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Abstract  

Antibiotic resistance is often associated with metabolic costs. To investigate 

metabolic consequences of antibiotic resistance, the genomic and transcriptomic 

profile was compared between an amoxicillin resistant E. coli strain and the 

wild-type it was derived from. 125 amino acid substitutions and 7 mutations that 

were located <1000 bp upstream of differentially expressed genes were found in 

resistant cells. However, a broad induction and suppression of genes was 

observed when comparing the expression profile of resistant to wild-type cells. 

Expression of genes involved in the cell wall maintenance, DNA metabolic 

processes, cellular stress response and respiration was most affected in resistant 

cells regardless of the absence or presence of amoxicillin. The SOS response 

was downregulated in resistant cells. The physiological effect of the acquisition 

of amoxicillin resistance in cells grown in chemostat cultures consisted of an 

initial increase in glucose consumption that was followed by an adaptation 

process. Furthermore, no difference in maintenance energy was observed 

between resistant and sensitive cells. In accordance with the transcriptomic 

profile, exposure of resistant cells to amoxicillin resulted in a reduced salt and 

pH tolerance. Taken together, the results demonstrate that the acquisition of 

antibiotic resistance in E. coli is accompanied by specifically reorganized 

metabolic networks in order to circumvent metabolic costs. The overall effect of 

the acquisition of resistance consists not so much of an extra energy 

requirement, but more of a reduced ecological range. 
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Introduction 

Antibiotic resistance in bacteria is often associated with a metabolic burden 

resulting in decreased fitness compared to their susceptible counterparts in the 

absence of the antibiotic [98, 136-138]. Bacteria can become resistant to 

antibiotics by genetic mutation, transfer and expression of resistance genes from 

resistant to susceptible organisms or phenotypic adaptation. These changes can 

modify and unbalance bacterial metabolism, thereby impairing the physiological 

efficiency [98]. However, bacteria have a remarkable capacity to compensate 

for and reduce these physiological costs [138, 139]. Decreasing the metabolic 

burden of drug resistance by compensatory adaptation can stabilize resistant 

bacterial populations [140]. 

Changes in the outer membrane porins, penicillin binding proteins or efflux 

pumps can result in an increased resistance of E. coli to β-lactams [141]. In 

addition, resistance to β-lactams can occur due to production of β-lactamase, 

either chromosomally encoded or plasmid mediated [142]. Bacteria exposed to 

antibiotics utilize complex protection mechanisms, such as the SOS response 

that triggers transcription of genes involved in repairing DNA damage [143, 

144], or the ROS system of reactive oxygen inducible genes [145]. It is to be 

expected that these adaptations require an energy investment. 

Gene expression can be regulated in response to drug exposure in a manner 

that strikes a balance between efficient energy metabolism and adjustment to 

changing environments [146]. The acquisition of antibiotic resistance seems to 

have a specific effect on bacterial physiology rather than a general burden by 

overexpression of genes conferring resistance [147-149]. For example, the 

overexpression of the multidrug efflux pump MexEF-OprN in antibiotic 

resistant Pseudomonas aeruginosa cells did not result in a decreased fitness 

[147]. The downregulation of several quorum-sensing regulated genes indicates 

that acquisition of resistance can be accompanied by modifications attuned to 

specific ecosystems. 

The general assumption is that long-term adaptation is mainly caused by 

either genetic mutations or by horizontal gene transfer, for example by the 

acquisition of plasmids. In contrast, short-term adaptation is believed to be 

purely phenotypic, whereby the inherent susceptibility to drugs in a population 

does not change [150]. Therefore, changes at the gene expression level are 
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supposed to be either rapidly induced in response of the drug or permanently 

altered by genetic modifications in the promoter region of either the resistance 

conferring gene or a respective regulator [150, 151]. 

Resistance to amoxicillin could be induced in E. coli by growth in the 

presence of stepwise increasing antibiotic concentrations, resulting in a 100-fold 

increase in the minimal inhibitory concentration (MIC) [130]. During the 

process of adaptation the cells initially increased specific glucose consumption, 

indicating a metabolic cost of resistance. After several cycles of growth in the 

presence of the antibiotic the metabolic cost decreased [130]. This suggests a 

dependence of the metabolic cost on the length of exposure to the antibiotic, 

indicating that the organism undergoes complex metabolic adaptations that 

compensate for the cost of resistance. Since the resistance persists during 

growth in the absence of the antibiotic, it seems logical to assume that it is 

caused by mutations rather than regulation of gene expression. This remains to 

be proven.  

The radical based theory [145, 152, 153] proposes that oxygen radicals play 

a central role in cell death upon exposure to bactericidal antibiotics. If this is 

indeed the case, then sub-lethal levels should induce defense mechanisms that 

can in turn be detected by induction of the relevant genes. Furthermore the 

physiological effects on the cell must be detectable as well. 

It is unlikely that the enduring metabolic adaptations that compensate for 

the initial metabolic costs of resistance have no other physiological 

consequences. Therefore these metabolic consequences need to be documented 

in more detail and potential negative effects of acquisition of resistance 

investigated. To this aim the genomic and transcriptomic profile of drug 

sensitive and amoxicillin resistant E. coli cells were compared. The large set of 

genes that were significantly up- and downregulated suggested several 

physiological consequences. One of the most prominent turned out to be a 

reduced ecological range, due to a diminished ability to control intracellular 

parameters upon changing environmental conditions. 
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Material and Methods 

Bacterial strains, growth media and culture conditions  

The drug sensitive wild-type E. coli MG1655 and an amoxicillin resistant E. 

coli strain with a MIC of 512 µg/ml were used throughout. The latter was 

derived from the first by stepwise increasing the amoxicillin concentration with 

every transfer cycle when almost normal growth occurred [130]. After 

approximately 100 generations the MIC of E. coli for amoxicillin increased 

from 4 to 512 µg/ml. Batch cultures of E. coli were grown at 37°C in a 

phosphate buffered (100 mM Na2H2PO4) and defined minimal medium 

containing 55 mM glucose with a pH of 6.9 [154]. For continuous cultivations 

of E. coli the glucose (5 mM) and Na2H2PO4 (10 mM) concentrations were 

reduced and the pH was controlled at 6.9 with NaOH. Media were autoclaved 

for 20 min at 120°C, with the exception of glucose (10 min, 110°C). Four 

different Staphylococcus aureus strains were donated by Drs J. Wagenaar and 

W.J.B. van Wamel. These strains were isolated from two veal calf farms, 

MRSA0026 and MRSA0027 from one and MRSA0028 and MRSA0029 from 

another. For the cultivation of the S. aureus strains a chemically defined 

medium (CDMPC) [155] was used. The MRSA strains were assigned to the 

sequence type (ST) 398 and had the following characteristics [156]: 

MRSA0026: mecA+, spa t011, MIC methicillin 4 µg/ml; MRSA0027: mecA-; 

spa t011, MIC methicillin 1 µg/ml; MRSA0028: mecA+, spa t034, MIC 

methicillin 64 µg/ml; MRSA0029: mecA-, spa t034, MIC methicillin 1 µg/ml. 

Enterococcus faecium E1039 (ampicillin (MIC 0.0625 µg/ml) and vancomycin 

sensitive), E1162 (ampicillin resistant (MIC 4 µg/ml), vancomycin sensitive), 

E155 (ampicillin (MIC 8 µg/ml) and vancomycin resistant) were donated by Drs 

R.J.L. Willems and W. van Schaik and grown in MRS bouillon (VWR 

International, Darmstadt, Germany). The E. faecium strains were characterized 

by multilocus sequence typing (MLST) [157, 158]. E1039 belongs to the ST42 

and differs in 4 out of 7 MLST genes from E1162 and E155. The E1162 and 

E155 (referred to as VS2) strains were assigned to ST17 and are clonally related 

[157].  

Pre-cultures for inoculation of 96-well plates, batch and continuous cultures 

were grown in shake-flasks overnight shaken at 200 rpm at 37°C. For 

cultivation of sensitive and resistant cells under different conditions (sodium 
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chloride, pH) 96-well plates were used. Growth was followed over time for 23 h 

in a microtiter plate reader, measuring OD600 every 10 min, with shaking in 

between. Results were obtained by calculating μmax based on averaged OD600 

values of 2 independent replicates, each performed as 2 technical replicates. The 

significance (P ≤ 0.05) of differences between μmax values was determined by a 

Student’s t test. 

Continuous cultivations were performed in a Sixfors (Infors AG, 

Bottmingen, Switzerland) fermenter vessel with a working volume of 250 ml, 

stirring at 250 rpm and a constant temperature of 37°C. The pH was controlled 

by automatically pumping sterile 2N NaOH into the vessel. Continuous 

cultivations were started as batch cultivations for 24 hours and switched to 

chemostat mode by activating feed and waste pumps. Growth conditions were 

maintained and culture parameters (pH, temperature, stirrer) recorded by the 

controller in the Sixfors fermentation unit. If the culture parameters, including 

the OD, remained constant for 5-7 volume changes samples were taken and if 

necessary new parameters were set. Growth in chemostat cultures was followed 

by measuring OD and dry weight. The dry weight was determined by filtering 5 

ml of the culture volume on a pre-weighted filter and measurement of the filter 

weight after drying over night at 110°C. 

 

Determination of the glucose concentration 

At steady state culture liquid was harvested, immediately filtered (0.2 µm pore 

size) and stored at -80°C. Glucose concentration of thawed samples was 

determined enzymatically according to Bergmeyer [159].  

 

2’,7’-Dichlorofluorescein oxidation 

The level of intracellular reactive oxygen species (ROS) was measured by using 

the fluorescence dye 2’,7’- dichlorofluorescein diacetate (H2DCFDA) according 

to an adapted protocol of Jakubowski and coworkers [160]. Briefly, bacteria 

were grown for 3 hours as described above to an OD600 of approximately 0.3. A 

sample of 10 ml was incubated 1 hour with 10 μM H2O2 or different 

concentrations of amoxicillin (1 or 4 μg/ml for sensitive cells; 150 or 512 μg/ml 

for resistant cells). The H2DCFDA (dissolved in DMSO, 100 mM) was added to 

a final concentration of 100 μM. After incubating the bacteria 30 min in the 
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dark at 37°C and 200 rpm, cells were pelleted, washed, suspended in 1 ml buffer 

and disrupted by bead beating. Cell extracts were clarified by centrifugation. 

Fluorescence of the cell lysate was read on a Fluostar Optima 

spectrofluorometer (BMG Labtech) with an excitation wavelength of 470 nm 

and an emission wavelength of 529 nm. Results were obtained by calculating 

the mean fluorescence of 2 independent replicates, each performed as 2 

technical replicates. Mean fluorescence was normalized to the protein 

concentration determined with the Thermo Scientific Pierce Micro BCA Protein 

Assay Kit. 

 

MIC readings and antibiotics 

MIC values were determined as previously described [161]. Briefly: duplicate 

serial dilutions of a factor of 2, ranging from 1 to 2.048 µg/ml of amoxicillin, 

were made in 96-well plates. Additionally, two wells were used to analyze 

growth without antibiotics. Amoxicillin stock solutions contained a 

concentration of 10 mg/ml, were 0.2-mm filter-sterilized and stored at 4°C prior 

to use. For MIC readings bacterial cells were inoculated into each well to a 

starting OD600 of 0.05. Growth was followed over time for 23 h in a microtiter 

plate reader, measuring OD600 every 10 min, with shaking in between. A 

Thermo Scientific Multiskan FC with SkanIt software was used for the 96-well 

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

that reduced the growth to an OD of 0.2 or less after 23 hours.  

 

β-lactamase assay 

The β-lactamase activity was determined by using the chromogenic substrate 

nitrocefin according to an adapted protocol of O'Callaghan and coworkers 

[162]. Cells were grown until OD600 1.0 and harvested by washing 1 ml with 

100 mM sodium phosphate buffer (pH 7.0). After disrupting the cells by 

sonification, cell extracts were clarified by centrifugation. β-lactamase activity 

was determined by measuring the rate of nitrocefin hydrolysis (final 

concentration 100 μM) at 390 nm at 30°C in 100 mM sodium phosphate buffer 

pH 7.0. Enzyme activity was normalized to the protein concentration of the 

supernatant that was determined with the Thermo Scientific Pierce Micro BCA 
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Protein Assay Kit. Specific β-lactamase activities are presented as nanomoles of 

nitrocefin hydrolyzed per minute per milligram of protein. 

 

Microarray 

RNA isolation, yield and quality 

In total 3 biological replicates of each experimental condition were grown in 

batch cultures. Cells were cultured overnight, inoculated in fresh medium to an 

OD of 0.2 with or without amoxicillin and harvested at an OD600 of 1.0. The 

pellet was 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 incubation at room temperature for 5 min. The lysed cells 

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

Subsequently the total RNA was precipitated with isopropanol and incubated 

overnight at -80°C. After centrifugation for 30 min at 4°C, the pellet was 

washed with ice-cold 75% ethanol. Subsequently, the RNA was re-dissolved in 

100 µl RNAse free water. Samples were purified with the RNeasy Kit (Qiagen). 

The amount of RNA was measured on the NanoDrop ND-1000 (Thermo 

Scientific). The integrity of the RNA samples was investigated with the 

BioAnalyzer (Agilent Technologies) using the RNA nano 6000 kit (Agilent 

Technologies). Labeling, microarray hybridization, scanning and data 

processing was performed at the MicroArray Department of the University of 

Amsterdam. 

 

Labeling protocol 

Per test sample, 5 µg total RNA combined with 1 µg random octamers 

(Biolegio) in 4.5 µl H2O was heated to 65°C for 10 min to denature the RNA 

and was allowed to cool in an ice-waterbath for 10 min. This 4.5 µl was made to 

10 µl with a first strand mastermix containing final concentrations of 50 mM 

Tris-Cl (pH 8.3), 3 mM MgCl2, 75 mM KCl, 200 mM Raffinose (Sigma-

Aldrich), 0.015% Triton X-100, 30 ng Actinomycin-D (Sigma-Aldrich), 0.01M 

DTT, 0.5 mM dGAC, 0.35 mM dUTP, 0.15 mM dUTP-Cy3 (test) or dUTP-Cy5 

(common reference) (GE Healthcare) and 200U SuperScript-II (Life 

Technologies). This mixture was incubated for 2 min at 25°C, 120 min at 42°C 

and 15 min at 70°C. Finally, 1.5 µl of 2.5M NaOH was added to hydrolyze the 
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remaining RNA by heating for 10 min at 70°C. 8.5 µl 2M MOPS was added for 

neutralization and the labeled cDNA was purified with the E.Z.N.A. MicroElute 

RNA Clean-up Kit (Omega Biotek). Dye incorporation and cDNA yield was 

measured on the NanoDrop ND-1000 (Thermo Scientific) yielding 2-2.5 µg per 

sample and a frequency of incorporation > 10 pmol/µg. The common reference 

was made by an equimolar pool of all test samples (5 µg per sample) and 

subsequently labeled as the test samples with Cy5 incorporation. 

 

Microarray hybridization, scanning & data processing  

Each hybridization mixture was made up from 750 ng Test (Cy3) and 750 ng 

Reference (Cy5) sample. Samples were dried and 1.98 µl of water was added. 

The hybridization cocktail was made according to the manufacturer’s 

instructions (Nimblegen Arrays User’s Guide – Gene Expression Arrays 

Version 5.0, Roche Nimblegen). Hybridization samples were loaded onto 

12x135k custom designed microarrays against E. coli (OID 38205, Design 

120315). Microarrays were hybridized for 18 hours at 42°C with the 

NimbleGen Hybridization System 4 (Roche Nimblegen). Afterwards, the slides 

were washed according to the Nimblegen Arrays User’s Guide – Gene 

Expression Arrays Version 5.0 and scanned in an ozone-free room with a 

Agilent DNA microarray scanner G2565CA (Agilent Technologies). Feature 

extraction was performed with NimbleScan v2.6 (Roche Nimblegen). Data for 

biological replicates were normalized, averaged and analyzed. Genes were 

considered to be differentially expressed when they had a ≥ 2-fold increase or 

decrease in transcript and demonstrated a significant change in levels of 

expression (P ≤ 0.05) as determined by a Student’s t test.  

 

Genome sequencing and assembly 

Bacterial genome Roche/454 Titanium shotgun sequencing was performed 

according to the manufacturer's instructions. The sequence reads were 

assembled using the Roche GS De Novo Assembler (Newbler) v 2.3 and the 

Roche GS Reference Mapper v 2.0.0.12. Alignment of the contigs was done 

with MAUVE [163] using the progressive MAUVE algorithm in its default 

settings (http://asap.ahabs.wisc.edu/mauve/), using the reference database 

sequence for E. coli strain MG1655 from NCBI (Refseq: NC_000913, 
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Genbank: U00096). The genomes were annotated using the Annotation Engine 

at the Institute for Genome Sciences of the University of Maryland School of 

Medicine (http://ae.igs.umaryland.edu/cgi). Alignment of the Roche 454 reads 

was done with a tool developed in house, RoVar (http://trac.nbic.nl/rovar), 

which uses BLAT, version 34 [164]. The following criteria were chosen for 

selecting structural variations: (i) the region of the structural variation should be 

present only once in the reference sequence; (ii) no perfect match reads should 

align; and (iii) at least 3 reads should unambiguously support each structural 

variation. This approach was utilized to ascertain that the identified differences 

are almost certainly not the effect of sequencing errors. 

 

Amplification and sequencing of the ampC promoter  

The E. coli ampC promoter region was amplified and sequenced using .5’-

GGGATCTTTTGTTGCTCT-3’ as forward and 5’-CTTCATTGGT 

CGCGTATT-3’ as reverse primers. PCR conditions for amplification reactions 

were as follows: initial 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 a final 90 s extension at 72°C. 

Reactions were performed in 50 µl volumes with Taq DNA polymerase 

(Thermo Scientific). PCR products were purified with the MSB® Spin 

PCRapace kit (Invitek) and sequenced by Macrogen Europe. 

 

Results 

Regulation of gene expression 

The physiological consequences of exposure to antibiotics are reflected on the 

transcriptome of E. coli after adaptation to and subsequent additional exposure 

to amoxicillin (figure 1). The expression of a total number of 4237 genes was 

assessed. Growth at 1 μg/ml amoxicillin did not induce differential gene 

expression in wild-type cells when only genes showing a statistically significant 

minimally 2-fold change are considered to be differentially expressed. The 

strain made permanently resistant by growing it at increasing levels of 

amoxicillin [130] had after growth in medium without antibiotic 32 upregulated 

and 79 downregulated genes compared to the wild-type it originated from. This 

suggests that the changes in gene expression that accompany the acquisition of 
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resistance are enduring. Growth of this resistant strain in the presence of 150 

μg/ml amoxicillin resulted in the upregulation of 109 and downregulation of 

133 genes compared to the wild-type. When the resistant strain grown with 

amoxicillin is compared to the same strain in the absence of the antibiotic, 4 

genes were downregulated and 8 upregulated. Overall, in resistant cells more 

genes were downregulated than upregulated compared to the wild-type and 

exposure to the antibiotic increased both numbers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The transcriptomics of selected functionally related groups of genes based 

on standard GO terms found by the DAVID bioinformatics tool [165] are 

summarized in table 1. Genes belonging to the functional group of the 

membrane or transport were both down- and upregulated in resistant cells 

compared to the wild-type. In the functional groups of cation binding, cellular 

respiration and electron transport chain only upregulation of genes occurred. 

The overlap of genes that are categorized to different groups, such as the 

Figure 1. Total number of up- and downregulated genes in amoxicillin resistant cells 
compared to the wild-type in the absence (-AMX) or presence of amoxicillin 
(+AMX, wild-type: 1 μg/ml, resistant cells: 150 μg/ml). Selected differentially 
expressed genes of each condition examined are presented in the figure with the fold 
change in brackets. Genes are considered to be differentially expressed when the 
expression ratio exceeds a factor of two and shows a significant different (95% 
confidence) log expression ratio ≥ ± 0.5. 
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cellular respiration, transport and membrane group, is illustrated in figure 2. 

Differentially up and downregulated genes can be associated with multiple 

groups. Hence, the number of differentially regulated genes does not match with 

the total number of genes categorized into groups.  

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Overlap of upregulated genes categorized into the cellular respiration, 
transport and membrane group of amoxicillin resistant E. coli cells in the presence of 
amoxicillin compared to the wild-type (0.25xMIC; wild-type: 1 μg/ml, resistant cells: 
150 μg/ml amoxicillin, respectively). Genes are considered to be differentially 
expressed when the expression ratio exceeds a factor of two and shows a significant 
different (95% confidence) log expression ratio greater than or equal to ± 0.5. 
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Table 1. Summary of gene numbers showing differentially regulation in selected 
functional groups of E. coli wild-type (WT) and antibiotic resistant cells (AR) with or 
without amoxicillin found with DAVID Bioinformatics Resources 6.7 (32).  

a Only those genes that were significantly differentially expressed (P > 0.95 confidence) 
and at least 2-fold altered gene expression are listed. AR versus WT: comparison of 
unexposed cells; ARamox vs WTamox: comparison of amoxicillin exposed cells 
(0.25xMIC; 1 and 150 µg/ml amoxicillin for WT and AR, respectively) 

 
Number of genesa 

 

  
AR vs WT ARamox vs WTamox 

  

Functional group total number 
up 

regulated 
down 

regulated 
up 

regulated 
down 

regulated 
Whole genome         4237 32     79      109        133 
       
Membrane 1093 15 21 42 27 
Transport 820 13 13 34 20 
       
Cation binding 637 - - 36 - 
 Iron ion binding 78 - - 21 - 

        

Carbohydrate catabolic 
process       

114 - 6 7 9 

        

DNA metabolic 
process 

183 9 19 9 26 

 DNA repair 75 - 16 - 18 

 DNA replication 59 - 3 - 8 

 
Transposition, DNA 
meditated 

18 9 - 9 - 

        

Cellular response to 
stress 

158 - 18 - 19 

 SOS response 23 - 17 - 17 

Response to antibiotic 84 2 - 4 - 

       

Cellular respiration 85 5 - 24 - 
Electron transport 
chain 

112 4 - 14 - 
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Genes involved in the SOS response were suppressed in resistant cells 

compared to the wild-type both in the absence and presence of amoxicillin 

(table 2). No significant upregulation of any SOS response gene in drug 

resistant cells was found. Upon comparable exposure to amoxicillin (0.25xMIC) 

both strains should be affected to similar extent, but only in resistant cells 

further downregulation of the SOS response genes was observed. The most 

reduced expression in drug resistant cells within this functional group was found 

for umuD, that is part of the error prone repair of DNA. Other important genes 

involved in regulating the SOS response, recA, dinI, umuC, recX and lexA, were 

also suppressed.  

The GO term “response to antibiotics” (GO:0046677), includes any process 

that results in a change in state or activity of a cell or an organism as a result of 

an antibiotic stimulus such as movement, secretion, enzyme production, gene 

expression, etc. [166]. In resistant cells grown in the presence of amoxicillin 4 

out of 84 genes of this group were upregulated (table 1). The strongest 

upregulation regardless of the presence of amoxicillin, approximately 100-fold, 

occurred in ampC which encodes for a β-lactamase. To examine the effect of 

this upregulation on the phenotype, the specific β-lactamase activity was 

determined (table 3). Whereas no β-lactamase activity could be detected in 

wild-type cells, resistant cells showed a specific activity of 310.7 ± 57.9 U/mg. 

The presence of 150 μg/ml amoxicillin during growth did not result in a further 

increased β-lactamase activity. The β-lactam resistance protein Blr that 

increases resistance to a number of antibiotics which inhibit peptidoglycan 

synthesis [167] had a 2.2-fold higher expression in resistant cells exposed to 

amoxicillin. The highest increase in expression (16.2-fold) of a drug efflux 

related gene was observed for sugE which belongs to the small multidrug 

resistance family [168]. Two multidrug efflux transporter, mdtM and mdtK were 

more than 2-fold up regulated in the resistant strain, but solely in the presence of 

amoxicillin. However, other well-known genes belonging to the GO term 

“response to antibiotics”, such as the mar and acr operon, showed no significant 

differential expression. 
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Table 2. Fold change of selected up- and downregulated genes in amoxicillin resistant 
E. coli cells compared to the wild-type without (-AMX) or with amoxicillin (+AMX, 
0.25xMIC).a 

 

 

 
           Upregulated                      Downregulated 

  - AMX + AMX                     - AMX + AMX 

Membrane       Membrane      

  ompW 1.3b   2.1   dinF -4.7   -5.5 

  copA 1.4b   2.3   ampG -1.6b   -2.5 

  cusC 4.9   23.5   evgS -1.5b   -2.8 

  blc 11.0  12.3        

Transport       Transport      

  dcuC 2.0   3.0   sdhD -1.5b   -2.9 

  sugE 13.8   16.2   sdhC -1.5b   -3.3 

  frdA 28.7   37.6   malM -2.8   -2.4 

  frdB 31.3   60.4   gadC -3.3   -2.8 

  frdD 25.3   44.7  
lamB -3.7   -2.5 

Response to 
antibiotic 

 
 

 
SOS 
response      

  mdtM 1.1b   2.4   lexA -3.2   -3.0 

  mdtK 1.9b   2.9   recX -3.3   -2.8 

  blr 1.7   2.2   recA -3.8   -3.1 

  ampC 97.1   106.2   umuC -4.7   -3.5 

            dinB -5.5   -4.8 

            dinI -6.7   -7.1 

            recN -9.1   -7.8 

            umuD -9.2   -7.4 
a Genes are considered to be differentially expressed if they showed significantly 
different (95% confidence) log expression ratio greater than or equal to ± 0.5. 
b Not significantly differentially expressed (p > 0.05). 
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Genes categorized in the functional group of the membrane were both up- 

and downregulated compared to the wild-type (table 1). Resistant cells had an 

approximately 12-fold increased expression of blc that is assumed to be 

involved in transport or lipid storage necessary for membrane repair or 

maintenance [169]. When resistant cells were exposed to amoxicillin 

upregulation was observed of cusR (2.3-fold), a known regulator of genes 

related to copper efflux [170], of cusF coding for the copper efflux/system (3.7-

fold), of cusC (23.5-fold), of the multicopper oxidase cueO (2.5-fold) and of the 

Cu+ efflux ATPase copA (2.3-fold). Altered expression of porins or restriction 

of their functions due to point mutations have been linked to antibiotic 

resistance [171]. However, amoxicillin resistant cells showed only a 2.1-fold 

increased expression of ompW in response to the antibiotic. The expression of 

dinF, a member of the multidrug and toxic compound extrusion (MATE) group 

[172], was approximately 5-fold suppressed in resistant cells upon addition of 

amoxicillin.  

The functional group of transport, which includes metabolic enzymes, had 

13 up- and 13 downregulated genes in resistant cells compared to the wild-type. 

The numbers of differentially expressed genes increased to 34 up- and 20 

downregulated genes, when these cells were exposed to amoxicillin (table 1). 

Expression of genes coding for proteins involved in electron transport and 

carbon metabolism was clearly affected. In the absence of amoxicillin 5 genes 

involved in cellular respiration (narg, frdABCD operon) were upregulated in 

resistant cells compared to wild-type. In resistant cells exposed to amoxicillin 

 Cells and drug β-lactamase activitya 
WT  0 
WT + 1 μg/ml AMX 0 
AR  310.7 ± 57.9 
AR + 150 μg/ml AMX 300.0 ± 57.5 

a
 Specific activity reported in nanomoles of nitrocefin hydrolyzed per 

minute per milligram of protein. Results are presented as the means 
and standard deviations from 3 independent measurements. 

Table 3. Specific β-lactamase activity of wild-type (WT) and 
amoxicillin resistant (AR) cells cultured with or without sub-
inhibitory amoxicillin (AMX) concentrations.  
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24 genes involved in cellular respiration were upregulated, including the frd 

operon. The frd operon encodes for the enzyme fumarate reductase and allows 

for the utilization of fumarate as a terminal electron acceptor instead of oxygen 

for anaerobic oxidative phosphorylation in E. coli [173]. The genes frdB and 

frdA which encode the enzyme fumarate reductase were upregulated (table 2). 

All genes encoding succinate dehydrogenase that catalyzes the physiologically 

opposite reaction were downregulated. Two enzymes, succinate dehydrogenase 

and fumarate reductase catalyze the interconversion of succinate to fumarate. 

SdhA, sdhC and sdhD are 1.5-, 3.3- and 2.9-fold downregulated upon 

amoxicillin exposure, respectively. This corroborates a partial substitution of 

succinate dehydrogenase by fumarate reductase [174]. The expression of the 

transporter dcuC that is responsible for the uptake of C4-dicarboxylates such as 

fumarate under anaerobic conditions, increased 3-fold upon amoxicillin 

exposure. Genes involved in acid and salt resistance (gadABC, gadE, gadWX, 

hdeAB, evgAS) [175, 176] were less expressed in resistant cells compared to the 

wild-type (table 2). 

 

Mutations found in amoxicillin resistant cells 

Sequencing of the entire genome revealed a total of 789 mutations in the 

genome of amoxicillin resistant cells compared to the wild-type. These genomic 

alterations include 250 in-frame mutations, whereas 125 genetic alterations 

resulted in amino acid substitutions. In the out-of-frame regions 589 mutations 

were found. Only few genes that had mutations in the upstream noncoding 

region (<1000 bp) or coding region showed a significantly differentially 

expression in the presence and/or absence of amoxicillin (table 4). In E. coli the 

promoter region of ampC is embedded within the coding sequence of the 

upstream located frd operon [177].  

Depending on the selection criteria, amoxicillin resistant cells had or did not 

have an adenine insertion at the nucleotide position 351 in the frdD gene (-13 

insertion in the ampC promoter). To decide this point five independent cultures 

of the wild-type were made resistant by growth at steadily increasing levels of 

amoxicillin and the region was sequenced following PCR. An insertion at 

nucleotide position 348 was observed in all five strains thus obtained. This 

insertion is located in the interspace between the -10 and -35 regions of the 
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upstream located Pribnow box of ampC. In resistant cells addition of 

amoxicillin barely influenced the expression of ampC, indicating that the 

mutation in the promoter region was crucial for the 100-fold upregulation 

compared to wild-type cells. 

No mutations were found in the upstream or coding regions of penicillin 

binding proteins. Several genes encoding for transporters (e.g. 19 bp upstream 

of aroP) showed mutations in the upstream region (<1000 bp), but expression 

was not significantly altered. Amino acid alterations were found in the coding 

region of 2 genes encoding for multidrug efflux transporters: YeeO (W2L), 

MdtF (F897V).  

 

Physiological consequences of the acquisition of antibiotic resistance 

The metabolic costs of exposure to amoxicillin were investigated using 

continuous cultures. The sudden addition of sub-lethal amoxicillin 

concentrations of 1 (wild-type) and 150 (resistant) µg/ml to cultures growing at 

steady state rates of D 0.2 and 0.4 h-1 resulted in a jump in the specific glucose 

consumption (qgluc), except in the case of slow growing resistant cells (figure 3). 

The wild-type cells returned to the original qgluc after 48 hours (D=0.2 h-1), or 24 

hours (D=0.4 h-1). The time frame of the recovery indicates that approximately 

10 cell divisions were needed for the metabolic adjustments that restored the 

qgluc to be completed. In resistant cells growing at D=0.4 h-1 the increased 

glucose consumption upon addition of amoxicillin remained elevated, indicating 

no further adjustments of the carbon metabolism took place. 
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Table 4. Mutations of selected genes in out-of-frame, in-frame or promoter regions of 
amoxicillin resistant cells (AR).a  
 

Gene Position of 
mutation 

-AMX +AMX Function 

Outframe    

pdhR 
522 bp upstream, 
deletion 

-1.9b -2.9 

Transcriptional 
regulator of 
pyruvate 
dehydrogenase 
complex 

cusF 
58 bp upstream,  

T       C  
 2.3  3.7 

Putative periplasmic 
copper-binding 
protein 

insL 
61 bp & 59bp 
upstream, T      C  

-2.9 -1.6 
IS186 hypothetical 
protein 

dcuC 
343 bp upstream, 
deletion  

 2.0  3.0 
Dicarboxylate 
transport protein  

iraM 
528 bp upstream, 
insertion  

-2.2 
-1.6 

 

Inhibitor of σS 
proteolysis, 
contributes to acid 
resistance 

narG 
460 bp upstream, 
insertion  

 2.6  5.1 
Nitrate reductase 1, 
alpha subunit 

waaA 
121 bp upstream, 
insertion  

 1.6  2.0 
3-deoxy-D-manno-
octulosonic-acid 
transferase 

Promoter region    

ampCc -12 insertion of A 97.1 106.2 
β-lactamase; 
penicillin resistance 
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Table continued from previous page 

Gene Position of 
mutation 

-AMX +AMX Function 

Inframe 

 

 

insB-4 

 

 

F81L; R65S; 
Y128H 

  

 

2.3 

 

 

 2.5 

 

 

IS1 protein InsB 

gadB D233H; T214P -5.3 -22.9 
Glutamate 
decarboxylase 
isozyme 

evgS N57I -1.46b -2.8 

EvgS sensory 
histidine kinase, 
regulates multidrug 
resistance 

nirC W28L  1.5b  2.5 
nitrite reductase 
activity 

gadA H465Y; Q459K -5.4 -4.4 
Glutamate 
decarboxylase A 

frdD V117V  25.3  44.7 
Fumarate reductase 
subunit D/ampC 
promoter region 

narG 
T236T; A242A; 
Y245Y; S255S; 
V257V; T260T 

 2.6  5.1 
Nitrate reductase 1, 
alpha subunit 

a Mutations in the outframe (<1,000 bp upstream of differentially expressed genes) 
or inframe regions of genes are presented when expression was significantly 
changed at the same time in the presence (+AMX) and/or absence (-AMX) of 
amoxicillin. Genes were considered to be differentially expressed when a 
minimally 2-fold change is significantly different (95% confidence). 
b Not significantly (p > 0.05) differentially expressed. 
c Differs from selection critera (ii) described in methods section. Perfect match 
reads and structural variations were identified. 
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Figure 3. Specific glucose consumption (qgluc) of E. coli wild-type (WT) and 
amoxicillin resistant E. coli strain (AR) in continuous culture at a dilution rate of (a) 0.2 
h-1 and (b) 0.4 h-1. After cells reached steady state (t=0) E. coli wild-type (WT) and the 
drug resistant (AR) strain were exposed to 1 and 150 µg/ml amoxicillin, respectively.  

 
The metabolic costs of the acquisition of resistance were estimated by 

measuring and comparing the maintenance energy, defined as all energy not 

devoted to growth [178, 179], in the E. coli strains of this study, 4 methicillin 

sensitive or resistant Staphylococcus aureus and 3 Enterococcus faecium 

strains. The extrapolation of qgluc to D=0 h-1 revealed no difference in 

maintenance energy between wild-type and in vitro adapted resistant cells of E. 

coli (figure 4a). Similarly, no difference in maintenance energy was observed 

between methicillin sensitive and resistant S. aureus strains (figure 4b). In 

contrast, clinical isolates of E. faecium with different resistance patterns for 

ampicillin and vancomycin had different maintenance energy requirements. The 

ampicillin and vancomycin sensitive E. faecium 1039 and ampicillin resistant 

but vancomycin sensitive E. faecium 1162 showed the lowest maintenance 

energy (figure 4c). The ampicillin and vancomycin resistant E. faecium E155 

had a higher maintenance energy compared to E. faecium 1039 and the 

genetically related E. faecium E1162. This suggests that, at least in this single 

case, ampicillin resistance did not require extra energy, but vancomycin 

resistance did.  
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Figure 4. Maintenance energies of (a) E. coli wild-type (WT) and amoxicillin resistant 
E. coli (AR) (b) methicillin sensitive S. aureus (MSSA0027 and MSSA0029) and 
methicillin resistant S. aureus (MRSA0026 and MRSA0029) and (c) E. faecium E1039 
(ampicillin and vancomycin sensitive), E1162 (ampicillin resistant, vancomycin 
sensitive), E155 (ampicillin and vancomycin resistant). By measuring the specific 
glucose consumption rate (qgluc) as a function of the dilution rate (D) in steady-state 
chemostat cultures and extrapolating by linear regression to a D of 0 h-1 the maintenance 
energy was estimated. 

 

The downregulation of genes involved in salt and pH control suggested that 

the costs of resistance might consist of a reduced ecological range rather than 

metabolic efficiency. To examine whether resistance goes at the expense of 

decreased salt and pH tolerance, the µmax of the drug sensitive and resistant 

strain was compared at different sodium chloride concentrations with and 

without sublethal amoxicillin levels (figure 5). The amoxicillin concentrations 

used resulted in approximately 25% reduction of growth (final OD) and are 

equivalent to ½ MIC value. The µmax of the wild-type and the drug resistant 
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strain did not differ from each other in a pH range of 6 to 7. The addition of 

sublethal concentrations of amoxicillin lowered the µmax of resistant cells in the 

range of pH 6 to 6.5 more than that of sensitive cells. This suggests that the 

ability to resist amoxicillin comes at the expense of reduced pH control.  

 

 
Figure 5. Maximal specific growth rate (µmax) of E. coli wild-type (WT) and the 
amoxicillin resistant E. coli (AR) strain with left: varying pH values in a range from 6 to 
7.5; and right: increasing sodium chloride concentrations with or without sub-inhibitory 
concentrations of amoxicillin of 2 and 256 µg/ml, respectively. Results were obtained 
by calculating μmax based on averaged OD600 values of 2 independent replicates. The 
significance (P ≤ 0.05) of the difference in μmax was determined by a Student’s t test. 

 
In the presence of amoxicillin increased salt concentrations had a stronger 

effect on growth rate of resistant cells compared to the wild-type. The drug 

sensitive strain is able to grow with 2% sodium chloride and 2 µg/ml 

amoxicillin. In contrast, exposure to 2% sodium chloride and sublethal drug 

concentrations resulted in complete growth inhibition of resistant cells. The µmax 

of the resistant strain exposed to sublethal levels of amoxicillin was by far most 

affected by 1% salt. It is noteworthy that only in the presence of amoxicillin the 

ecological range of resistant cells was affected. 

Reactive oxygen species (ROS) are thought to have an essential role in the 

mechanism by which antibiotics destroy cells [145, 153]. ROS production did 

not differ significantly between wild-type and amoxicillin resistant cells (figure 

6). Furthermore, increased intracellular ROS levels resulting from growth in the 

presence of different amoxicillin concentrations were not observed. 
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Discussion 

Antibiotic resistance in bacteria is often associated with a decreased fitness 

compared to their susceptible counterparts [98, 136, 180]. However, no 

difference in maintenance energy was observed in our study between an 

amoxicillin resistant E. coli strain and the wild-type it was derived from. Of the 

E. faecium and S. aureus strains tested, only one strain, which was also resistant 

to vancomycin, had an increased maintenance energy. The approximately 10 

doubling times needed for reduction of the initial metabolic costs of dealing 

with sublethal levels of amoxicillin suggest that more modifications occurred 

than just the induction of enzymes. The dynamics of the carbon metabolism 

observed in this study are in agreement with the notion that the physiological 

response depends on the length of exposure to the antibiotic [130]. Overall, it 

seems that the initial physiological burden is followed by a long-term adaptation 

process resulting in the reduction of metabolic costs. 

Figure 6. Intracellular level of reactive oxygen species in wild-type (WT) and 
amoxicillin resistant (AR) E. coli cells as measured with 100 μM H2DCFDA. 
Bacteria grown for 3 hours to an OD600 of approximately 0.3 were incubated for 1 
hour with or without amoxicillin (untreated) or 10 μM H2O2 (pos. control). Sub-
MIC: 1 and 150 µg/ml amoxicillin for WT and AR, respectively. MIC: 4 and 512 
µg/ml amoxicillin for WT and AR. Results are presented as the means and standard 
deviations from 2 independent measurements. 
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In this view, the observed enduring changes in the transcriptomic profile 

could be part of an energy saving mechanism. Changes in expression level were 

most significant in four main groups: cell wall maintenance, DNA metabolic 

processes, cellular stress response and respiration and the electron transport 

chain. Exposure of resistant cells to amoxicillin resulted in additional 

physiological adjustments that increased the number of differentially expressed 

genes to 242. Almost all of these additional genes belonged to the same four 

groups. Persistent suppression of the SOS defense mechanism in resistant cells 

could contribute to a reduction of metabolic costs counterbalancing the 

increased expression of genes conferring resistance (e.g. ampC, blr).  

A well-known phenomenon is the acquisition of compensatory mutations to 

reduce the metabolic burden in antibiotic resistant cells and thus to restore 

bacterial fitness [181]. It is not obvious by which molecular mechanism the long 

term changes in expression level observed in the present study are achieved. 

Mutations in promoter regions cannot account for all, as in resistant cells only 7 

mutations were found <1000 bp upstream of genes that were differentially 

expressed (table 4). The long-term nature of the changes in expression level was 

shown by the high number of differentially regulated genes of resistant cells 

compared to the wild-type in the absence of the antibiotic (table 1). The small 

number of mutations in the upstream region of differentially expressed genes in 

resistant cells suggests that the enduring impact of amoxicillin exposure on the 

overall transcriptomic profile is attained by other mechanisms as well. 

The substantially higher expression of a set of genes involved in energy 

metabolism in resistant cells upon exposure to non-lethal levels of amoxicillin 

indicates a switch in metabolism. In E. coli the frd operon is repressed by 

oxygen and nitrite [182]. The downregulation of succinate dehydrogenase and 

upregulation of fumarate reductase indicates a partial switch in metabolism from 

aerobic to anaerobic in drug exposed resistant cells. This is supported by the 

induction of the anaerobic dimethyl sulfoxide reductase and nitrate reductase A.  

The observed switch to a partial anaerobic metabolism is in agreement with 

the radical-based theory [152, 153, 183]. In this line of thinking, the induction 

of the frd operon might benefit resistant cells by avoiding ROS-mediated cell 

death resulting from β-lactam action in E. coli. The ROS defense mechanism 

was repeatedly induced in sensitive cells by exposure to β-lactams [183, 184]. 
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Conceivably, reducing the superoxide production in drug adapted cells could 

contribute to the high level antibiotic resistance. In resistant cells in the present 

study neither the ROS nor the SOS response genes were upregulated regardless 

of the presence or absence of amoxicillin (table 2) and ROS production in 

amoxicillin exposed wild-type and resistant cells did not differ significantly. 

These observations are more in agreement with those that have suggested cell 

death from antibiotics without the involvement of ROS [185, 186]. The altered 

expression pattern of genes involved in the tricarboxylic acid cycle found in this 

study corresponds well with the surge in NADH upon exposure to ampicillin 

and norfloxacin [153]. The upregulation of the frd operon in resistant cells, 

possibly inducing fumarate respiration and thus resulting in NADH depletion, 

may counter the elevated NADH dependent superoxide production via the 

electron transport chain [153]. The role of ROS that is crucial according to the 

radical-based theory might also be secondary, as cells may produce ROS when 

the metabolism is disturbed by antibiotics. Our results cannot distinguish 

without a doubt between these two possibilities, but are more supportive of a 

secondary role of ROS.  

Cycles of copper oxidation and reduction can produce ROS [187]. The 24-

fold increased expression of cusC in resistant cells exposed to amoxicillin 

suggests a contribution of the CusCFBA copper/silver efflux system to 

resistance. Upregulation of the Cu+ efflux ATPase copA corroborates the impact 

of copper homeostasis in resistant cells exposed to amoxicillin. The most 

important functions of copper in E. coli are in the cytochrome c oxidase and 

related enzymes that are oxygen-dependent terminal oxidases in the respiratory 

chain. The bactericidal action of Cu(II) mainly results from the direct 

interactions between copper species, such as Cu(II) or Cu(I), and cell 

components [188]. The induction of specific copper efflux systems in 

amoxicillin resistant cells suggests copper induced damage upon drug exposure. 

The simultaneous up regulation of both ampC and frd found in this study is 

not necessarily the effect of co-regulation, but could also be caused by the 

switch to a metabolism resembling that found under anaerobic conditions. Even 

though the ampC promoter is embedded in the frd operon, an independent 

expression of the closely located ampC and frdD genes was demonstrated [189, 

190]. The frd operon is induced by fumarate and anaerobic conditions [174]. 



Reduction of metabolic costs of antibiotic resistance 

55 

The constitutively low-level ampC expression in wild-type E. coli cells is not 

inducible, but regulated in a growth rate dependent attenuator mechanism [190]. 

The weak ampC expression in wild-type cells may be caused by a change in the 

nucleotide sequence of the conserved Pribnow box and an interbox distance of 

only 16 bp [190]. High-level expression of ampC depends on an optimal 

sequence of bases (17 bp) between the -10 and -25 regions in the Pribnow box 

[191, 192]. The insertion of one adenine nucleotide in amoxicillin resistant cells 

in the interspace between the -10 and -35 box created an optimal distance in the 

Pribnow box and thus resulted in a 100-fold upregulation. This strong 

upregulation of ampC in resistant cells correlates well with the enhanced 

specific β-lactamase activity of 310.7 ± 57.5 U/mg. A comparable activity of 

700 U/mg was measured in E. coli ATCC 35218 harboring the TEM-1 plasmid 

[193]. 

The physiological cost of adaptation is compensated by trimming down 

other cellular regulatory mechanisms such as the pH or salt control. The 

consistently lower expression of genes involved in acid resistance (gadABC, 

gadE, gadWX, hdeAB, evgAS, nhaA) [175, 176] corresponds to the reduced pH 

range in the presence of amoxicillin. Similarly, resistant cells were less salt-

tolerant, possibly due to downregulation of gadXW which could have caused a 

reduced Na+ dependent regulation of gadE, gadA and gadBC, resulting in this 

lower resistance to increased sodium chloride concentrations [194]. The 

downregulation of the sodium-ion transporter nhaA in resistant cells further 

lowers Na+ tolerance of the resistant strain. 

The main mechanisms of resistant E. coli to prevent amoxicillin induced 

cell damage are summarized in figure 8. Overall, the specific up- and 

downregulation of genes that accompanies the acquisition of resistance seems 

instrumental in reducing the metabolic costs. The enduring nature of adaptation 

at the expression level shows that permanent changes can restore fitness by a 

very specific process of up- and downregulation of metabolic and regulatory 

networks. The costs of resistance in the case of the induced ability to withstand 

amoxicillin investigated in this study seem to consist of a reduced ecological 

range, rather than increased energy metabolism. Given the more or less constant 

conditions in the host, this seems understandable from an evolutionary point of 

view.  
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Figure 8. Schematic model summarizing the main metabolic consequences of 
amoxicillin resistance in E. coli. In drug exposed resistant cells gene expression of 
alternative electron acceptors (frdABCD, narGHJI, dmsABC) is induced indicating a 
partial switch in metabolism from aerobic to anaerobic. Depletion of NADH may 
counter the elevated NADH dependent superoxide production via the electron transport 
chain that was proposed by Kohanski and coworkers as a common mechanism of cell 
death induced by bactericidal antibiotics [153]. Metabolic changes in amoxicillin 
resistant cells include a suppressed SOS response compared to sensitive cells regardless 
of the presence or absence of amoxicillin. Resistance is further enhanced by a mutation 
in the promoter region of ampC resulting in increased expression of the β-lactamase. 

 
 

Acknowledgements 

The authors thank Drs R.J.L. Willems and W. van Schaik for donation of the 

Enterococcus faecium strains and stimulating discussions and Drs J. Wagenaar 

and W.J.B. van Wamel for the Staphylococcus aureus strains. Drs J. Piet and 

S.A.F.T. van Hijum assisted with the genome analysis.  

 


