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Objectives: The aim of the study was to determine how ESBL-producing Escherichia coli change the expression of
metabolic and biosynthesis genes when adapting to inhibitory concentrations of cefotaxime. Secondly, it was
investigated whether significantly regulated pathways constitute putative secondary targets that can be used
to combat the resistant bacteria.

Methods: Strains of E. coli MG1655 encoding blaCTX-M-1 from an IncI1 plasmid and from the chromosome were
challenged with cefotaxime corresponding to inhibitory concentrations, and transcriptional patterns were com-
pared with growth without or with very low concentrations of cefotaxime by RNA sequencing. Significantly regu-
lated pathways were inhibited with suitable inhibitors, or genes encoding the enzymes of the regulated pathways
were knocked out. The ability of the bacteria to grow in the presence of cefotaxime was determined.
Chequerboard assays were utilized to confirm synergies between treatments.

Results: Genes belonging to 16 different functional gene classes were significantly regulated. Protein and pep-
tidoglycan syntheses were up-regulated and low concentrations of chloramphenicol or D-cycloserine, targeting
these systems, strongly reduced the MIC of cefotaxime (.32-fold). Inhibition and/or mutations in other genes
that were significantly regulated, belonging to energy synthesis, purine synthesis, proline uptake or potassium
uptake, also rendered the resistant bacteria more susceptible to cefotaxime.

Conclusions: The results show that ESBL-producing E. coli adapt to treatment with cefotaxime by changing their
gene expression patterns and furthermore that targeting regulated adaptive pathways may be a suitable way to
identify targets for drugs that will specifically inhibit the resistant bacteria.

Introduction
b-Lactam resistance in Enterobacteriaceae has become a serious
health problem during the last decade.1,2 The most common
mechanism for cephalosporin resistance in Escherichia coli is
ESBLs,3,4 and among these, the CTX-M enzyme family is the
most widespread in both hospital and community settings.2,5 – 8

Microorganisms have complicated regulatory networks, and
because of this they are capable of adapting to many different
growth conditions.9 Transcriptomic or proteomic analyses have
commonly been used to investigate the adaptive response to
antibiotic treatment in antibiotic-susceptible strains.10 – 12 In con-
trast, very few studies have investigated responses to antibiotics
in antibiotic-resistant ones. Wang et al.13 obtained proteomic pro-
files of vancomycin-resistant Enterococcus faecalis with and

without drug treatment, and showed that proteins known to be
involved in vancomycin resistance, as well as in virulence, stress
responses, general metabolism, and translation and conjugation
were significantly regulated. In a similar study, Liu et al.14 obtained
protein expression patterns of Stenotrophomonas maltophilia cul-
tures grown with and without imipenem and showed that many
proteins were differently expressed compared with cells growing
without the drug. Also, the effects of rhodomyrtone on cellular pro-
tein expression of methicillin-resistant Staphylococcus aureus have
been investigated using proteomic approaches.15 Together, these
studies suggest that resistant microorganisms change their meta-
bolic and biosynthesis activity in an effort to adapt to inhibitory
concentrations of antibiotics.

The present study aimed to determine how ESBL-producing
E. coli adapt to treatment with the cephalosporin cefotaxime,
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and it further hypothesized that such changes could open a win-
dow of opportunity to specifically harm antibiotic-resistant bac-
teria by targeting the adaptive pathways in the bacteria.

Methods

Bacterial strains
Bacteria used in this study are listed in Table 1. The IncI1 plasmid used in
the study has the accession number KJ563250, and it does not carry
known resistance genes other than blaCTX-M-1. Strains were maintained
in DifcoTM lysogeny broth (LB), Lennox (Becton, Dickinson and Company,
Denmark) and on LB agar plates (Becton, Dickinson and Company,
Denmark) supplemented with cefotaxime (5 mg/L) (Sigma, Copenhagen,
Denmark) when appropriate. Mutants were made using the Lambda Red
recombination system and plasmids pKD4 and pKD3 as described previ-
ously.16–18 Sequences of oligonucleotides used for Lambda Red-mediated
mutagenesis and PCR verifications are listed in Table S1 (available as
Supplementary data at JAC Online). Primers within the kanamycin gene
and chloramphenicol gene were also used for verifications (Kanrev
and Camfwdny).19 Insertions were confirmed by PCR using standard
procedures.

Antimicrobial susceptibility testing
The MICs of cefotaxime, chloramphenicol and D-cycloserine were deter-
mined using the broth microdilution method using 0–512 mg/L by
2-fold dilution increases following the CLSI guidelines as previously
described.20

Chequerboard assay
Cefotaxime, chloramphenicol (Sigma, Copenhagen, Denmark) and
D-cycloserine (Sigma, Copenhagen, Denmark) were used in the ranges
0–512, 0–8 and 0–16 mg/L respectively. The first antibiotic of the com-
bination was serially diluted along the ordinate, while the second anti-
biotic was serially diluted along the abscissa. Using a McFarland 0.5
standard (1–2×108 cfu/mL) and a SensititreTM Nephelometer (Thermo
ScientificTM, Roskilde, Denmark) the inoculum was prepared for each strain.
All the wells, containing 50 mL of Mueller–Hinton II (MH-II) (Sigma,
Copenhagen, Denmark) broth, were inoculated with 50 mL of inoculum
to a final cell density of 5×105 cfu/mL. The panel was incubated

aerobically at 378C for 18–22 h, without shaking. The fractional inhibitory
concentration (FIC) index was calculated using the following formula:
∑

FIC¼FIC A+FIC B, where FIC A is the MIC of drug A in the combination
divided by the MIC of drug A alone, and FIC B is the MIC of drug B in the
combination divided by the MIC of drug B alone.21 The combination was
interpreted as synergistic when the

∑
FIC was ≤0.5, indifferent when the

∑
FIC was .0.5–4 and antagonistic when the

∑
FIC was .4.21 Partial

chequerboard experiments were performed with enterostatin (Sigma,
Copenhagen, Denmark) or quercetin (Sigma, Copenhagen, Denmark) at
fixed concentrations (10, 20 and 90 mM for enterostatin and 10, 20
and 40 mM for quercetin) together with cefotaxime in 2-fold dilutions
(0–512 mg/L).

Growth conditions
Growth experiments for RNA sequencing were performed in duplicate
and the strains were grown in 250 mL flasks containing 100 mL of MH-II
broth at 378C and 225 rpm. The medium was supplemented with two dif-
ferent concentrations of cefotaxime representing 1/2 MIC for the anti-
biotic-resistant strains (84 mg/L for MG1655/CTX-M-1 and 126 mg/L for
MG1655/IncI1/CTX-M-1) and 1/2 MIC (subinhibitory) for the WT strain
(0.016 mg/L, E. coli K-12 MG165522). The cultures were inoculated with pre-
cultures grown for 2 h at 378C and 225 rpm to a final cell density of 105 cfu/mL,
as determined using the SensititreTM Nephelometer as stated above. The
1/2 MIC cefotaxime concentrations represent therapeutic concentrations,
as previously published, and will therefore be called inhibitory concentra-
tions in this study.23,24 Growth of the cultures was monitored by measur-
ing OD600 until samples were taken for RNA extraction.

For the chloramphenicol assays the strains were grown in 20 mL of
MH-II broth at 378C and 225 rpm for 2 h and then treated with chloram-
phenicol (2 mg/L), cefotaxime (1/2 MIC for the corresponding strain) and
both chloramphenicol and cefotaxime at the same concentrations. The
cultures were grown for 1 h at 378C and 225 rpm, diluted 1:180 with
pure MH-II medium to a final volume of 200 mL and grown with cefotax-
ime at the same concentrations, except the control culture, which had
been treated only with chloramphenicol. Growth experiments were per-
formed with three biological and technical replicates on a BioScreen CTM

for 24 h at 378C. OD600 was measured every 5 min, keeping bacterial cul-
tures under continuous shaking.

All other growth experiments to determine growth curves were also
performed on a BioScreen CTM for 24 h at 378C. A volume of 200 mL of
MH-II broth was inoculated with cells from agar plates (Blood agar Base
No. 2, Oxoid, Roskilde, Denmark) supplemented with 5% blood from cattle

Table 1. Strains used in the study

Strain Genotype MIC of cefotaxime (mg/L) Reference

E. coli K-12 MG1655 WT 0.032 23
MG1655/CTX-M-1 E. coli MG1655 DYbeM::CTX-M-1 256 20
MG1655/IncI1/CTX-M-1 E. coli MG1655+IncI1/CTX-M-1 256 20
MG1655/CTX-M-1 DPurT E. coli MG1655 DYbeM::CTX-M-1 DPurT::Kan 128 this study
MG1655/IncI1/CTX-M-1 DPurT E. coli MG1655+IncI1/CTX-M-1 DPurT::Kan 128 this study
MG1655/CTX-M-1 DPurN E. coli MG1655 DYbeM::CTX-M-1 DPurN::Chl 128 this study
MG1655/IncI1/CTX-M-1 DPurN E. coli MG1655+IncI1/CTX-M-1 DPurN::Chl 256 this study
MG1655/CTX-M-1 DPurTDPurN E. coli MG1655 DYbeM::CTX-M-1 DPurT::kan DPurN::Chl 32 this study
MG1655/IncI1/CTX-M-1 DPurTDPurN E. coli MG1655+IncI1/CTX-M-1 DPurT::Kan DPurN::Chl 256 this study
MG1655/CTX-M-1 DPutAP E. coli MG1655 DYbeM::CTX-M-1 DPutAP::Kan 64 this study
MG1655/IncI1/CTX-M-1 DPutAP E. coli MG1655+IncI1/CTX-M-1 DPutAP::Kan 128 this study
MG1655/CTX-M-1 DKdpFABC E. coli MG1655 DYbeM::CTX-M-1 DKdpFABC::Chl 32 this study
MG1655/IncI1/CTX-M-1 DKdpFABC E. coli MG1655+IncI1/CTX-M-1 DKdpFABC::Chl 128 this study
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to a final cell density of 106 cfu/mL, using the SensititreTM Nephelometer as
stated above. Purine autotroph strains were also grown in M9 minimal
medium (2 mM MgSO4/0.1 mM CaCl2/0.4% glucose/8.5 mM NaCl/42 mM
Na2HPO4/22 mM KH2PO4/18.6 mM NH4Cl). The cultures were supplemen-
ted with cefotaxime, enterostatin, quercetin or D-cycloserine (concentra-
tions can be found in the Results section). For all calculations of
lag-phase length, a definition of the lag phase as the time necessary to
reach an OD600 of 0.1 was used.

RNA extraction
Samples for RNA extraction were collected in the logarithmic phase
(OD600¼0.5–0.6) and at each sampling point a volume of 3 mL cell sam-
ple was mixed with 6 mL of RNAlater (Ambionw, Naerum, Denmark)
according to the manufacturer’s instructions and stored for immediate
stabilization and protection of the RNA. Total RNA was extracted by mech-
anical disruption using a FastPrep system (Qbiogene, Illkirch, France) and
an RNeasy Mini kit (Qiagen, Sollentuna, Sweden). Quantity of the extracted
RNA was determined by A260 measurements and purity by A260/A280 ratio
measurements using a NanoDrop 1000 spectrophotometer (Thermo
Scientific, Hvidovre, Denmark). The total RNA was treated with deoxyribo-
nuclease (DNase) I, nuclease-free (1 U/mL) (Thermo Scientific, Hvidovre,
Denmark) according to the manufacturer’s instructions. The rRNAs (23S
and 16S) were removed from 3 mg of DNase-treated RNA by subtractive
hybridization using the MICROBExpress kit (Ambionw, Naerum, Denmark)
with one modification: compared with the standard protocol, double the
amount of magnetic beads was used. Removal of rRNAs was confirmed
with an Agilent 2100 Bioanalyzer (Agilent Technologies, Glostrup, Denmark).

Library preparation and RNA sequencing
The library was prepared using the TruSeq RNA Sample Preparation Kit
(Illumina, Little Chesterford, UK), following the manufacturer’s instruc-
tions. Transcripts shorter than 100 nt were not retained after using this
kit, as purification was performed with Agencourt AMPure XP beads
(Beckman Coulter Genomics, Takeley, UK). The cDNA fragments were
then ligated with adapter sequences. This was followed by product purifi-
cation and PCR amplification to generate the final cDNA library. After each
step in the TruSeq RNA Sample Preparation Kit the samples were validated
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Glostrup,
Denmark), and the final concentration was measured using a Qubit 2.0
Fluorometer (Invitrogen, Naerum, Denmark). The libraries were sequenced
using the Illumina HiSeq2000 platform with a single-end protocol, multi-
plexing and read lengths of 100 nt.

Read mapping and differential expression analysis
Reads were trimmed for adaptor sequences using CLC Genomics
Workbench (CLC bio, Aarhus, Denmark), with standard settings. These
trimmed reads were mapped onto the Escherichia coli strain K-12 sub-
strain MG1655 genome (RefSeq accession number NC_000913) using
the CLC Genomics Workbench. While mapping, hits of reads to annotated
genes were also counted and all rRNA read counts were removed after-
wards to obtain a proper normalization. The data were normalized using
the conditional quantile normalization method implemented in the statis-
tical programming language R, while also taking into account differences
in replicate library sizes and gene GC content using the edgeR bioconduc-
tor software package for R.25 The differential expression of each already
annotated mRNA transcript was also calculated using EdgeR. The number
of top significant genes was selected based on the false discovery rate
(FDR) (Benjamini–Hochberg multiple testing correction).26 A P value
threshold of 0.05 was selected. Functional enrichment analysis with
regard to gene ontology (GO) categories (biological process and molecular
function) was performed using the Cytoscape plugin BINGO.27 The KEGG

and EcoCyC databases were used to further analyse the differentially
expressed genes.28,29 The base condition was defined as the samples
without cefotaxime and with subinhibitory concentrations of cefotaxime,
as only a few genes (2 genes for MG1655/CTX-M-1 and 26 genes for
MG1655/IncI1/CTX-M-1) were significantly regulated between these
two conditions. If genes were regulated in both comparisons (without
cefotaxime compared with inhibitory concentrations of cefotaxime, and
subinhibitory concentrations of cefotaxime compared with inhibitory con-
centrations of cefotaxime), then the highest fold change was selected.

Results

Transcriptional analysis by RNA sequencing

Two strains, MG1655/CTX-M-1 carrying blaCTX-M-1 on the chromo-
some and MG1655/IncI1/CTX-M-1 carrying blaCTX-M-1 on a native
IncI1 plasmid, were used to examine the differences in gene
expression level between growth under the base condition (no
or subinhibitory cefotaxime concentration) and 1/2 MIC of cefo-
taxime for the two resistant strains (inhibitory concentration).
Each library contained 2.5 –3 million unique reads of 100 bp,
which mapped to unique sites in the E. coli K-12 MG1655 reference
genome. For MG1655/CTX-M-1 a total of 206 genes were signifi-
cantly regulated, of which 149 were significantly up-regulated
and 57 were significantly down-regulated. For MG1655/IncI1/
CTX-M-1 a total of 804 genes were significantly regulated, of
which 567 and 237 were significantly up- and down-regulated,
respectively. The full data list of differentially regulated genes
can be found in Tables S2–S5. The number of genes that were sig-
nificantly regulated was found to be higher in the strain with the
plasmid-encoded resistance gene. A detailed analysis revealed
that this was a question of variation between replicates in the
two conditions, affecting the cut-off for significance.

Functional classification of differentially expressed genes

To improve the global analysis of the differentially expressed
genes, KEGG clustering was performed by subjecting all regulated
genes to the KEGG database.28 Sixteen functional classes were
identified (Figure 1). In general, many genes within the transla-
tion/ribosomal structure, nucleotide metabolism, carbohydrate
transport/metabolism and amino acid transport/metabolism cat-
egories were up-regulated. Many down-regulated genes were
observed in the protein transport, carbohydrate transport/metab-
olism and amino acid transport/metabolism categories.

To support the KEGG analysis, functional enrichment analysis
with regard to GO categories (biological process and molecular
function) was performed using Cytoscape. Results of this analysis
showed that genes that code for protein synthesis, transporters,
energy production, purine metabolism, pyrimidine metabolism
and the respiratory chain were the largest groups of up-regulated
genes in MG1655/CTX-M-1. Genes encoding transporters, anaer-
obic respiration, pH regulation, polyamine catabolic processes,
kinase activities and galactate metabolism were down-regulated
in this strain. Probably due to the higher number of regulated
genes, the functional enrichment analysis found more functional
classes to be regulated in MG1655/IncI1/CTX-M-1; protein synthesis,
transporters, energy production, polyamine, purine metabolism,
pyrimidine metabolism, respiratory chain, pyruvate metabolism,
arginine and proline metabolism were up-regulated while anaerobic
respiration, iron sulphur cluster binding, transporters, galactate
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metabolism and pH regulation were down-regulated in the presence
of inhibitory concentrations of cefotaxime. Figure S1 shows the fig-
ures resulting from these Cytoscape analyses. The significantly regu-
lated genes were found to belong to a high number of pathways. It
was considered beyond the scope of the current study to investigate
all changes in detail. However, to aid the reader in transferring
the transcriptional patterns into putative phenotypes, in Table S6
the functions of the enzymes encoded by the genes are highlighted.

Detailed analysis of selected classes of genes regulated in
response to cefotaxime

To test the hypothesis that significantly regulated pathways might be
putative new targets that could be used to harm antibiotic-resistant
bacteria, subsets of genes/pathways identified by Cytoscape and
KEGG analyses were selected for further testing.

Protein synthesis

In total 24 and 30 ribosomal and translational genes were up-
regulated �2- to 2.5-fold in MG1655/CTX-M-1 and MG1655/IncI1/
CTX-M-1 in the inhibitory condition, suggesting that de novo protein

synthesis is more important in the presence of cefotaxime than
when growing without this drug. Experiments were performed
to inhibit the protein synthesis simultaneously with cefotaxime
treatment using sub-MIC concentrations of chloramphenicol to
inhibit the 50S ribosomal subunit.30 Combined treatment with
chloramphenicol at a concentration corresponding to 1/2 MIC
for both strains and cefotaxime for 1 h resulted in a significantly
(P,0.0001) longer lag phase in MH-II medium compared with sole
treatment with either chloramphenicol or cefotaxime (Figure 2). This
indicated that the combined inhibition of protein synthesis due to
sub-MIC concentrations of chloramphenicol and cefotaxime
makes the CTX-M-1-producing E. coli strains more susceptible to
cefotaxime. In support of this, the MIC of cefotaxime decreased
with increasing chloramphenicol concentrations (Figure S2).
The MIC of cefotaxime for MG1655/CTX-M-1 decreased from
256 mg/L when no chloramphenicol was present to 1 mg/L
when 2 mg/L chloramphenicol was present. For MG1655/IncI1/
CTX-M-1, the MIC of cefotaxime decreased from 256 to 0.5 mg/L
when 2 mg/L chloramphenicol was present. The MIC of chloram-
phenicol was 4 mg/L for both strains. Chequerboard assay
showed that there was synergy (FIC ≤0.5) between 64 mg/L cefo-
taxime and 0.25–0.5 mg/L chloramphenicol, 32 mg/L cefotaxime

Translation, ribosomal structure and biogenesis
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Down

(a)
Transcription

Secondary metabolites
Regulators

Protein transport
Oxidative phosphorylation

Nucleotide metabolism
Lipid metabolism

Inorganic ion transport and metabolism
Energy production and conversion
Cofactor and vitamin biosynthesis

Cell motility and secretion
Cell envelope biogenesis and outer membrane

Carbohydrate transport and metabolism
Anaerobic metabolism

Amino acid transport and metabolism
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Figure 1. KEGG functional classification of differentially expressed genes. Bars represent the number of up- or down-regulated genes in a class.
(a) Significantly regulated genes between the base condition and inhibitory concentrations of cefotaxime in MG1655/CTX-M-1. (b) Significantly
regulated genes between the base condition and inhibitory concentrations of cefotaxime in MG1655/IncI1/CTX-M-1.
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and 1 mg/L chloramphenicol, and between 1 mg/L cefotaxime
and 2 mg/L chloramphenicol for MG1655/CTX-M-1 (see all FIC
indexes in Figure S2). For MG1655/IncI1/CTX-M-1, there was syn-
ergy between 32 mg/L cefotaxime and 1 mg/L chloramphenicol,
and between 0.5 mg/L cefotaxime and 2 mg/L chloramphenicol
(see all FIC indexes in Figure S2). The MIC of cefotaxime did not
decrease for the WT MG1655 strain when the cefotaxime and
chloramphenicol combinations were used (data not shown).

Peptidoglycan biosynthesis

ddlA encodes one of two D-alanine-D-alanine ligases in E. coli.
Together with alanine racemase, it makes up the D-alanine
branch of peptidoglycan biosynthesis.31 The enzyme synthe-
sizes D-alanine-D-alanine, which is added to the growing cell
wall precursor. D-Alanine-D-alanine ligase is an antibacterial drug
target of D-cycloserine.32 ddlA was found to be up-regulated
in MG1655/IncI1/CTX-M-1. MIC experiments were performed
for both strains to test synergy between cefotaxime and
D-cycloserine. The MIC of cefotaxime decreased for MG1655/
CTX-M-1 from 256 mg/L when no D-cycloserine was present to
8 mg/L when 8 mg/L D-cycloserine was present. For MG1655/
IncI1/CTX-M-1, the MIC decreased from 256 mg/L when no
D-cycloserine was present to 64 mg/L when 8 mg/L D-cycloserine
was present. The chequerboard assay revealed synergy (FIC ≤0.5)
between 64 mg/L cefotaxime and 0.25–1 mg/L D-cycloserine, and
between 32 mg/L cefotaxime and 2–4 mg/L D-cycloserine for
MG1655/CTX-M-1 (see all FIC indexes in Figure S2). For MG1655/
IncI1/CTX-M-1 no synergy was found (see all FIC indexes in Figure S2).

Energy metabolism

atpA, atpB, atpE, atpF, atpG and atpH were up-regulated 2.3- to
2.9-fold in MG1655/IncI1/CTX-M-1 and atpF was up-regulated in

MG1655/CTX-M-1. The atp genes encode the ATP synthase of
E. coli, which catalyses the final step in the oxidative phosphoryl-
ation of ADP to ATP under aerobic cell growth.33,34 Experiments
were performed to inhibit or impair energy synthesis simultan-
eously with cefotaxime treatment. The hypothesis was that the
strains would have a longer lag phase and a decreased MIC of
cefotaxime. Enterostatin is a pentapeptide (Asp-Pro-Gly-Pro-Arg,
human) that binds to the b-subunit, encoded by atpD, of the F1
complex and inhibits ATP synthesis.35 Berger et al.36 found that
enterostatin caused an �31% decrease in intracellular ATP after
2 min of incubation of insulinoma cells compared with the control.
Quercetin also impairs ATP synthesis by inhibiting the ATPase
activities of F1 and F1F0 complexes in e.g. E. coli.35,37 Futai
et al.37 showed that 50% inhibition was obtained with 40 mM
quercetin. These two compounds were used alone and in combin-
ation together with cefotaxime in this study (Figure 3). A significantly
longer lag phase was observed with increasing concentrations of
enterostatin; in particular, MG1655/IncI1/CTX-M-1 treated with
90 mM enterostatin showed a prolonged lag phase compared
with the sample that was only treated with cefotaxime. The
growth of the strains was not inhibited when only enterostatin
was present (Figure S3). Similar trends were seen when the strains
were treated with quercetin and cefotaxime. Here the strains were
not able to grow when cefotaxime was combined with the highest
quercetin concentration tested (40 mM). A significantly prolonged
lag phase was seen with 20 mM quercetin for MG1655/CTX-M-1
and with both 10 and 20 mM quercetin for MG1655/IncI1/
CTX-M-1 (Figure 3). Quercetin used alone did affect the growth
of the strains as slower growth rates were observed with increas-
ing quercetin concentrations (Figure S3). Quercetin concentrations
that did not affect the growth rates to a high extent were there-
fore chosen for further experiments. When enterostatin and quer-
cetin were used in parallel, the strains were not able to grow at the
highest concentrations together with cefotaxime, and prolonged lag
phases were seen with all other concentrations tested. Enterostatin
and quercetin used without cefotaxime had a small effect on lag-
phase length (Figure S3), while the lag-phase extension was more
pronounced when cefotaxime was present. The partial chequer-
board experiments with these compounds at fixed concentrations
and cefotaxime did not, however, show a decreased MIC when
tested with the concentrations used in the growth experiments
(data not shown).

Purine synthesis

Many purine synthesis genes were up-regulated in the presence of
cefotaxime, and this pathway was investigated as a potential
helper drug target. In total, 8 and 15 purine synthesis genes
were up-regulated in MG1655/CTX-M-1 and MG1655/IncI1/
CTX-M-1, respectively. Purine autotroph strains were created,
and our hypothesis was that these mutants would have impaired
growth when treated with cefotaxime. MG1655/CTX-M-1DpurNDpurT
showed increased lag-phase length in the presence of cefotaxime
treatment (Figure 4). Furthermore, this strain reached a lower
maximum growth compared with MG1655/CTX-M-1 DpurN,
MG1655/CTX-M-1 DpurT and MG1655/CTX-M-1, with and without
cefotaxime in MH-2 broth. The MG1655/IncI1/CTX-M-1 purine
mutants also showed this tendency; however, MG1655/IncI1/
CTX-M-1 DpurNDpurT did not show the prolonged lag phase that
was observed for MG1655/CTX-M-1 DpurNDpurT. In minimal
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Figure 2. Lag phase length of two CTX-M-1-producing E. coli strains
treated with chloramphenicol (CHL) and/or cefotaxime (CTX). (a) E. coli
MG1655 containing blaCTX-M-1 on the chromosome (MG1655/CTX-M-1).
(b) E. coli MG1655 containing blaCTX-M-1 on an IncI1 plasmid (MG1655/
IncI1/CTX-M-1). All strains were grown in MH-II broth with CTX (1/2 MIC
for the corresponding strain) on a BioScreen CTM (except the ‘CHL’
control culture) after treatment with CHL and/or CTX for 1 h. Three
independent replicates were performed; the data shown represent the
means and error bars represent standard deviations. The asterisks
indicate statistical significance: ***P,0.0001.
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medium (M9) the original strains and the single pur mutants did
not grow when 1/2 MIC of cefotaxime was applied to the culture.
The single DpurN mutant showed a prolonged lag phase when no
cefotaxime was present. The DpurNDpurT mutants did not display
any growth in M9 with or without cefotaxime, as expected, as no
purines were available in the medium. MIC experiments with the
pur mutants showed that the MIC of cefotaxime decreased for
both strains (Figure 4e). The MIC of cefotaxime for MG1655/
CTX-M-1 and MG1655/IncI1/CTX-M-1 single mutants decreased
2-fold from 256 to 128 mg/L for all strains, except MG1655/
IncI1/CTX-M-1 DpurN. The MIC of cefotaxime for MG1655/
CTX-M-1 DpurNDpurT decreased 8-fold from 256 to 32 mg/L,
while the MIC of cefotaxime for MG1655/IncI1/CTX-M-1
DpurNDpurT did not decrease.

Proline transport

The proline transport pump, encoded by the putP gene, is a major
proline transporter in E. coli.38 The pump is connected to the putA
gene, encoding a proline dehydrogenase, which converts L-proline
to L-glutamate.38,39 Both genes are induced in the presence of
proline in the growth medium and were also up-regulated in the
presence of cefotaxime. putP was 3.7-fold up-regulated in
MG1655/CTX-M-1 and 5.0-fold up-regulated in MG1655/IncI1/
CTX-M-1. putAP deletion mutants were created for both of the
blaCTX-M-1-encoding strains and the hypothesis was that these
mutants would have an increased lag-phase length and a
decreased MIC when treated with cefotaxime. MG1655/CTX-M-1
DputAP showed increased lag-phase length in the presence of
cefotaxime treatment compared with MG1655/CTX-M-1 without
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Figure 3. Lag-phase length of the two E. coli MG1655 containing blaCTX-M-1 on the chromosome (MG1655/CTX-M-1) and on an IncI1 plasmid (MG1655/
IncI1/CTX-M-1) treated with enterostatin (Ent) or/and quercetin (Qur) and cefotaxime (CTX). (a) MG1655/CTX-M-1 with CTX and enterostatin.
(b) MG1655/CTX-M-1 with CTX and quercetin. (c) MG1655/CTX-M-1 with CTX, enterostatin and quercetin. (d) MG1655/IncI1/CTX-M-1 with CTX and
enterostatin. (e) MG1655/IncI1/CTX-M-1 with CTX and quercetin. (f) MG1655/IncI1/CTX-M-1 with CTX, enterostatin and quercetin. All strains were
grown in MH-II broth with CTX (1/2 MIC for the corresponding strain) and different concentrations of enterostatin and quercetin on a BioScreen CTM.
Three independent replicates were performed; the data shown represent the means and error bars represent standard deviations. The asterisks
indicate statistical significance: ***P,0.0001.
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any knockouts (Figure 5a). The lag-phase length increased from
10.8 to 11.5 h. MG1655/IncI1/CTX-M-1 DputAP also showed this
significant increase in lag-phase length (P,0.0001) when treated
with cefotaxime compared with the strain without knockout
(Figure 5b). The lag phase increased by 1.5 h, from 12.3 to
13.8 h. The MIC of cefotaxime decreased 4-fold from 256 to
64 mg/L for MG1655/CTX-M-1 DputAP and decreased 2-fold

from 256 to 128 mg/L for MG1655/IncI1/CTX-M-1 DputAP
(Figure 5c).

Potassium transport

The Kdp complex is a high-affinity ATP-driven potassium uptake
system in E. coli.40 It consists of four membrane-bound subunits:
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Figure 4. Growth curves of the two CTX-M-1-producing E. coli strains with purTand purN single and double knockouts. (a) Growth of E. coli MG1655 containing
blaCTX-M-1 on the chromosome (MG1655/CTX-M-1) and its pur mutants in MH-2 medium. (b) Growth of E. coli MG1655 containing blaCTX-M-1 on an IncI1
plasmid (MG1655/IncI1/CTX-M-1) and its pur mutants in MH-2 medium. (c) Growth of MG1655/CTX-M-1 and its pur mutants in M9 medium. (d) Growth
of MG1655/IncI1/CTX-M-1 and its pur mutants in M9 medium. (e) MIC (mg/L) of cefotaxime (CTX) for MG1655/CTX-M-1 and MG1655/IncI1/CTX-M-1 pur
mutants. All strains were grown in MH-II/M9 broth with and without CTX; 1/2 MIC for the corresponding strain) on a BioScreen CTM. WT refers to the
strains MG1655/CTX-M-1 and MG1655/IncI1/CTX-M-1 without any purine knockouts. Three independent replicates were performed of the growth data;
the data shown represent the means and thin dotted lines show standard deviations. The keys for (c) and (d) also apply for (a) and (b), respectively.
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KdpF, KdpA, KdpB and KdpC. Briefly, KdpA is an ion channel that
selectively mediates the translocation of potassium, KdpB is an
ATPase module, KdpC has catalytic chaperone functions for
KdpB in the binding of ATP, and KdpF is responsible for the stability
of the complex.41,42 kdpA, kdpB and kdpC were 5.6-, 7.7- and
5.7-fold up-regulated, respectively, in MG1655/CTX-M-1 and
kdpA and kdpB were 4.7- and 3.4-fold up-regulated, respectively,
in MG1655/IncI1/CTX-M-1. kdpFABC deletion mutants were
created for both of the blaCTX-M-1-encoding strains. MG1655/
CTX-M-1 DkdpFABC showed a significantly increased lag-phase
length of 2.6 h (Figure 5a). The MG1655/IncI1/CTX-M-1 DkdpFABC
mutant did not show this change in the lag phase (Figure 5b). The
MIC experiments showed that the MIC of cefotaxime decreased for
both strains (Figure 5c): an 8-fold decrease from 256 to 32 mg/L for
MG1655/CTX-M-1 DkdpFABC and a 2-fold decrease from 256 to
128 mg/L for MG1655/IncI1/CTX-M-1 DkdpFABC.

Discussion
This study demonstrated that the global transcription of
CTX-M-1-producing E. coli changed dramatically when inhibitory
concentrations of cefotaxime were present. Furthermore, the
results clearly demonstrated that some regulated genes/gene
products could be candidates for helper-drug targets to increase
cefotaxime susceptibility in CTX-M-1-producing E. coli. The study
complements previous studies where responses in antimicrobial-
resistant bacteria were analysed by proteomic approaches.13 – 15

Contrary to these studies, we have characterized the transcrip-
tional changes, and we have included both chromosome- and

plasmid-encoded location of the resistance gene. A comparison
between the current study and previous reports reveals overlaps
between the responses, although different antibiotics were used.
For example, proteins involved in energy production and conver-
sion, amino acid biosynthesis and protein translation were
up-regulated in a vancomycin-resistant strain upon vancomycin
treatment.13 These changes correspond closely with the gene
responses observed in the current study. This suggests that there
may be common elements in the reaction pattern to the treatment
with antibiotics in antibiotic-resistant bacteria, and that it should be
possible to find secondary targets with broad-spectrum activity.

Cefotaxime was chosen in the current study to investigate
changes caused by antibiotic treatment of ESBL E. coli. This drug
is a third-generation cephalosporin, and has been used exten-
sively in hospitalized neonates and for surgical wound pro-
phylaxis.43,44 It has an effect against many Gram-positive and
Gram-negative organisms and shows good stability towards the
most common b-lactamases found in bacteria.44,45 Among the
.130 different CTX-M variants that have been identified, CTX-M-1,
encoded by blaCTX-M-1, is the most common type found in livestock
in Europe and it is commonly isolated from humans as well.3,7,46–49

Since this gene can be found on IncI1 and IncN plasmids as well as
in the chromosome, both plasmid- and chromosome-encoded
blaCTX-M-1 genes were included in the investigation in the form of
two strains, both isogenic variants of MG1655, one with blaCTX-M-1

in the chromosome and one with the gene in a naturally occurring
resistance plasmid.3,48,50–52

The number of genes that were significantly regulated was
found to be higher in the strain with the plasmid-encoded
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Figure 5. Lag-phase length of the two CTX-M-1-producing E. coli strains with putAP and kdpFABC knockouts treated with and without cefotaxime (CTX).
(a) MG1655/CTX-M-1 and its mutants. (b) MG1655/IncI1/CTX-M-1 and its mutants. (c) MIC of CTX (mg/L) for MG1655/CTX-M-1 and MG1655/IncI1/
CTX-M-1 DputAP and DkdpFABC mutants. All strains were grown in MH-II broth with CTX (1/2 MIC for the corresponding strain) on a BioScreen CTM.
WT refers to the strains MG1655/CTX-M-1 and MG1655/IncI1/CTX-M-1 without any knockouts. Two independent biological replicates were
performed; the data shown represent the means and error bars represent standard deviations. The asterisks indicate statistical significance:
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resistance gene. A detailed analysis revealed that this, for the
major part, was a question of variation between replicates in
the two conditions, affecting the cut-off for significance. The
same proportion of up-regulated genes was seen in both strains
(�70% of regulated genes), and the difference between the two
strains was mostly a matter of a higher number of genes found to
be significantly regulated in pathways that were up-regulated in
both strains. This was recognized by the functional classification
analysis by KEGG, where all 16 classes, except lipid metabolism,
were represented in both strains. Only pathways involved in pyru-
vate metabolism, iron sulphur cluster binding, kinase activities
and specific transmembrane activities were found to be signifi-
cantly regulated in one strain but not in the other (see Table S6
for specific genes). The IncI1 plasmid carrying blaCTX-M-1 does
not harbour genes that can explain these specific differences.
However, there are genes with unknown or putative functions
on the plasmid. It is thus a possibility that the plasmid backbone
may have influenced the response to treatment in the strain
where blaCTX-M-1 was carried on a plasmid, and further studies
are indicated.53 A possible experimental design includes repeat-
ing the analysis with the strain with chromosomally located
blaCTX-M-1, but this time harbouring a variant of the native IncI1
plasmid where the blaCTX-M-1 gene has been knocked out. The
results of this analysis could be compared with the expression in
the strain with chromosomally located blaCTX-M-1 without a
plasmid.

The results indicated that de novo protein synthesis was essen-
tial for CTX-M-1-producing E. coli to grow in the presence of cefo-
taxime. The strains became more susceptible to cefotaxime
when treated with low concentrations of chloramphenicol and
the MIC of cefotaxime deceased dramatically, with values close
to the cut-off for cefotaxime resistance (epidemiology cut-off:
≤0.25 mg/L).54 This demonstrated that it is not only possible to
identify helper drug targets by studying adaptive responses in
antibiotic-resistant bacteria during treatment, but also that it is
possible to reduce MIC values to levels where resistance can be
recovered by targeting the adaptive responses. Cefotaxime in
combination with metronidazole has previously been indicated
to be a highly effective treatment of brain abscesses, and it has
also been shown that ampicillin/chloramphenicol is a beneficial
combination in vivo against E. coli.55,56 Chloramphenicol can
cause a rare but potentially fatal aplastic anaemia in humans,
and is currently not used for treatment of humans and food ani-
mals.57 Nevertheless, it should be possible to use the principle
with other drugs that have inhibitory effects on protein synthesis,
e.g. aminoglycosides.

Genes encoding proteins involved in peptidoglycan synthesis
were significantly up-regulated, suggesting that the need for
these pathways is more important when the organism is growing
in the presence of the b-lactam antibiotic than when growing
without the drug. In accordance with this, the MIC of cefotaxime
for both strains decreased dramatically when D-cycloserine and
cefotaxime were used in combination, and synergy was found
in most combinations, but only for the strain where the resistance
gene was carried in the chromosome. That MIC decreases for both
strains indicates that the plasmid-carrying strain cannot circum-
vent the blockage of D-alanine-D-alanine synthesis due to
D-cycloserine treatment, but the interaction between the drugs
must be different in the two strains. Further studies are needed
to understand why synergy is not observed when the resistance

gene is carried on the (specific) plasmid. Another point is that
use of this combination requires further investigation to assess
in vivo efficacy and safety, since D-cycloserine may have neuro-
logical effects.58

Drugs targeting ATP synthase are considered to be emerging
antibacterial drugs, especially to kill mycobacteria.59 In our
study, inhibition of energy metabolism simultaneously with cefo-
taxime treatment mostly affected the lag phase. A treatment that
affects the bacteria before they start dividing may be enough to
affect the balance between the invading bacteria and the host;
however, it appears that bacteria have redundant systems that
can take over once growth is initiated. Targeting proline or potas-
sium transport also showed promising results and unlike when
targeting energy synthesis, this also decreased the MIC of cefotax-
ime. This suggests that these transport systems could be potential
helper-drug targets.

Only strains defective in both the redundant phosphoribosyl-
glycinamide transformylases, PurN and PurT, will be purine auto-
trophs and require an exogenous purine source.60 The two
CTX-M-1-producing E. coli strains were not able to grow in M9
medium with cefotaxime. This indicates that initiating growth in
the presence of 1/2 MIC of cefotaxime is challenging, even for a
resistant strain, when no amino acids and other metabolites are
readily available in the environment.

The MIC of cefotaxime for the purine-auxotrophic strains,
where the resistance gene was carried in the chromosome,
decreased compared with the strain without mutation, whereas
the MIC for the corresponding strain with the resistance gene car-
ried on a plasmid did not decrease. A possible explanation can be
offered by the fact that some genes of the purine salvage path-
way were up-regulated in this plasmid-containing strain (hpt
and apt were up-regulated 2.0- and 2.8-fold; Table S4). No
genes on the plasmid have a direct link to this effect. Another
plausible reason could be the higher CTX-M-1 protein level in
this strain compared with the one with CTX-M-1 encoded in the
chromosome; however, the experimental set-up tried to compen-
sate for this difference by standardizing cefotaxime concentration
according to MIC.20

Treatment with b-lactams has been shown to induce stress
(SOS response) when the drug is applied in subinhibitory concen-
trations to susceptible E. coli strains.61 An important observation
in the current study was that the general stress response was not
induced, as evaluated by the transcriptional analysis. This indi-
cates that resistant and susceptible strains react differently to
treatment. However, we have previously demonstrated that our
resistant strains initially react to treatment by elongation, and
that this is similar to the susceptible WT MG1655 strain.62 This
suggests an initial stress response, and that the lack of a stress
response in the current study is related to the timepoint investi-
gated. It could be interesting to investigate the transcriptional
responses in other bacteria and with other cephalosporin drugs,
and at other timepoints with the current strains, in order to under-
stand how the transcriptional pattern varies over time, and
whether the observations made in the current paper are general
to cephalosporin-resistant bacteria.

A weakness of the current study relates to the two strains
used to evaluate differentially expressed genes. None of these
naturally carries ESBL-mediated resistance. While the experi-
mental set-up allowed comparison of expression levels with a
well-characterized strain (MG1655), and comparable results
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between cefotaxime treatments in strains with plasmid and
chromosomally encoded blaCTX-M-1, it does not take into account
that antibiotic resistance genes and plasmids in general
co-evolve with the chromosome in the host where they are
expressed. In naturally occurring cefotaxime-resistant strains,
this may have led to compensatory mechanisms that may
have removed some of the apparent weaknesses we found in
the bacteria, when forced to direct their full attention to the
combat of inhibitory concentrations of antibiotics. Further stud-
ies would therefore be very interesting.
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