 

20 -10 box;  
-35 box 

 

terminator -35 box -35 
box 

interbox -10 
box; 

interbox 
320 -10 box;  

-35 box 
 

terminator, 
interbox 

-35 box* -35 
box 

- -10 
box; 

interbox 
1280 -10 box;  

-35 box; 
interbox 

terminator, 
interbox 

-35 box* -35 
box 

- -10 
box; 

interbox 

*mutation only found in one of two sequenced replicates 

 
Acquisition of antibiotic resistance in varying environments 

Development of resistance under non-optimized conditions, such as increased 

salt concentration or reduced pH, deviated from adaptation achieved in 

optimized mineral medium (pH 6.9, 0% additional NaCl) (figure 4 and 5). 

Below amoxicillin and enrofloxacin concentration of 8 to 16 µg/ml adaptation 

rates were similar for both antibiotics and all conditions studied (figure 4 and 5). 

Only above this threshold adaptation rates of cells grown under non-optimal 

conditions slowed down. Sequencing of resistance conferring regions in gyrA 

revealed different patterns in accumulation of genetic variations (figure 5, table 

6). With reduced pH or increased salt concentration no mutation was found in 

gyrA when cells were grown in the presence of 0.125 µg/ml enrofloxacin. In 

contrast, wild-type cells cultured in LB or mineral medium under optimized 
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conditions showed mutations with the lowest enrofloxacin concentration used 

(table 4 and 5).  

 
Table 4. Mutations found in resistance conferring regions of gyrA and parC in the wild-
type (WT) and deletion mutants during the acquisition of resistance to enrofloxacin 
(enro).  

*mutation only found in one of two sequenced replicates 

 

 

 

 

 

 

 

 

 

 

Concen-

tration 

enro 

(µg/ml) 

WT 

gyrA 

ΔsoxS 

gyrA 

ΔompF 

gyrA 

ΔgadE 

gyrA 

WT 

parC 

ΔsoxS 

parC 

ΔompF 

parC 

ΔgadE 

parC 

0 - 

 

- - - - - - - 

0.125 S83L 

 

- D87G D87G - - - - 

0.25 S83L D87Y D87G G81C; 

R38R⃰ 

- - - - 

0.5 S83L G81D D87G; 

R38R⃰ 

G81C - - - - 

16 D87G; 

S83L 

G81D D87G; 

S83L 

G81D S80I S80I - S80R 

1024 D87G; 

S83L 

G81D D87G; 

S83L 

G81D S80I D79A

S80I 

E84G S80R 
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Concentration 

enrofloxacin 

(µg/ml) 

WT 

 gyrA 

ΔrecA 

gyrA 

WT 

 parC 

ΔrecA 

parC 

0 - - - - 

0.125 G81D - - - 

0.25 S83L D87Y - - 

0.5 S83L D87Y - - 

16 S83W ND G78D ND 

1024 S83L ND S80R ND 

Concen-

tration 

enro 

(µg/ml) 

Control 

gyrA 

pH 6 

gyrA 

2% salt 

gyrA 

Control 

parC 

pH6 

parC 

2% 

salt 

parC 

0 - - - - - - 

0.125 S83W ⃰;D87Y⃰ - - - - - 

0.25 S83W D87G D87T - - - 

0.5 S83W - - - - - 

16 S83W S83W S83L G78D - - 

1024 
S83W; 

A84P G81D S83L;D87G G78D - E84G 

*mutation only found in one of two sequenced replicates 

Table 5. Mutations found in resistance conferring regions of gyrA 
and parC in the wild-type and ΔrecA deletion mutant during the 
acquisition of resistance to enrofloxacin in LB medium.  

Table 6. Mutations found in resistance conferring regions of gyrA and parC in wild-

type cells adapted to enrofloxacin (enro) in mineral medium with different conditions 

(pH 6 or 2% salt). 
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Figure 5. Acquisition of resistance to enrofloxacin under varying 
conditions (pH 6 or 2% salt) in E. coli wild-type. Cells were adapted to 
different conditions by daily passaging to fresh medium without any 
antibiotic for seven days.  

Figure 4. Acquisition of resistance to amoxicillin under varying conditions 
(pH 6 or 2% salt) in E. coli wild-type and cells in mineral medium. Cells 
were adapted to different conditions by daily passaging to fresh medium 
without any antibiotic for seven days.  



Role of stress, ROS and SOS response in de novo acquired resistance 

93 

Once cells were able to grow with 16 µg/ml enrofloxacin in LB or under 

optimized conditions in mineral medium the well-known G78D mutation was 

observed in parC. But again, under non-optimal conditions mutations in parC 

were only found at higher enrofloxacin concentrations. E. coli cells made 

resistant to 1024 µg/ml enrofloxacin medium with a lowered pH of 6 showed no 

mutation in parC at all. Resistance to enrofloxacin strongly depends on 

mutations in gyrA and parC. Several studies proved that bacteria are not only 

passively waiting for the optimal set of mutations to appear and that prokaryotes 

are able to induce transient mutagenesis mechanism in response to stress [225]. 

To test whether a changed general stress (rpoS), oxidative (soxS) or SOS 

response (umuD) account for a later accumulation of mutations and protects the 

cells from antibiotics under non-optimal conditions, expression levels of rpoS, 

soxS and umuD were compared to the wild-type with qRT-PCR (figure 6). In 

agreement with a previous microarray study, an enrofloxacin resistant strain 

(Enro) was used as control showing a strong induction for soxS, but equal 

expression levels of rpoS and umuD compared to the wild-type in the absence of 

antibiotics [221]. Non-optimized conditions and exposure to 0.125 µg/ml 

enrofloxacin did not alter the expression of soxS. However, umuD was at least 

3-fold down regulated under all deviating growth conditions tested with and 

without enrofloxacin exposure. This general master stress regulator showed a 4 

fold induction in cells upon culturing them in 2% NaCl when exposing them to 

0.125 µg/ml enrofloxacin. 
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Discussion 

Acquisition of antibiotic resistance is influenced by many intertwined factors, 

such as regulatory processes in response to DNA or oxidative damage, but also 

external culture conditions. Complex LB medium promotes the buildup of 

amoxicillin resistance in E. coli wild-type cells compared to minimum mineral 

medium. Cells grown on minimal glucose containing medium might be partially 

starved for amino acids that could potentially be a stressful situation by itself, 

challenging growth and possibly evolution of antibiotic resistance [226]. No 

mutation was found in wild-type cells grown at high concentrations of 

amoxicillin. In contrast to previous findings using mineral medium [196, 221], 

no ampC promoter mutation was found when cells were grown in complex 

medium at amoxicillin concentrations higher than 20 µg/ml. A considerable 

number of studies have already observed the coexistence of sensitive, 

intermediate-resistant and highly resistant cells growing within a clonal 

Figure 6. Change in expression level of selected genes in enrofloxacin 

resistant (Enro) and wild-type cells (WT) cultured in mineral medium 

with a pH 6 or additional 2% salt compared to the wild-type (pH 6.9, 

0% additional NaCl). Expression levels were compared to the wild-

type in the absence or presence (exp) of 0.125 µg/ml enrofloxacin. 

Data are the mean ± SD of two biological replicates. 
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population [113, 115]. In biofilm matrices, for example, overproduction of 

chromosomal β-lactamases degraded penicillin like antibiotics before they even 

reached the sensitive cells located in the biofilm center [123, 124]. Thus, 

complex medium could increase variations within a clonal population and 

protect a population’s sub-fraction by altruism. 

Comparing the expression and mutational profiles between wild-type and 

antibiotic resistant cells does not represent the full picture of changes a cell has 

to undergo during the acquisition of resistance. Resistance to fluoroquinolones 

is generally associated with mutations affecting the DNA gyrase [221, 227, 

228]. Furthermore, up-regulation of efflux mechanisms has been shown to 

increase the MIC at least 4-fold [227]. Previously, we compared the 

transcriptomic profile of wild-type with that of cells made resistant to 

enrofloxacin. A strong down regulation (10-fold) of ompF and induction of 

soxS (65-fold) was observed in resistant cells [221]. The single ompF deletion 

mutant, however, showed no advantage in response to increasing enrofloxacin 

concentrations, even though ΔompF was associated with increased 

fluoroquinolone resistance in several previous studies [227, 229, 230]. 

However, fluoroquinolones can enter cells via multiple porins (OmpA, OmpC 

and OmpF) as well as non-porin pathways directly passing through the lipid 

bilayer [230]. Based on that, Chapman and Georgopapadakou proposed that the 

total uptake of fluoroquinolones is not limited to porins, but influenced by the 

hydrophobicity of the quinolone [230]. Thus, deletion of only one porin does 

not entirely protect the cell and hence does not change the adaptation rate, but 

might play an important but not yet identified role in the concerted response of 

adaptation to antibiotics. 

In contrast to the ΔompF mutant, deletion of soxS and gadE slowed down 

the adaptation process, even though gadE was not found to be differentially 

expressed in enrofloxacin adapted cells. Deletion of soxS, however, did alter the 

process of adaptation to amoxicillin and enrofloxacin, although soxS was not 

differentially expressed in amoxicillin resistant cells. Overall, the process of 

adaptation to antibiotics seems far more complex and dependent on the 

combined response of regulatory networks than changing expression of single 

genes encoding for porins or multidrug efflux pumps.  
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The production of reactive oxygen species (ROS) has been proposed as an 

essential step in the killing by bactericidal antibiotics, such as amoxicillin and 

enrofloxacin [152]. Interestingly, induction of resistance to amoxicillin and 

enrofloxacin was slowed down in ΔsoxS mutants, indicating that cells were 

hampered by the increased production of superoxide due to exposure to 

bactericidal antibiotics. In contrast, acquisition of tetracycline resistance 

(bacteriostatic) was not affected by the deletion of soxS. Kohanski et al. [153] 

proposed that different classes of bactericidal antibiotics generate varying levels 

of ROS regardless of their drug-target interactions. The observations made in 

this study are in line with the radical based theory and support the concept of 

ROS production in cells that are exposed to bactericidal antibiotics. Thus, 

understanding of underlying antibiotic actions and fundamental cellular 

mechanisms in response to antibiotic exposure is needed for a broader 

understanding of the evolution of antibiotic resistance. 

Resistance was mainly induced under optimized conditions in this and also 

in previous studies [88, 130, 131, 161, 231]. Applying a second stressor, such as 

a non-optimal pH or increased NaCl concentration has a strong effect on the 

adaptation rate. For both antibiotics, amoxicillin and enrofloxacin, adaptation 

rates clearly slowed down above 16 µg/ml indicating that growth in the 

presence of two stressors decreases the adaptation rate. Thus, adaptation to the 

presence of one antibiotic occurs fast and comes at a cost of the ecological range 

as shown previously [196]. But cells that are challenged by two stressors pay by 

slowing down the adaptation rate. The source of the second stressor might be 

important as well. Previously it was shown that E. coli made resistant to 

amoxicillin showed a decreased ecological range with lower maximum growth 

rates at a pH of 6 or 2% NaCl compared to the wild-type [196]. The search for 

combination of stressors that slow down the evolution of resistance could 

therefore present a useful strategy to combat evolution of resistance. 

In addition to differences in adaptation rates under different conditions, 

genetic alterations deviated from those found under optimal culture conditions. 

Acquisition of enrofloxacin resistance was accompanied by mutations in gyrA 

already at the lowest concentration of 0.125 µg/ml in 7 biological replicates 

[221]. Changing environmental conditions resulted in a delay of the first gyrA 

and parC mutation (table 6). The same effect was also observed in the recA 
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deletion mutant (table 5). Acidic conditions are generally associated with the 

induction of oxidative damage related genes [232]. However, adaptation to 

acidic conditions for 1 week reduced soxS expression 3-fold. Moreover, the 

adaptation to acidic and altered salt conditions lowered expression of umuD, 

which depends on RecA activation, at least 4-fold (figure 6). This could have 

created a genetic background similar to the recA deletion mutant and therefore 

caused the delayed genetic change in gyrA and parC. Thus, delayed mutations 

found in cultures that were adapted to enrofloxacin in non-optimized conditions 

are in agreement with results obtained in the recA deletion mutant and hence 

illustrate the importance of the SOS response in the acquisition of antibiotic 

resistance. Because of the crucial role in modulating the adaptation, mutation 

[95] and horizontal transfer rate [197], inhibition of the SOS response could 

prolong the efficacy of current fluoroquinolone antibiotics and provide an 

alternative to combat the evolution of bacterial resistance to antibiotics. 

 


