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ABSTRACT

Enterococci are naturally tolerant to typically bactericidal cell wall-active antibiotics, meaning that their growth is inhibited but
they are not killed even when exposed to a high concentration of the drug. The molecular reasons for this extraordinary toler-
ance are still incompletely understood. Previous work showed that resistance to killing collapsed specifically in mutants affected
in superoxide dismutase (Sod) activity, arguing that bactericidal antibiotic treatment led to induction of a superoxide burst. In
the present work, we show that loss of antibiotic tolerance in �sodA mutants of pathogenic enterococci is dependent on the en-
ergy source present during antibiotic treatment. Hexoses induce greater killing than the pentose ribose, and no killing was ob-
served with glycerol as the energy source. These results point to glycolytic reactions as crucial for antibiotic-mediated killing of
�sodA mutants. A transposon mutant library was constructed in Enterococcus faecalis �sodA mutants and screened for restored
tolerance of vancomycin. Partially restored tolerance was observed in mutants with transposon integrations into intergenic re-
gions upstream of regulators implicated in arginine catabolism. In these mutants, the arginine deiminase operon was highly up-
regulated. A model for the action of cell wall-active antibiotics in tolerant and nontolerant bacteria is proposed.

IMPORTANCE

Antibiotic tolerance is a serious clinical concern, since tolerant bacteria have considerably increased abilities to resist killing by
bactericidal drugs. Using enterococci as models for highly antibiotic-tolerant pathogens, we showed that tolerance of these bac-
teria is linked to their superoxide dismutase (Sod), arguing that bactericidal antibiotics induce generation of reactive oxygen
species inside cells. Wild-type strains are tolerant because they detoxify these deleterious molecules by the activity of Sod,
whereas Sod-deficient strains are killed. This study showed that killing depends on the energy source present during treatment
and that an increase in arginine catabolism partially restored tolerance of the Sod mutants. These results are used to propose a
mode-of-action model of cell wall-active antibiotics in tolerant and nontolerant bacteria.

Even though enterococci are considered low-virulence patho-
gens, treatment of enterococcal infections is often difficult and

lengthy. International guidelines for treatment of infective entero-
coccal endocarditis recommend 4 to 6 weeks of administration of
penicillin or ampicillin plus an aminoglycoside, with a risk of
acute renal failure due to the nephrotoxicity of the latter antibiot-
ics (1–3). Enterococci, which are lactic acid bacteria and part of
the human commensal flora, are naturally highly tolerant to anti-
biotics considered to be bactericidal such as penicillins and glyco-
peptides (4, 5). The mechanisms that allow these organisms to
escape the lethal action of those drugs are still incompletely un-
derstood. On the basis of previous studies, it was suggested that
the tolerance might be due to alterations in bacterial autolysis,
because killing of nontolerant bacteria was often accompanied by
massive cell lysis (6). However, penicillin has been shown to kill
pathogens such as Streptococcus pyogenes and Enterococcus hirae
efficiently without inducing significant lysis of the cells (7–9). Fur-
thermore, suppression of autolysis in Streptococcus pneumoniae
and Staphylococcus aureus had no significant effect on killing by
penicillin (6, 10–13). These data collectively indicated that a de-
crease in the autolytic activity could not fully explain tolerance to
bactericidal antibiotics for all drug/pathogen combinations.

Characterization of tolerant strains of Streptococcus gordonii
that were obtained by cyclic exposure to penicillin at 500 times the
MIC showed that two proteins belonging to the arc operon were
upregulated in these derivatives (14). The arc operon encodes ac-

tivities for arginine catabolism. In this pathway, arginine is first
deiminated by arginine deiminase (ADI) encoded by arcA. The
arginine degradation pathway is therefore also called the ADI
pathway. The citrulline formed in the first reaction is then cleaved
by phosphorolysis into ornithine and carbamoylphosphate cata-
lyzed by ornithine carbamoyltransferase encoded by arcB. Finally,
the high-energy compound carbamoylphosphate is degraded into
CO2 and NH3 with the concomitant production of an ATP by
carbamate kinase encoded by arcC (15, 16). However, inactivation
of the arc locus in drug-tolerant strains of S. gordonii showed that
increased tolerance was not a direct consequence of enhanced
expression of the ADI pathway (14).
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An important discovery for the understanding of the clinically
problematic tolerance phenomenon was recently reported for
pathogenic enterococci. Tolerance of penicillin and vancomycin
was abolished in superoxide dismutase (Sod)-deficient mutants of
Enterococcus faecalis and Enterococcus faecium and could be pro-
gressively restored by increasing expression of this enzyme from
an inducible plasmid (4, 5). Enterococci harbor only one Sod of
the manganese type named SodA, and the enzyme catalyzes an
electron transfer between two O2

� molecules; the first of the two
molecules is oxidized to yield oxygen, and the second is reduced to
hydrogen peroxide. The above-mentioned finding that �sodA
mutants of both enterococcal species are between 1,000-fold and
10000-fold more sensitive to penicillin or vancomycin killing
demonstrated that SodA is essential for tolerance of bactericidal
antibiotics in these pathogenic bacteria (4, 5). The tolerance
model proposed from these results foresees that bactericidal anti-
biotics at concentrations generally equivalent to 20� MIC induce
an increased formation of superoxide inside cells. This is not a
major problem for wild-type cells, because the O2

� molecule is
efficiently detoxified by SodA, resulting in tolerance. In contrast,
in SodA-deficient strains, O2

� accumulates to toxic levels, leading
to killing of these mutants. Production of O2

� induced by bacte-
ricidal antibiotics has been indirectly demonstrated (4). We rea-
soned that superoxide should also be produced in wild-type cells
under conditions of exposure to bactericidal antibiotics. How-
ever, the superoxide formed is dismutated to H2O2 by SodA, and
the H2O2 molecule is further reduced to H2O by peroxidases. If
this cascade takes place in the wild-type cells, then the inactivation
of genes encoding peroxidases should lead to an accumulation of
H2O2 generated by SodA in the corresponding mutant under con-
ditions of exposure to bactericidal but not bacteriostatic antibiot-
ics. In contrast to superoxide, H2O2 diffuses from the cells and can
be detected (38). As predicted, we found an accumulation of H2O2

in cultures of a strain carrying mutations in peroxidase-encoding
genes under conditions of exposure to penicillin and vancomycin
but not to tetracycline, which is a bacteriostatic antibiotic (4).

Although the model is based on the well-known activity of Sod

and has experimental support, issues such as how bactericidal an-
tibiotics induce O2

� production and what the targets of O2
� are

that lead to killing still remain to be addressed. Detailed under-
standing of these molecular processes might contribute to the de-
velopment of better therapeutics which would clear infections by
these important pathogens more rapidly. In this work, we studied
the dependence of tolerance on metabolic activity and utilization
of catabolic pathways and screened a transposon mutant library
for restored tolerance in a SodA-deficient strain of E. faecalis.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Strains, plasmids,
and oligonucleotides used in this study are listed in Table 1 and Table S1 in
the supplemental material. Cultures of E. faecalis and E. faecium strains
were grown in M17 medium (23) supplemented with 0.5% (wt/vol) glu-
cose (GM17) or in brain heart infusion (BHI) broth. For experiments
performed with specific carbon sources, we used ccM17 MOPS (morpho-
linepropanesulfonic acid) medium prepared as previously reported (24)
(see below) and supplemented with 0.5% glucose (wt/vol) or with lactose,
galactose, fructose, mannitol, ribose, or glycerol at a final concentration
equimolar to that of glucose (28 mM). Experiments were performed un-
der aerobic conditions in 100-ml Erlenmeyer flasks containing 10 ml me-
dium, and the cultures were incubated at 37°C with gentle agitation (60
rpm) on a rotary shaker. When indicated, catalase from bovine liver
(Sigma) (900,000 U/ml) was added to the medium at a final concentration
of 500 U/ml. The growth kinetics of E. faecalis cultures were followed both
by measurement of optical density at 600 nm (OD600) with a Biophotom-
eter (Eppendorf, Hamburg, Germany) and by counts of viable CFU on
agar plates. When necessary, the media were supplemented with 150
�g/ml erythromycin, 10 �g/ml chloramphenicol, or 300 �g/ml gentami-
cin. Escherichia coli strains were cultivated at 37°C in Luria-Bertani (LB)
broth (25) with vigorous shaking (160 rpm). When needed, 100 �g/ml of
ampicillin or 13 �g/ml of tetracycline was added to the medium. Bacterial
stocks were stored at �80°C in GM17 or LB broth supplemented with
glycerol at a final concentration of 15% (vol/vol).

Susceptibility testing and time-kill curves. The MICs were deter-
mined by the Etest method. Time-kill curves were determined with expo-
nentially growing cultures by adding vancomycin to reach a final concen-
tration of 20 �g/ml (20� MIC) at an OD600 of 0.5 (corresponding to

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)a

Reference
or source

Enterococcal strains
E. faecalis JH2-2 Fusr Rifr plasmid-free wild-type strain 17
E. faecalis JH2-2 �sodA JH2-2 sodA deletion mutant 18
E. faecalis JH2-2/pUCB30:arcA JH2-2 arcA insertional mutant obtained by SCO event using pUCB30:arcA This study
E. faecalis JH2-2 �sodA/pUCB30:arcA JH2-2 �sodA arcA insertional mutant obtained by SCO event using pUCB30:arcA This study
E. faecalis OG1RF Rifr Fusr wild-type strain 19
E. faecalis OG1RF �sodA OG1RF sodA deletion mutant 5
E. faecium Com12 Healthy volunteer fecal isolate; wild-type strain 20
E. faecium �sodA Com12 Com12 sodA deletion mutant 5

E. coli strain Top10F= F= [lacIq Tn1 (Tetr)] mcrA �(mrr-hsdRMS-mcrBC) �80dlacZ�M15 �lacX74 recA1 araD139
�(ara-leu)7697 galU galK rpsL (Strr) endA1 nupG

Invitrogen

Plasmids
pUCB30 Ori pMB1 lacZ= Ampr Emr 21
pUCB30:arcA pCB30 derivative carrying a 605-bp DNA internal fragment of arcA gene from E. faecalis JH2-2 This study
pZXL5 Ori(Ts) Cmr Genr Kanr nisR nisKP nisA; mariner transposase; mariner transposon; 2T7 promoters 22

a Amp, ampicillin; Em, erythromycin; Fus, fusidic acid; Rif, rifampin; Str, streptomycin; Tet, tetracycline; Cm, chloramphenicol; Gen, gentamicin; Kan, kanamycin; nis, nisin gene;
Ts, thermosensitive; SCO, single crossover.
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�4 � 108 CFU/ml). Growth was followed by measuring OD600 at regular
intervals, and CFU counts were determined after 24 h of incubation by
plating 10-fold serial dilutions of the cultures on GM17 agar plates. The
number of survivors giving rise to colonies was determined after 48 h of
incubation at 37°C. Killing by antibiotic was assessed as the percentage of
surviving colonies relative to unchallenged cells. The sensitization factor is
defined as the ratio of survival of a parent strain to that of its derivative
mutant strain. For survival experiments in the presence of specific energy
sources, cultures were grown on GM17 until an OD600 of 0.5 was reached,
harvested by centrifugation, washed with 10 ml of 0.9% NaCl solution,
and finally resuspended in ccM17 MOPS medium supplemented with
glucose 0.5% (wt/vol) or with lactose, galactose, fructose, mannitol, ri-
bose, or glycerol at a final concentration equimolar to that used for glu-
cose (28 mM). Immediately after, vancomycin or penicillin was added at
final concentration of 20 �g/ml.

General molecular methods. Molecular cloning and other standard
techniques were performed as previously described (25). Antibiotics,
chemicals, and enzymes were reagent grade. Restriction endonucleases
and T4 ligase were obtained from Promega (Madison, WI) and used in
accordance with the manufacturer’s instructions. Plasmids and PCR
products were purified using NucleoSpin kits (Macherey-Nagel, Dünen,
Germany). E. coli and E. faecalis competent cells were transformed by
electroporation using a Gene Pulser apparatus (Bio-Rad Laboratories,
Mares la Coquette, France).

Construction of insertional E. faecalis JH2-2/pUCB30:arcA and
JH2-2 �sodA/pUCB30:arcA mutants. Insertional mutants with muta-
tions in the arcA gene were constructed in E. faecalis JH2-2 and its �sodA
derivative mutant using the pUCB30 suicide vector (21) (Table 1). Briefly,
an internal DNA fragment of 605 bp of the arcA gene (EF_0104) was
amplified by PCR with specific primers 104ForPst/104RevEco (see Table
S1 in the supplemental material), digested by EcoRI and PstI, and ligated
into the pUCB30 integrative vector previously treated with the same en-
zymes. The ligation product was electroporated into E. coli Top10F= cells
(Table 1). The subsequent recombinant plasmid (pUCB30:arcA) (Table
1) was transformed in E. faecalis JH2-2 and its �sodA mutant. The gener-
ated derivative mutants (JH2-2/pUCB30:arcA and JH2-2 �sodA/
pUCB30:arcA mutants) (Table 1) were verified by PCR for the insertion of
the pUCB30:arcA recombinant plasmid within the chromosome, leading
to the inactivation of the arcA gene.

Construction of a high-density transposon mutant library using E.
faecalis �sodA mutants. For transposon mutagenesis in the E. faecalis
�sodA JH2-2 and OG1RF strains, we used the pZXL5 transposon delivery
plasmid (GenBank accession number JQ088279) (Table 1) and a method
previously described (22). Briefly, after electroporation, gentamicin-resis-
tant transformants were grown overnight in BHI broth supplemented
with 300 �g/ml gentamicin and 10 �g/ml chloramphenicol at the permis-
sive temperature of 28°C. A 100-�l volume (approximately 108 viable
cells) of this overnight culture was then inoculated into 200 ml of pre-
warmed BHI broth supplemented with gentamicin and 25 ng/ml nisin
and grown overnight at the nonpermissive temperature of 37°C without
shaking to induce transposition. Subsequently, 100 �l of this culture was
transferred to 200 ml of fresh prewarmed BHI broth and grown similarly
overnight without nisin. The mutant library was stored at �80°C in BHI
broth containing a 15% (vol/vol) final concentration of glycerol in 1-ml
aliquots as mutant library stocks.

Randomness and coverage of transposition were evaluated by PCR
analysis and by determination of the integration site of 13 randomly
selected colonies. For the first method, genomic DNA was isolated
from the library using a NucleoBond RNA/DNA 400 kit (Macherey-
Nagel, Dünen, Germany) and then used as the template DNA for PCR
using 14 different primers which hybridize to different chromosomal re-
gions. Each of these primers was tested with primer LTn or RTn, corre-
sponding to the outer primers of the transposon. If the transposon inte-
grates randomly, for each primer (Px) specific to a given gene (efx), the
PCR carried out with primer pair Px/LTn or Px/RTn should amplify DNA

fragments with different sizes, which should result in a smear on agarose
gels. This was observed (data not shown). Determination of the integra-
tion sites of 13 randomly selected colonies was performed as described for
the mapping of the integration sites in mutants with restored tolerance
(see next paragraph and Fig. S1 in the supplemental material). Shortly
thereafter, the chromosomal DNA of the colonies was extracted and di-
gested with HaeIII and the fragments were circularized by ligation fol-
lowed by PCR analyses performed using the transposon-specific primer
pair LTn/RTn. This showed that 77% of the cells harbored one copy of the
transposon, that no multiple insertion sites were found, and that the
transposon had integrated in different parts of the chromosome.

Screening for genes involved in tolerance of vancomycin in the E.
faecalis OG1RF �sodA mutant. The library of random mutants con-
structed in the non-vancomycin-tolerant �sodA mutant of E. faecalis
OG1RF was screened for restored tolerance of vancomycin. For this pur-
pose, the library was grown on GM17 with gentle shaking (60 rpm) until
an OD600 of 0.5 was reached, and then 20 �g/ml of vancomycin was added
and the culture was incubated for 24 h at 37°C. A second treatment per-
formed under the same conditions was applied again to enrich the num-
ber of vancomycin-tolerant mutants. Following this step, the culture was
diluted and spread on GM17 agar medium. The survivors were individu-
ally tested for tolerance of vancomycin. The integration sites of the trans-
poson of derivatives with increased tolerance of vancomycin were then
analyzed. Therefore, genomic DNA was extracted for each tolerant mu-
tant and digested with HaeIII endonuclease, generating DNA fragments
containing the transposon with chromosome junctions (see Fig. S1 in the
supplemental material). The restriction fragments were then circularized
using conditions favoring intramolecular reactions. The loci in which the
transposon had inserted were amplified by PCR using the transposon-
specific primer pair LTn/RTn with DNA TripleMaster polymerase mix
(Eppendorf, Hamburg, Germany) under the following conditions: 94°C
for 1 min followed by 32 cycles of 94°C for 18 s, 53°C for 30 s, and 68°C for
7 min. The PCR products were purified and sequenced (Eurofins MWG
Operon), and the obtained sequences were compared to the E. faecalis
OG1RF genomic sequence (http://blast.ncbi.nlm.nih.gov/) in order to lo-
cate the insertion sites.

Analysis of fermentation products. Glucose, lactate, formate, and ac-
etate concentrations were determined using high-performance liquid
chromatography (HPLC). The filtrates resulting from supernatants of
24-h cultures (25 �l) were injected in a Phenomenex PHM-monosaccha-
ride column maintained at 65°C. The flow rate of the mobile phase, 5 mM
H2SO4, was 0.5 ml/min. A refractometer detector was used, and the signal
was analyzed through the use of Jasco-Borwin software (JMBS Develop-
ments, France). The obtained HPLC profiles from the 24-h culture fil-
trates were compared to the profiles from the control ccM17 MOPS media
containing only the specific carbon sources. The concentrations and the
peak areas of the carbohydrate substrate and its derivative fermentation
products were measured in comparison to those of their corresponding
standards.

RNA isolation and RT-qPCR. To comparatively analyze gene expres-
sion, we used the E. faecalis OG1RF �sodA strain and its derivative C49,
C50, and C56 mutants cultivated on GM17 medium with gentle shaking.
Using a Direct-Zol RNA MiniPrep kit (ZymoRecherch), three indepen-
dent samples of total RNA were isolated from each strain. For reverse
transcriptase quantitative PCR (RT-qPCR), specific primers were de-
signed (see Table S1 in the supplemental material) using the E. faecalis
OG1RF genome sequence and Primer3 software (http://frodo.wi.mit.edu
/primer3/) to produce amplicons of equivalent lengths of 100 bp. Total
RNA (2 �g) was reverse transcribed with random hexamer primers and
QuantiTect enzyme (Qiagen, Courtaboeuf, France). Quantification of
gyrA (encoding the A subunit of DNA gyrase) mRNA provided an internal
control. Amplification (using 5 �l of a 1:100 cDNA dilution), detection
(with automatic calculation of the threshold value), and real-time analysis
were performed twice for each cDNA sample using an iCycleriQ detection
system (Bio-Rad Laboratories, Marnes la Coquette, France). Relative
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mRNA levels for each gene in each sample were calculated using compar-
ative cycle time data, as described elsewhere (26).

Statistics. Differences among strains in killing by bactericidal antibi-
otics and gene expression were calculated using the Student t test. P values
of less than 0.05 were considered to be significant.

RESULTS
Loss of tolerance of vancomycin or penicillin of Sod-deficient
strains is dependent on active cell metabolism. In reports of a
previous study, we showed that Sod is the basis of tolerance to
bactericidal antibiotics in pathogenic enterococci (4, 5). We pro-
posed therefore that cell wall-active bactericidal antibiotics in-
duced a superoxide burst responsible for the killing of �sodA mu-
tants in which the detoxification of O2

� could not be performed.
However, the exact molecular mechanisms that explain how these
drugs induce O2

� formation are still unknown. We also showed
that this putative production of O2

� is dependent on the primary
action of these antibiotics (4, 5) and that no killing occurred under
anaerobic conditions (4). We suggested that alterations of the cell
wall may trigger modifications in metabolism leading to the for-
mation of O2

�. This concept predicts that, during treatment with
a bactericidal antibiotic, cells should still be metabolically active.
We first studied the effect on the OD600 during treatment of the E.
faecalis JH2-2 wild-type strain and its isogenic �sodA mutant
when vancomycin was added at a final concentration of 20� MIC
to cultures at an OD600 of 0.5, which corresponds to the beginning

of the exponential phase. After 24 h, those values were nearly
unchanged (OD600 � �0.6) and were comparable for the two
strains.

To test the metabolic activity of the cells after 24 h of van-
comycin treatment, we performed HPLC analyses to determine
the concentrations of the substrate and final products of fer-
mentation (Fig. 1A and B). The results showed that glucose,
used as a substrate in these experiments, was completely con-
sumed by wild-type cultures and that peaks corresponding to
the end products lactate, formate, and acetate could be identi-
fied. The result obtained with the �sodA mutant was different
only in that the glucose substrate was consumed only partially
(44%). However, since the �sodA mutant exhibited a decrease
in survival of nearly 4 log10 whereas 80% of the wild-type cells
survived (Fig. 1C), it is reasonable to assume that this partial
glucose consumption in the �sodA mutant reflects cell death.
Similar results have been obtained after exposure to 20� MIC
of penicillin (see Fig. S2 in the supplemental material). Of note,
a kinetic analysis of cell death showed that no killing by vanco-
mycin of the JH2-2 �sodA mutant was observed in the first 6 h
of treatment. During this period, the mutant cells may have
metabolic activity comparable to that of the wild-type cells
(Fig. 1C). We concluded from these combined results that cells
have active metabolism but do not grow in the presence of 20�
MIC of cell wall-active antibiotics.

FIG 1 Metabolic activity and survival of E. faecalis JH2-2 and the �sodA mutant under conditions of vancomycin treatment. Data represent the results of HPLC
analysis of the remaining substrate and fermentation products after 24 h of treatment with 20 �g/ml vancomycin in ccM17 MOPS medium supplemented with
0.5% (wt/vol) glucose of the E. faecalis JH2-2 wild-type strain (A) or its �sodA mutant (B) and kinetic analysis of killing by vancomycin of the JH2-2
wild-type strain (Œ) and its isogenic �sodA mutant (o) (C). WT, wild type.
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Loss of tolerance of vancomycin or penicillin of Sod-defi-
cient strains is dependent on the energy source. From the previ-
ous observation, we hypothesized that the catabolic activity of the
cells is a requirement for antibiotic-induced killing and is the basis
of the O2

� production. If true, incubation of the �sodA mutant
with vancomycin in the absence of a carbohydrate would not re-
sult in a decrease in viability. As shown in Fig. 2A, this was indeed
the case. We then reasoned that if the reactions that are the basis of
the O2

� formation are linked with particular catabolic pathways,

incubation with different substrates during treatment metabo-
lized by different catabolic routes should modify killing of the
�sodA mutant. Enterococci harbor the three major pathways of
carbohydrate catabolism (16), the Embden-Meyerhof-Parnas
(glycolysis) pathway, the Entner-Doudoroff (KDPG [2-keto-3-
deoxy-6-phosphogluconate]) pathway, and the pentose phos-
phate pathway (Fig. 2B). The first two pathways are restricted to
hexoses, whereas the pentose pathway ferments hexoses and pen-
toses. First, we tested different hexoses such as glucose, galactose,

FIG 2 Bactericidal activity is dependent on the energy source in the E. faecalis JH2-2 �sodA mutant. (A) Ratio of relative survival rates of the E. faecalis �sodA
mutant and the E. faecalis JH2-2 wild-type strain after 24 h of exposure to 20 �g/ml of vancomycin in ccM17 MOPS medium supplemented with glucose,
galactose, fructose, ribose, or glycerol. In the case of glucose, ribose, and glycerol supplementation, similar results in the presence of 20 �g/ml of penicillin have
been obtained (see Fig. S2 in the supplemental material). Mean values of the results of at least three different experiments are represented with error bars
indicating standard deviations. (B) Integration of the results determined as described for panel A into the metabolic network of E. faecalis. Metabolites are
color-coded according to the degree of killing by vancomycin. The following metabolic intermediates are shown: glucose-6-phosphate (Glu-6-P), glucose-
1-phosphate (Glu-1-P), fructose-6-phosphate (Fru-6-P), fructose-1,6-bisphosphate (Fru-1,6-P2), galactose-1-phosphate (Gal-1-P), galactose-6-phos-
phate (Gal-6-P), tagatose-1-6 bisphosphate (Tag-1,6-P2), glycerol-3-phosphate (G-3-P), dihydroxyacetone (DHA), dihydroxyacetone phosphate (DHA-P),
glyceraldehyde-3-phosphate (GA-3-P), 1,3-bisphospho-glycerate (G-1,3-P2), 3-phospho-glycerate (3-P-G), 2-phospho-glycerate (2-P-G), phosphoenolpyru-
vate (PEP), ribulose-5-phosphate (Rbu-5-P), ribose-5-phosphate (Rib-5-P), xylulose-5-phosphate (Xyl-5-P), erythrose-4-phosphate (Ery-4-P), sedoheptulose-
7-phosphate (Sed-7-P), 6-phospho-gluconate (6-P-Gln), and 2-keto-3-deoxy-6-phosphogluconate (KDPG).
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and fructose but also mannitol and the disaccharide lactose (data
not shown). With all these substrates, significant vancomycin kill-
ing of the �sodA mutant (which was 600-fold to 3,000-fold more
sensitive than the parent strain) was observed (Fig. 2A). Using
glucose as the substrate, similar results have been obtained with
penicillin (see Fig. S2 in the supplemental material). Notably, for
the majority of these sugars, the Sod-deficient strain exhibited a
slight growth retardation compared to the wild-type parent (see
Fig. S3). This difference in growth was most pronounced in the
case of the use of galactose as the substrate, probably due to the
generation of H2O2 when E. faecalis was aerobically grown on this
energy source (24). We then tried the hexose gluconate as the
energy source, but neither the JH2-2 strain nor the OG1RF strain
grew significantly on this substrate. A similar result has been pub-
lished for E. faecalis strain V583 (27). In the next step, we tested the
pentose ribose, which is metabolized through the pentose phos-
phate pathway (Fig. 2B). On this sugar as well, growth of the
�sodA mutant was slightly slower than that of the JH2-2 wild-type
strain (see Fig. S3). Interestingly, compared to the hexose results,
the use of ribose as a substrate during the antibiotic treatment
reduced killing of the �sodA mutant by 2 orders of magnitude
(Fig. 2A). Comparable results have been obtained with the E. fae-
cium Com12 wild-type strain and its �sodA mutant using glucose
and ribose as substrates (see Fig. S4).

An interesting substrate to study in the context of this work was
glycerol, since the complex catabolism of this sugar alcohol has
been recently intensively studied in E. faecalis (28, 29). E. faecalis
harbors two pathways of glycerol catabolism, the glycerol kinase
(GlpK) pathway and the dihydroxyacetone kinase (DHAK) path-
way. Both pathways finally generate dihydroxyacetone phosphate
(DHAP), which then enters the lower part of the glycolysis path-
way shown in Fig. 2B. The GlpK pathway starts with phosphory-
lation of glycerol to glycerol-3-phosphate (G-3-P) by the use of
glycerol kinase. The G-3-P formed is then oxidized by G-3-P ox-
idase to DHAP, leading to the generation of hydrogen peroxide
(H2O2). The route that proceeds via the DHAK pathway starts
with the oxidation of the substrate by glycerol dehydrogenase to
dihydroxyacetone (DHA) with the concomitant generation of an
NADH. The DHA is then phosphorylated to DHAP by DHAK.
We showed recently that glycerol is metabolized simultaneously
by the two pathways in the E. faecalis JH2-2 strain (28). When
glycerol was used as a substrate during the antibiotic treatment of
the �sodA mutant, killing by vancomycin was abolished (Fig. 2A).
As mentioned above, the metabolism of glycerol via the GlpK
pathway leads to the generation of H2O2, and we demonstrated
that transient accumulation of this peroxide occurred during
growth of the E. faecalis JH2-2 wild-type strain, leading to a
growth inhibition which became even more pronounced in mu-
tants affected in peroxidases (24). Since �sodA mutants are more
sensitive to externally added H2O2 (18, 30, 31), the possibility that
the growth on glycerol of the JH2-2 �sodA mutant was affected by
the intracellular generation of H2O2 during catabolism of this sub-
strate could not be excluded, and we tested this experimentally.
While the wild-type JH2-2 strain grew to a final OD600 of 3.5, the
isogenic �sodA mutant entered stationary phase early after start of
growth and reached a final OD600 of only 0.4 (see Fig. S3 in the
supplemental material). This growth inhibition was due to the
accumulation of H2O2, since addition of active (but not of heat-
inactivated) bovine catalase to the growth medium lifted this
growth inhibition (see Fig. S3). In the presence of catalase, growth

of the �sodA mutant was comparable to that of the JH2-2 parental
strain. Since we showed that the �sodA mutant was not killed by
vancomycin in the absence of a carbohydrate source (which led to
a lack of growth [see above]), the possibility could not be excluded
that the survival of this strain when glycerol was used as a carbon
source during antibiotic treatment was due to the absence of sig-
nificant growth and hence to reduced metabolic activity of the
�sodA mutant. Therefore, we analyzed killing of the �sodA mu-
tant with the concomitant presence of glycerol and catalase during
vancomycin treatment. We showed previously that addition of
catalase did not affect killing of the JH2-2 �sodA mutant in M17
medium containing 0.5% glucose (4). However, in the presence of
glycerol and catalase, the SodA-deficient strain survived vanco-
mycin exposure as well as the isogenic parent strain did (Fig. 2A).
Therefore, the slow-growth phenotype was not the reason for the
absence of killing when glycerol was used as the energy source.

The combined results presented above strongly suggest that the
degree of loss of tolerance of the �sodA mutant is dependent on
the catabolic pathway used to metabolize an energy source. The
presence of substrates during the antibiotic treatment upon enter-
ing glycolysis led to high-level killing of the �sodA mutant. Killing
was significantly reduced when ribose, which is metabolized
through the pentose phosphate pathway, was the substrate. Fi-
nally, in the presence of glycerol, the �sodA mutant was as tolerant
as the wild type to exposure to 20� MIC of vancomycin. Since
glycerol enters the lower part of the glycolysis pathway and no
killing of the �sodA mutant was observed with this substrate, we
speculated that reactions present in the upper part of the glycolysis
pathway should be responsible for the increased killing of the
�sodA mutant. This would also explain the residual killing ob-
served with ribose as the substrate. The pentose phosphate path-
way is connected to the upper and lower parts of the glycolytic
pathway through fructose-6-phosphate and glyceraldehyde-3-
phosphate metabolites that are formed by transketolase and
transaldolase reactions (Fig. 2B). To verify this assumption, we
tried to construct a mutant defective in the upper part of the gly-
colysis pathway. We choose to inactivate the pgi gene encoding
glucose-6-phosphate isomerase catalyzing isomerization of glu-
cose-6-phosphate (Glu-6-P) to fructose-6-phosphate. We pre-
dicted that in the presence of glucose, the Glu-6-P formed would
enter the pentose phosphate pathway in this mutant (Fig. 2B). The
required enzymes as well as the genes encoding enzymes Glu-6-P
dehydrogenase and gluconate-6-P dehydrogenase are present in
E. faecalis (32). However, all attempts to obtain this mutant failed,
suggesting that the upper part of the glycolysis pathway is essential
in E. faecalis. The finding that a 2-fold reduction of phosphofruc-
tokinase activity strongly decreased the growth rate of the lactic
acid bacterium Lactococcus lactis is in agreement with this conclu-
sion (33).

Construction and screening of a transposon mutant library
in E. faecalis. To gather more insight into the correlation between
catabolic pathway utilization and tolerance to bactericidal antibi-
otics, we created a genome-wide transposon mutant library in the
E. faecalis �sodA mutant and screened it for variants with in-
creased tolerance of vancomycin in the presence of glucose as the
energy source. Recently, construction of a high-density trans-
poson mutant library has been established for E. faecium using a
new transposon delivery plasmid named pZXL5 (22). We there-
fore tested if this plasmid could also be a useful tool for transposon
mutagenesis in E. faecalis. We started with the JH2-2 �sodA mu-
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tant and analyzed the randomness of the transposon insertions by
PCR. The results showed that integration was not random in this
background but that the transposon integrated preferentially into
many regions (hot spots) of the chromosome (data not shown).
We then tested a previously constructed �sodA mutant of E. faeca-
lis strain OG1RF (5). Construction of the mutant library in this
strain also revealed the presence of hot spots, but these were much

less frequent than in the JH2-2 background (data not shown).
Therefore, we decided to screen the library constructed in the
OG1RF �sodA mutant background.

To select transposon mutants with increased tolerance of van-
comycin, the �sodA mutant library was subjected to two rounds of
exposure to 20� MIC of vancomycin for 24 h. The survivors of
this procedure were plated, and colonies were individually tested
for tolerance of the antibiotic. Of 150 colonies analyzed, 10 indi-
vidual clones showed tolerance of the antibiotic treatment that
was increased (between 1 and 2 orders of magnitude) in compar-
ison to that seen with the OG1RF �sodA control strain (Fig. 3).
The insertion sites of the transposon were determined for the 10
clones, and the results showed that the transposon had integrated
in three different intergenic regions (IGR1 to IGR3) (Fig. 4). For
the majority (8 of 10) of the clones, the transposon had integrated
into IGR1 at three different positions between genes EF_0102 and
EF_0103. The two divergent genes surrounding this IGR both
encode arginine transcriptional regulators of the ArgR family. We
identified two clones in which the transposon had integrated 51 bp
upstream of gene EF_0102 and five clones with an integration site
35 bp upstream of gene EF_0103, and in one clone, the transposon
was situated 3 bp upstream of EF_0103. In the case of IGR2 and
IGR3, the transposon had integrated 1 bp upstream of a gene
(EF_0676) encoding a putative ArgR repressor and in the middle
of IGR3, respectively. The adjacent genes of IGR3 encode a gly-
cine/betaine ABC transporter (EF_3065) and a deformylase
(EF_3066). Since 9 of the 10 clones appear to be involved in the
regulation of arginine metabolism, we further focused our
study on these transposon mutants.

As mentioned above, in the majority of clones the transposon

FIG 3 Relative survival rates of E. faecalis OG1RF, �sodA, and transposon
mutants in the presence of vancomycin. Survival of the OG1RF wild-type
strain, its isogenic �sodA mutant, and clones screened from the transposon
library demonstrating partially restored tolerance (C2, C11, C13, C14, C41,
C49, C50, C53, C56, and C57) was determined after 24 h of treatment with 20
�g/ml of vancomycin in GM17 medium. Mean values of the results of at least
three different experiments are represented with error bars indicating standard
deviations.

FIG 4 Mapping of insertion sites of the transposon in clones with partially restored tolerance of vancomycin. The transposon (Tn) integrated into three different
intergenic regions (IGR1 to IGR3). In IGR1, the Tn integrated at three different positions between genes EF_0102 and EF_0103 encoding both putative arginine
regulators (ArgR1and ArgR2). In IGR2, the Tn integrated upstream of gene EF_0676, which encodes a putative arginine repressor (ArgR3). In IGR3, the Tn
inserted approximately in the center between genes EF_3065 and EF_3066, encoding a putative glycine/betaine ABC transporter (RpsO) and a putative
deformylase (Def), respectively. Numbers above the insertion sites refer to the distances between the ends of the transposon and adjacent genes.
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had integrated between two ArgR family regulators (EF_0102 and
EF_0103). Directly downstream of this region, genes related to
arginine catabolism are present in E. faecalis JH2-2. These genes
encode arginine deiminase (arcA; EF_0104), an ornithine car-
bamoyltransferase (arcF-1; EF_0105), and a carbamate kinase
(arcC-1; EF_0106). These three genes seem to be in an operon
structure with two other genes encoding a putative Crp/Fnr tran-
scriptional regulator (arcR; EF_0107) and a putative ornithine-
arginine antiporter (arcD; EF_0108) (see Fig. S5 in the supple-
mental material) (15). Due to this context, we hypothesized that
one or both ArgR regulators present upstream of the arginine
deiminase (ADI) operon are implicated in the regulation of its
expression and that insertion of the transposon modified expres-
sion of the regulator and hence also that of the ADI operon. This
was tested by reverse transcription quantitative PCR (RT-qPCR),
which showed that this was indeed the case (Table 2). In clone 50,
the transposon integrated 51 bp upstream of gene EF_0102 (Fig.
4). Compared to the �sodA mutant, expression of the EF_0102
gene was induced nearly 10-fold in clone 50. Analysis of expres-
sion of the EF_0103 gene, which encodes the other ArgR regulator,
showed that it was also induced in this Tn mutant, albeit to a
(4-fold) lesser extent than EF_0102. Furthermore, genes of the
ADI operon were highly (between 8-fold and 23-fold) induced in
clone 50 (Table 2). In clone 56, the transposon had integrated 35
bp upstream of EF_0103. The RT-qPCR experiments revealed
that, in comparison to the �sodA mutant, EF_0103 expression in
this clone was strongly repressed but expression of EF_0102 was
induced around 8-fold. However, also in this Tn mutant, the ADI
operon was highly (between 12-fold and 16-fold) induced. This
strongly suggests that induced expression of the ADI operon in the
Tn mutants is due to induction of gene EF_0102, whose product
acts as a transcriptional activator (see Fig. S5).

In the case of clone 49 of group II, the transposon had inte-
grated 1 bp upstream of gene EF_0676, which encodes a putative
ArgR repressor. This integration provoked very strong (125-fold)
repression of the expression of this gene (Table 2). Interestingly,
expression of the ADI operon was also significantly (between 9
and 14-fold) induced in this Tn mutant, suggesting that the prod-
uct of gene EF_0676 may act as a transcriptional repressor of the
ADI operon (see Fig. S5 in the supplemental material). Of note,
the levels of expression of the EF_0102 and EF_0103 genes of clone
49 and the �sodA mutant were comparable, and expression of
EF_0676 was not modified in the Tn mutants with integration
sites between genes EF_0102 and EF_0103 (clones 50 and 56) (Ta-
ble 2).

Taken together, these results strongly suggest that the increase
in expression of the ADI operon is responsible for the increase of
tolerance of vancomycin in the Tn mutants. We reasoned there-
fore that inactivation of arginine catabolism should lead to a de-
crease of tolerance to this antibiotic, although we could not ex-
clude the possibility that the increased expression of the Crp/Fnr
family transcriptional regulator (arcR; EF_0107) which is part of
the ADI operon was the basis of the increased tolerance. So we
decided to construct mutants with mutations of the first gene of
the operon encoding arginine deiminase (arcA; EF_0104) but also,
in parallel, to inactivate the arcR (EF_0107) gene by integration of
plasmids containing internal fragments of the corresponding
genes in both the JH2-2 wild-type strain and the �sodA mutant
strain. Whereas the arcA mutant was obtained without any diffi-
culty in both backgrounds, all attempts to construct an arcR mu-
tant failed. The JH2-2 arcA mutant and the isogenic �sodA arcA
double mutant were then tested for tolerance of vancomycin. The
results showed that introduction of an arcA mutation into the
JH2-2 wild-type strain had no effect on survival in the presence of
20� MIC of vancomycin but that this mutation further decreased
survival (20-fold, P � 0.05) of the �sodA mutant under these
conditions (Fig. 5). From these results, we hypothesized that argi-
nine catabolism may be important in E. faecalis only under oxida-
tive stress conditions, which we postulated to be the case in the
SodA-deficient cells due to induction of a superoxide burst upon
antibiotic treatment (4, 5).

DISCUSSION

The results presented in this communication contribute to the
progression of the understanding of the extraordinary tolerance to
bactericidal antibiotics of enterococci. As we showed in this and
previous work, tolerance is linked to their manganese-cofactored
superoxide dismutase, and we postulated that loss of tolerance in

FIG 5 Relative survival rates after vancomycin treatment of E. faecalis JH2-2
and isogenic mutant strains. Survival of the wild-type strain and the arcA,
�sodA, and �sodA arcA mutants was determined after 24 h of treatment with
20 �g/ml of vancomycin in GM17 medium. Mean values of the results of at
least three different experiments are represented with error bars indicating
standard deviations.

TABLE 2 Ratio of RT-qPCR values of clones 50, 56, and 49 to RT-qPCR
values of �sodA mutant

Gene

RT-qPCR value ratioa

Clone 50/�sodA
mutant

Clone 56/�sodA
mutant

Clone 49/�sodA
mutanta

EF_0102 	9.27* 	7.84* 	1.71*
EF_0103 	4.00* �9.95* 	2.452
EF_0104 	12.29* 	15.29* 	13.79*
EF_0105 	8.21* 	12.21* 	8.67*
EF_0106 	22.80* 	15.34* 	10.66*
EF_0107 	21.11* 	16.06* 	10.71*
EF_0676 	1.65 	1.62 �124.65*
a *, P � 
0.05 (considered significant).
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Sod-deficient mutants is due to increased production of O2
�

upon antibiotic treatment (4, 5). The new elements in the present
work are that the formation of O2

� depends not only on active
catabolism but also on the kind of energy source that is present
during treatment. To the best of our knowledge, this seems to be
the first study demonstrating that, during drug treatment, in our
case, treatment with vancomycin or penicillin, antibiotic-suscep-
tible cells continue to consume the substrate but do not grow
during exposure to the antibiotic. Furthermore, we showed that
this consumption (and, therefore, an active metabolism) is a pre-
requisite for bactericidal antibiotics to exert their killing effect.
This strongly suggests the decoupling of energy production from
the cell cycle, so a kind of high-engine-power-while-idling motion
may be the basis of the increased production of O2

�. However, the
molecular basis of this oxidative burst still remains unknown, al-
though our report highlights the importance of the upper part of
the glycolysis pathway in this context.

The present work also revealed a link between antibiotic toler-
ance and arginine catabolism. In Tn mutants with an upregulated
ADI operon, tolerance of the Sod-deficient strain was partially
restored. These results seem to support the above-mentioned ox-
idative-stress-based killing model, since a recent study demon-
strated the direct implication of the ADI operon in the oxidative
stress response of Lactococcus lactis (34). In a spontaneously
H2O2-resistant mutant of this species, the ADI operon was found
to be upregulated and disruption of the first (arcA) or second
(arcB) gene of this operon abolished peroxide resistance. In anal-
ogy to these results, it can be suggested that the upregulation of the
ADI operon in E. faecalis protects the cells from oxidative stress.
As we postulate in the tolerance model, this occurs in �sodA mu-

tants treated with bactericidal cell wall-active antibiotics (Fig. 6).
This interpretation is further supported by the results obtained
with a double mutant affected in Sod activity and the ADI
operon. This strain was significantly less tolerant than a �sodA
single mutant.

Recently, two publications (35, 36) convincingly questioned
the hitherto widely accepted model of how bactericidal antibiotics
kill bacteria (37). The cell death pathway model proposed that
these drugs induce the creation of reactive oxygen species (ROS)
which at least contribute to cell killing (37). We have previously
published results obtained with E. faecalis (4) which differed in
important points from the model proposed by Kohanski et al.
(37). Specifically, neither the presumptive hydroxyl radical scav-
enger thiourea nor iron scavengers protected the SodA-deficient
cells from killing. Additionally, peroxidase/catalase mutants as
well as DNA repair-deficient recA mutants were not more sensi-
tive to bactericidal antibiotics than their wild-type parents (4).
These results are now in line with the new data published in the
above-mentioned two studies (35, 36). However, seemingly in
conflict with those two studies, which concluded that bactericidal
antibiotics do not induce oxidative stress in E. coli, we proposed
that cell wall-active antibiotics do induce the creation of superox-
ide formation in enterococci. This conclusion is based on the spe-
cific killing of �sodA mutants of these bacteria and on the absence
of killing under anaerobic conditions (4, 5). In contrast to entero-
cocci, E. coli is not tolerant of bactericidal antibiotics and is rapidly
killed (decrease of 3 to 4 orders of magnitude in 5 h) when exposed
to them (35, 37) whereas 10% to 80% of enterococci survive a 24-h
exposure to these drugs (4, 5). The results obtained with E. coli and
enterococci allowed refining of the tolerance model we previously

FIG 6 Proposed model for action of cell wall-active antibiotics in tolerant and nontolerant bacteria. Refer to the text for more-detailed information.
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proposed for enterococci (4). Nontolerant bacteria such as E. coli
are quickly killed by the primary actions of bactericidal antibiotics
(Fig. 6). Enterococci, however, are tolerant of these primary kill-
ing mechanisms. In the long run, cell wall-active antibiotics in-
duce the creation of superoxide radicals in these bacteria in a pro-
cess which needs active metabolism during exposure to these
drugs. In wild-type bacteria, O2

� is efficiently detoxified by SodA,
leading to long-term tolerance. The accumulation of ROS, and
hence their deleterious effects, occurs only in SodA-deficient en-
terococci. However, killing is not immediate but starts more than
6 h after the exposure to antibiotics. This delay in killing probably
reflects the time necessary to accumulate O2

� to a threshold con-
centration, at which point bacterial death occurs. This refined
model is now the basis for the design of new experiments which
are aimed at further progress in the understanding of bacterial
tolerance to cell wall-active antibiotics. In addition, the results
obtained from these studies may also be helpful to understand the
survival phenotype of the so-called persisters which might be the
cause of recurrent infections. Indeed, like enterococci, these spe-
cialized cells of a bacterial population are highly tolerant to bac-
tericidal drugs.
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