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Although the opportunistic bacterial pathogen Enterococcus faecium is a leading source of nosocomial
infections, it appears to lack many of the overt virulence factors produced by other bacterial pathogens, and
the underlying mechanism of pathogenesis is not clear. Using E. faecium-mediated killing of the nematode
worm Caenorhabditis elegans as an indicator of toxicity, we determined that E. faecium produces hydrogen
peroxide at levels that cause cellular damage. We identified E. faecium transposon insertion mutants with
altered C. elegans killing activity, and these mutants were altered in hydrogen peroxide production. Mutation
of an NADH oxidase-encoding gene eliminated nearly all NADH oxidase activity and reduced hydrogen
peroxide production. Mutation of an NADH peroxidase-encoding gene resulted in the enhanced accumulation
of hydrogen peroxide. E. faecium is able to produce hydrogen peroxide by using glycerol-3-phosphate oxidase,
and addition of glycerol to the culture medium enhanced the killing of C. elegans. Conversely, addition of
glucose, which leads to the down-regulation of glycerol metabolism, prevented both C. elegans killing and
hydrogen peroxide production. Lastly, detoxification of hydrogen peroxide either by exogenously added cata-
lase or by a C. elegans transgenic strain overproducing catalase prevented E. faecium-mediated killing. These
results suggest that hydrogen peroxide produced by E. faecium has cytotoxic effects and highlight the utility of
C. elegans pathogenicity models for identifying bacterial virulence factors.

Enterococci are gram-positive bacteria that usually reside in
the gastrointestinal tract as commensal organisms, but they are
also capable of causing severe infections (18). Enterococci are
the third leading source of nosocomial infections, causing en-
docarditis, peritonitis, bacteremia, and urinary tract infections.
Two enterococcal species are responsible for almost all of
these infections. According to a 1997 survey, the majority (85
to 90%) of enterococcal infections are caused by Enterococcus
faecalis, and the remaining infections are due to Enterococcus
faecium (35). However, in certain settings, the frequency of
infections due to E. faecium has been increasing in recent years
(50). The acquisition of antibiotic resistance is believed to be
the major contributing factor for the elevated incidence of E.
faecium infections. Approximately one-half of E. faecium clin-
ical isolates are now resistant to vancomycin, while only a small
fraction of E. faecalis clinical isolates are vancomycin resistant
(50).

The mechanism underlying E. faecium pathogenesis is ob-
scure, due in part to the fact that few E. faecium virulence-
related factors have been identified. The espfm and hylEfm

genes, encoding a surface protein and hyaluronidase, respec-
tively, are more likely to be present in pathogenic E. faecium
strains than in strains isolated from healthy individuals (11, 45,
61). The espfm gene appears to be located on a pathogenicity
island containing genes implicated in virulence, antibiotic re-
sistance, and transcriptional regulation (29). Other E. faecium

factors predicted to contribute to pathogenesis are the Acm
and SagA proteins, which bind to extracellular matrix compo-
nents (34, 58).

One of the limitations of studying E. faecium infections is the
lack of a simple animal model. Our laboratory has pioneered
the use of simple model hosts to identify microbial virulence
factors. We have used the plant Arabidopsis thaliana, the wax
moth caterpillar Galleria mellonella, and the nematode Caeno-
rhabditis elegans as simple model hosts to study infections
caused by E. faecalis, Staphylococcus aureus, Pseudomonas
aeruginosa, Salmonella enterica serovar Typhimurium, and
Cryptococcus neoformans (1, 17, 26, 31, 33, 44, 51, 57). Impor-
tantly, the majority of virulence factors required for infection
of the simple model hosts are also required for infection in
mouse infection models, indicating that the pathogenic mech-
anisms used in mammalian infections are also used in the
simple model hosts (43).

The C. elegans model system has been used to study two
different types of pathogenic mechanisms. C. elegans can be
killed by pathogens either through an infection-like process or
by diffusible toxins. To assay either mechanism, C. elegans,
which feeds on bacteria, is transferred from its normal food
source, lawns of an auxotrophic strain of Escherichia coli, to
lawns of the pathogen. In the infection model system, the
nematodes ingest the bacteria and then die after 2 to 5 days,
depending on the pathogen. In contrast, killing by diffusible
toxins occurs more quickly and does not require direct bacte-
rial contact. P. aeruginosa strain PAO1 produces cyanide that
paralyzes and kills C. elegans (9, 16). P. aeruginosa strain PA14
produces different toxins, including phenazines, when it is
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grown on high-osmolarity medium, which quickly kill but do
not paralyze C. elegans (31).

Previously, our laboratory showed that E. faecalis kills C.
elegans by an infectious process but that E. faecium does not
(17). Here, however, we show that E. faecium is capable of
killing C. elegans by a diffusible toxin after the bacteria are
grown under anaerobic conditions. By identifying mutants al-
tered in nematode killing, we found that E. faecium releases
substantial amounts of the reactive oxygen species hydrogen
peroxide and that hydrogen peroxide is responsible for nema-
tode killing. Other bacterial pathogens, including Streptococcus
pneumoniae and Streptococcus pyogenes, also produce hydro-
gen peroxide that kills C. elegans (5, 27, 53). Hydrogen perox-
ide produced by S. pneumoniae has been shown to contribute
to virulence by damaging host tissue (6, 10, 22). An additional
activity of hydrogen peroxide is the growth inhibition of com-
peting bacterial species (20, 39). We suggest that the hydrogen
peroxide produced by E. faecium causes damage to surround-
ing cells, and this may play a role in colonization or infection.

MATERIALS AND METHODS

Bacterial and nematode strains. Enterococcal strains were grown on brain
heart infusion (BHI) media (Difco Becton Dickinson, Sparks, Md.) containing
kanamycin (75 �g/ml) or nalidixic acid (10 �g/ml) at 37°C. Liquid cultures were
typically grown without shaking. We used E. faecium strains GE-1 (� ATCC
51558) (12), E007 (17), E0158 (61), E0238 (61), E0318 (61), E0734 (61), SE34 (�
TX1330) (59), and DO (� TX0016 � ATCC BAA-472) (2) and E. faecalis strains
OG1RF (32) and VS583. The vanHB genes were deleted in strain V583 (49) to
produce the vancomycin-sensitive strain VS583.

C. elegans strains were maintained by using standard practices (56). Wild-type
Bristol strain N2 (7) was used for all experiments unless otherwise noted. We
also used strains daf-2(e1370), daf-16(mgDf47) (37), and daf-2(e1370) daf-
16(mgDf47).

Nematode killing assay. Bacterial cultures were grown in BHI medium at 37°C
and diluted to an optical density at 600 nm (OD600) of 0.1 to 0.2 in fresh medium,
and then 10-�l portions were spread onto BHI agar containing kanamycin (75
�g/ml) or nalidixic acid (10 �g/ml) in 35-mm petri plates. The plates were
incubated overnight at 37°C. GasPak Plus envelopes and containers (Becton
Dickinson) were used to generate an anaerobic environment. Before the nem-
atodes were transferred to the anaerobically grown lawns of E. faecium, the
plates were cooled to room temperature in ambient air for 30 to 60 min. Nem-
atodes at the L4 developmental stage were resuspended and washed two times in
M9 buffer. Nematodes were then transferred to the bacterial lawns in 5- to 10-�l
drops and incubated at 25°C. At the times indicated below, nematodes were
scored for survival. Nematodes that did not respond to touch with a platinum
wire pick were considered to be dead. Assays for each bacterial strain and
condition were done at least twice, and each experiment was done in duplicate or
triplicate.

In order to estimate the numbers of viable bacteria on the assay plates, the
bacterial lawns were resuspended in 50 mM sodium phosphate (pH 7), diluted,
plated, and counted to determine the number of CFU. Approximately 6.9 � 109

� 2.3 � 109 CFU were recovered from an E. faecium lawn grown anaerobically
on a 35-mm petri plate. For certain experiments, either catalase (catalogue no.
C-1345; Sigma, St. Louis, Mo.) was mixed into unsolidified BHI agar at a
concentration of 1,000 U/ml or 1,000 U of catalase in 100 �l was spread onto
solidified BHI agar. Superoxide dismutase (catalogue no. S-2515; Sigma) was
spread onto solidified BHI agar in 100 �l containing 1,000 U.

Screening for Tn917 mutants. Tn917 contained in the temperature-sensitive
plasmid pTV1OK (19) was transformed into E. faecium SE34 by electroporation
as described previously (15). Four independent overnight cultures were grown at
25°C in BHI medium containing 2 mg of kanamycin per ml and 0.05 �g of
erythromycin per ml, plated onto BHI medium containing 2 �g of erythromycin
per ml, and incubated at 47°C to select for transposon integrants. Colonies were
picked by using a Q-bot (Genetix, Boston, Mass.) into 384-well plates, grown
overnight in BHI medium containing 50 �g of erythromycin per ml and 15%
glycerol, and frozen at �80°C. BHI medium containing 50 �g of erythromycin
per ml was inoculated with the frozen strains and incubated at 37°C. Portions (20
�l) of the saturated cultures were spread onto 1 ml of BHI agar in duplicate

24-well plates and grown at 37°C. For each set of duplicate plates one plate was
grown in a GasPak container overnight, and the other was grown in ambient air.
The plates were cooled to room temperature, and the anaerobically grown plate
was exposed to air. A mixture of starved L1-L2 stage and well-fed L4 stage
nematodes was suspended in M9 buffer and pipetted onto the lawns of E.
faecium. After 2 h, the anaerobically grown plates were examined for wells in
which worms remained mobile. After 6 h, the aerobically grown plates were
examined for wells in which worms became immobile.

A total of 3,120 erythromycin-resistant isolates were tested by both proce-
dures, and 4 of these strains were found to have a reproducibly altered effect on
nematode mobility. Mutants 2F22, 3C23, and 11M12, identified on the anaero-
bically grown plates, exhibited diminished killing activity, whereas mutant 2C4,
identified on the aerobically grown plates, exhibited enhanced killing activity.

The transposon insertion sites of the E. faecium mutants were identified by
using two rounds of arbitrary primed PCR followed by DNA sequencing (38).
Two mutants (2F22 and 3C23) that were derived from the same liquid culture,
which was grown under nonselective conditions, were found to have identical
transposon insertion sites. These mutants are most likely siblings, and only the
2F22 mutant was characterized further. The genes surrounding the transposon
insertion site of the 11M12 mutant were not found in the currently available
genomic sequence of E. faecium strain DO/TX0016 (http://www.hgsc.bcm
.tmc.edu/microbial/Efaecium/), and these genes were PCR amplified and se-
quenced.

Hydrogen peroxide measurement. To measure hydrogen peroxide accumula-
tion upon aeration of saturated cultures grown under anaerobic conditions,
100-ml BHI medium cultures of the relevant E. faecium strains in 500-ml flasks
were grown at 37°C without agitation in GasPak containers. Cultures were
removed from the GasPak containers and aerated on an orbital shaker at 300
rpm. To measure bacterial growth and hydrogen peroxide accumulation in aer-
obic cultures, overnight cultures were grown without shaking, diluted into 100 ml
of prewarmed BHI medium in 500-ml flasks, and aerated at 37°C by shaking at
300 rpm. Samples were filtered through 0.22-�m-pore-size filters (Costar Spin-x;
Costar, Corning, N.Y.), and the hydrogen peroxide levels of the bacterium-free
culture eluates were measured with a 907-015 Correlate assay kit by using a 1:10
dilution with buffer (Assay Designs, Ann Arbor, Mich.) or with an Amplex Red
kit by using a 1:100 dilution (Molecular Probes, Eugene, Oreg.).

Northern blotting. Overnight saturated cultures were diluted 1:100 in pre-
warmed BHI medium and either shaken at 300 rpm or incubated without agi-
tation in GasPak containers. Logarithmic-phase cultures were harvested at an
OD600 of 0.2 to 0.3, and saturated cultures were harvested at an OD600 of �1.2.
Cultures were treated with RNAprotect and were purified with RNeasy kits
(QIAGEN, Valencia, Calif.). Five micrograms of RNA of each sample was run
on 1.2% agarose–formaldehyde gels and transferred to positively charged nylon
membranes. RNA blot hybridizations were carried out as previously described
(3) by using 400-base probes labeled with [32P]dCTP by random priming. To
analyze the effect of heavy metal exposure, logarithmic-phase aerobic cultures
were treated with heavy metals at a concentration of 1 mM for 10 min at 37°C
before cells were harvested. One molar stock solutions of cadmium chloride,
cobalt(II) chloride, sodium dichromate, chromium trioxide, copper(II) chloride,
iron(II) chloride, iron(III) chloride, magnesium chloride, manganese(II) chlo-
ride, nickel(II) sulfate, silver nitrate, and zinc chloride were used.

NADH oxidase assay. Aerobic cultures were harvested at an OD600 of 0.2 to
0.3. Cells were washed with ice-cold buffer containing 50 mM potassium phos-
phate (pH 7.0) and 0.5 mM EDTA. Cells were disrupted by using glass beads
(catalogue no. G-1145; Sigma) and a Mini Bead Beater (Biospec Products,
Bartlesville, Okla.) and were microcentrifuged for 15 min at 4°C at 16,000 � g.
The protein concentration was determined by the Pierce protein assay (catalogue
no. 23200; Pierce, Rockford, Ill.) by using bovine serum albumin as a standard.
Typically, 10 �g of extract was added to a 1-ml reaction mixture containing 150
�M NADH (catalogue no. N-8129; Sigma) in the buffer described above, and the
absorbance at 340 nm was monitored for 2 to 3 min. For lysates from the 2F22
mutant, 100 �g of protein was added, and the reaction was monitored for 10 min.
An extinction coefficient of 6.2 mM�1cm�1 was used to calculate NADH con-
centrations. One unit was defined as 1 �mol of NADH oxidized per min at 25°C.

Nucleotide sequence accession number. The sequence of the genes surround-
ing the transposon insertion site of the 11M12 mutant has been deposited in the
GenBank database under accession number AY527733.

RESULTS

E. faecium-mediated killing of C. elegans. Our laboratory
previously reported that several strains of E. faecium grown
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aerobically on BHI medium do not have any apparent delete-
rious effect on the nematode C. elegans when the bacteria are
provided to the worms as the sole source of food (17). How-
ever, when grown under anaerobic conditions on BHI medium
and then exposed to aerobic conditions, a variety of different E.
faecium strains appeared to produce a toxin that rapidly killed
C. elegans (Fig. 1 and data not shown). Depending on the strain
tested, the initial effect of the toxicity was observed in as little
as 45 min as a decrease in nematode mobility. After 1 to 2 h of
exposure to anaerobically grown E. faecium, the nematodes
lost muscle tone and became immobile. Fifty percent of the
nematodes died within 4 to 6 h after the initial exposure, and
nearly all of the nematodes were dead after 24 h (Fig. 1). Eight
assorted E. faecium strains (strains DO, E007, E0158, E0238,
E0318, E0734, GE-1, and SE34) killed C. elegans with similar
kinetics when they were grown under anaerobic conditions.
Similar to previously reported results, no killing activity was
observed when the eight strains were grown aerobically (Fig. 1
and data not shown). In contrast to E. faecium, E. faecalis
(strain OG1RF or VS583), killed C. elegans relatively slowly
over a 5-day period, irrespective of whether it was grown aer-
obically or anaerobically (Fig. 1, Table 1, and data not shown).

Identification of E. faecium mutants. In other C. elegans
pathogenicity models developed in our laboratory and in other
laboratories, relatively rapid killing of C. elegans is indicative of
the production of a low-molecular-weight toxin (9, 16, 31). To
identify the putative E. faecium fast-killing toxin, E. faecium
was mutagenized with transposon Tn917 as described in Ma-
terials and Methods, and 3,120 transposon-mutagenized clones
were screened for mutants that exhibited aberrant C. elegans
killing activity.

In order to identify mutants with diminished killing activity,
mutant clones were grown anaerobically, returned to air, and
then incubated with wild-type C. elegans. This screening pro-
cedure led to identification of two mutants (2F22 and 11M12)
with diminished killing activity. Fifteen hours of exposure to

anaerobically grown parental strain SE34 killed all of the nem-
atodes. In contrast, 87 and 100% of the nematodes survived
exposure to mutants 2F22 and 11M12, respectively (Table 1).
Some toxicity was retained in mutant 2F22 since it was able to
impair nematode mobility, whereas no inhibition of nematode
mobility was observed with mutant 11M12.

To identify E. faecium mutants with enhanced killing activ-
ity, we screened for mutants that acquired the ability to kill
nematodes when they were grown aerobically. One such mu-
tant, 2C4, was identified. Under these assay conditions, mutant
2C4 killed 77% of the nematodes within 18 h, whereas no
nematodes were killed by the aerobically grown parental strain
SE34 (Table 1). The differences in C. elegans killing between
the mutants and the parental strain could not be attributed to
differences in the number of viable CFU on the assay plates (as
described in Materials and Methods, the numbers of CFU of
the mutant strains recovered from the assay plates were similar
to the numbers of CFU of the parental strain).

Tn917 is inserted just upstream of the npr gene encoding an
NADH peroxidase in the hypervirulent mutant 2C4. Molecular
analysis of the enhanced-killing mutant 2C4 showed that
Tn917 had integrated into the E. faecium chromosome 16 bp
upstream of the start codon of the npr gene, which encodes an
NADH peroxidase (NPX) (Fig. 2A). The E. faecium NADH
peroxidase exhibits 46% amino acid identity with the E. faecalis
10C1 NADH peroxidase (46) and is homologous over the
entire length of the protein. In the parental strain SE34, npr is
transcribed as a 1.6-kb monocistronic transcript that is ex-
pressed at low levels during aerobic growth and is highly in-
duced during stationary-phase growth. However, the npr tran-
script was not detectable in the 2C4 mutant (Fig. 2B).

E. faecium is a facultative anaerobe that uses oxidases that
reduce molecular oxygen to form hydrogen peroxide (23). E.
faecium is catalase negative, and the major mechanism to scav-
enge hydrogen peroxide is NADH peroxidase. We hypothe-
sized that the absence of NADH peroxidase allows increased
amounts of hydrogen peroxide to accumulate in 2C4 cultures
and that hydrogen peroxide might be the cause of E. faecium-
mediated rapid killing of C. elegans.

In aerobic liquid cultures, both parental strain SE34 and
mutant 2C4 produced hydrogen peroxide as the cultures en-
tered the stationary phase (see below). To simulate the amount

FIG. 1. C. elegans survival when it was fed enterococci. E. faecium
and E. faecalis were grown on solid BHI medium under aerobic (solid
symbols) or anaerobic (open symbols) conditions. L4-stage C. elegans
was transferred onto the lawns of enterococci, incubated at 25°C, and
scored for survival. Symbols: E, E. faecium strain SE34 grown anaer-
obically; �, E. faecium strain E007 grown anaerobically; ‚, E. faecalis
strain VS583 grown anaerobically; �, E. faecium strain SE34 grown
aerobically.

TABLE 1. Worm survival on lawns of Enterococcus

Bacterial
strain

Growth
conditiona

% Survival of
nematodes Mobilityb

E007 Anaerobic 0.0 � 0.0 �
VS583 Anaerobic 100 � 0.0 ���
SE34 Anaerobic 0.0 � 0.0 �
2C4 Anaerobic 0.0 � 0.0 �
2F22 Anaerobic 86.6 � 5.4 �/�
11M12 Anaerobic 100 � 0.0 ���

SE34 Aerobic 100 � 0.0 ���
2C4 Aerobic 23.1 � 3.7 �/�

a Worm survival was scored after 15 h of incubation for anaerobic growth and
after 18 h of incubation for aerobic growth.

b Average worm mobility was scored as follows: ���, normal movement;
��, slowed movement; �, movement restricted to the head and tail; �, no
movement.
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of hydrogen peroxide putatively produced by E. faecium in the
worm-killing assays, bacteria were grown to saturation in liquid
cultures under anaerobic conditions and then aerated in the
presence of atmospheric oxygen. No hydrogen peroxide was
detectable in anaerobic cultures, but upon aeration, hydrogen
peroxide accumulated at a rate of approximately 0.24 mM per

h per 109 CFU/ml in the case of wild-type strain SE34 (Fig.
3A). Under the same experimental conditions, the 2C4 mutant
culture accumulated hydrogen peroxide at a rate that was ap-
proximately two times the rate of the parental strain. The
culture densities of SE34 and 2C4 were similar and remained
constant during the 3 h of aeration.

Hydrogen peroxide produced by E. faecium is sufficient to
kill C. elegans. Several lines of evidence are consistent with the
hypothesis that hydrogen peroxide is the lethal toxin produced
by E. faecium. First, nematodes were killed by hydrogen per-
oxide in a bacterium-free liquid assay at a rate similar to the
rate of killing by lawns of E. faecium (Table 2). After 15 h of
incubation with concentrations of hydrogen peroxide greater
than 0.2 mM in M9 buffer, nematode mobility was decreased.
Incubation with 0.3 to 0.4 mM hydrogen peroxide killed 50%
of the nematodes, and 98% of the nematodes were killed by 1
to 2 mM hydrogen peroxide (Table 2).

Second, addition of exogenous catalase to the solid BHI
medium completely rescued nematode killing by E. faecium. In
addition, incorporation of catalase allowed the nematodes to
remain mobile (Table 3). In contrast to catalase treatment,
addition of superoxide dismutase to the medium did not have
any effect on nematode killing (data not shown).

Third, C. elegans daf-2 mutants, which are resistant to a
variety of oxidative stresses, exhibit enhanced longevity, and
constitutively overexpress catalase (60), were more resistant to
killing by anaerobically grown E. faecium (Table 4). daf-2 en-
codes an insulin-like receptor that negatively regulates the fork
head transcription factor DAF-16 (37). Thus, daf-16 mutations
suppress the long-lived and stress-resistant phenotypes of daf-2
mutations. As expected, a daf-2 daf-16 double mutant was as
susceptible to E. faecium-mediated killing as wild-type C. el-
egans (Table 4).

E. faecium mutants defective in nematode killing. Based on
the observation that E. faecium produces hydrogen peroxide,
which kills C. elegans, we predicted that the E. faecium mutants
identified in our screening analysis that are defective in nem-
atode killing would produce less hydrogen peroxide. We con-
firmed this prediction for mutants 2F22 and 11M12 by mea-
suring the hydrogen peroxide produced after aeration of
stationary-phase cultures. When cultures of 2F22 and SE34
were grown under anaerobic conditions and then aerated for
3 h, the 2F22 culture accumulated 75% less hydrogen peroxide
than the SE34 culture accumulated even though the culture
densities were equivalent (Fig. 3A). Although cultures of
11M12 grown anaerobically to saturation had a lower number
of viable CFU per milliliter than SE34 cultures had for unex-
plained reasons (data not shown), both 11M12 and SE34 grew
to the same density in semiaerobic cultures (grown without
agitation in the presence of atmospheric air). When semiaero-
bic saturated cultures of 11M12 and SE34 were aerated for 3 h,
the 11M12 mutant, like 2F22, accumulated 75% less hydrogen
peroxide than SE34 accumulated (Fig. 3B).

In mutant 2F22, Tn917 integrated into the nox gene that
apparently encodes the major NADH oxidase of E. faecium
(Fig. 2A and see below). NADH oxidases use molecular oxy-
gen as an electron acceptor to regenerate NAD� from NADH.
There are two categories of NADH oxidases; one type pro-
duces water, whereas the second type produces hydrogen per-
oxide. In the parental SE34 strain under aerobic growth con-

FIG. 2. (A) DNA map of transposon Tn917 insertion sites in E.
faecium mutants 2C4, 2F22, and 11M12. The vertical arrows indicate
Tn917 insertion sites. (B) Northern blot of E. faecium strains SE34,
2C4, 2F22, and 11M12 hybridized against the npr, nox, and czcRD
transcripts. Cultures were grown aerobically (Aer) or anaerobically
(An) and harvested from logarithmic-phase (L) or saturated (S) cul-
tures. (C) Northern blot of SE34 treated with various heavy metals
hybridized against the czcRD transcript. Aerobic log-phase cultures
were treated with cadmium, cobalt, copper, chromium, iron(II), man-
ganese, nickel, or zinc at a concentration of 1 mM for 10 min. The first
lane (�) contained a mock-treated culture.
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ditions, there are two nox gene transcripts, a 1.6-kb
monocistronic transcript and a 2.1-kb transcript that also con-
tains the adjacent 300-bp hypothetical open reading frame with
an unknown function (Fig. 2B). In the 2F22 mutant, these two
nox transcripts are replaced by a single 2.7-kb transcript (Fig.
2B). As measured by a spectroscopic assay, the total NADH
oxidase activity was decreased 98% in the 2F22 mutant. The
parental strain had an NADH oxidation activity of 0.882 �
0.051 U per mg of total soluble protein, whereas the 2F22
mutant had an activity of only 0.019 � 0.003 U per mg of
protein. The partially sequenced E. faecium strain DO contains
five other putative NADH oxidase genes, which may account
for the remaining small amount of NADH oxidase activity in
extracts of 2F22.

Interestingly, even though 2F22 produces significantly less
H2O2 than the wild type produces, the nox gene mutated in
2F22 appears to encode the water-forming type of NADH
oxidase since no hydrogen peroxide was detectable in the NOX
assay when wild-type extracts were used. Moreover, mutant
11M12, which is also defective in hydrogen peroxide produc-
tion, has the same NADH oxidase activity as the parental
strain. The regeneration of NADH by NADH oxidases allows
bacteria to use alternative mixed acid fermentation pathways

when they are grown in the presence of molecular oxygen (21,
30). Mutation of nox constrains bacteria toward anaerobic me-
tabolism, which in turn is predicted to lead to reduced activity
of oxidases that produce hydrogen peroxide. Although this
explains the phenotype of the 2F22 mutant, we have not ruled
out the possibility that the decreased hydrogen peroxide pro-
duction of the 2F22 mutant is due to a polar effect on down-
stream genes. Unfortunately, we were unable to transform
plasmids into mutant 2F22 because the strain lysed upon cen-
trifugation while the cells were being prepared for electropo-
ration. Consequently, we were unable to express nox� in mu-
tant 2F22, and we were not able to confirm that the nox
mutation is responsible for the phenotype of the 2F22 mutant.

In mutant 11M12, Tn917 is integrated in a locus involved in
heavy metal regulation and is integrated between the czcRD
operon and the cadA gene. Tn917 is integrated approximately
50 bp upstream of the start codon of czcR and approximately
300 bp upstream of the start codon of cadA on the opposite
DNA strand (Fig. 3A). cadA encodes a putative P-type cation
efflux transmembrane pump that exhibits 58% identity with a
predicted cadmium transporter from E. faecalis (GenBank ac-
cession no. AAO80575) (4) and 84% identity with the pre-
dicted cation transporter CopA from Staphylococcus epidermi-
dis (GenBank accession no. AAO03659). cadA transcription is
induced by cadmium, chromium, and zinc but is not altered by

TABLE 2. Worm survival after exposure to hydrogen peroxidea

H2O2 concn
(mM) % Survival Mobility

0 100 � 0.0 ���
0.1 100 � 0.0 ���
0.2 100 � 0.0 �/��
0.3 70.5 � 23.7 �/�
0.4 30.3 � 13.6 �
0.5 4.8 � 1.1 �
1 1.3 � 1.9 �
2 2.0 � 1.4 �
5 0.0 � 0.0 �

a Worm survival was scored after 15 h of incubation. Survival was assayed in
M9 buffer containing hydrogen peroxide.

TABLE 3. Effect of catalase on worm survivala

Bacteria
grown

anaerobically

Untreated Treated with catalase

%
Survival Mobility % Survival Mobility

SE34 6.3 � 100 � 0.0 ���
2C4 0 � 100 � 0.0 ��/���
2F22 83.3 � 100 � 0.0 ���
11M12 100 ��� 100 � 0.0 ���
E007 0 � 100 � 0.0 ���
VS583 100 ��� 100 � 0.0 ���

a Worm survival was scored after 15 h of incubation.

FIG. 3. (A) Hydrogen peroxide accumulation upon aeration of saturated cultures grown under anaerobic conditions. (B) Hydrogen peroxide
accumulation upon aeration of saturated cultures grown under semiaerobic conditions. Symbols: E, parental strain SE34; Œ, mutant 2C4; �,
mutant 2F22; �, mutant 11M12.
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cobalt, copper, iron, manganese, or nickel (data not shown).
cadA transcript levels are not altered in the 11M12 mutant
(data not shown), making it unlikely that the phenotype of
11M12 is a consequence of aberrant cadA transcription.

CzcR belongs to the ArsR/SmtB family of metal-sensing
transcriptional repressors, while CzcD belongs to the Czc (Co/
Zn/Cd) family of heavy metal exporters (52). The two-gene
operon organization of the czcRD genes is similar to the orga-
nization of the czrAB genes of S. aureus, and the protein se-
quences exhibit 43 and 27% identity, respectively (28). In re-
sponse to the presence of specific heavy metal ions, ArsR-type
proteins derepress transcription of heavy metal efflux trans-
porters and stress response proteins (52). In the wild-type
strain, the 1.4-kb czcRD operon is expressed at very low levels
under normal growth conditions but is strongly induced in the
presence of cadmium or chromium. Mild induction is seen
upon exposure to zinc, whereas no induction is detectable
upon exposure to cobalt, copper, iron, magnesium, manganese,
nickel, or silver (Fig. 3C and data not shown). In mutant
11M12, the czcRD operon is aberrantly expressed as a fusion to
the Tn917 tnpRA operon, resulting in a 5.1-kb transcript (Fig.
2B). Toxicity from chromium and cadmium has been linked to
oxidative stress (55), and the decreased hydrogen peroxide
phenotype of 11M12 suggests a link between the regulation of
genes involved in heavy metal detoxification and hydrogen
peroxide production. Specifically, we hypothesize that the ele-
vated levels of the transcriptional repressor CzcR in mutant
11M12 may result in the repression of oxidases, resulting in
lowered hydrogen peroxide production. In an attempt to re-
produce the phenotype of the 11M12 mutant, the czcR or
czcRD genes were overexpressed from plasmids in SE34. Even
though highly expressed transcripts were detected by Northern
blotting, the strains overexpressing czcR or czcRD did not pro-
duce smaller amounts of hydrogen peroxide (data not shown).

Thus, we cannot definitively conclude that the diminished hy-
drogen peroxide production phenotype of 11M12 is a conse-
quence of the insertion of Tn917 upstream of the czcRD
operon or that another unlinked mutation is responsible.

Hydrogen peroxide production is modulated by glycerol and
glucose. Enterococci synthesize glycerol-3-phosphate oxidase,
which uses molecular oxygen as a reductant to form dihydroxy-
acetone and hydrogen peroxide (13). Addition of glycerol to
liquid cultures of E. faecium that were incubated without agi-
tation resulted in increased accumulation of hydrogen perox-
ide. After overnight culture, we determined that strain SE34
accumulated 232 � 37.5 �M hydrogen peroxide in the absence
of glycerol and 636 � 48.5 �M hydrogen peroxide in the
presence of 0.2% glycerol. We therefore tested whether nem-
atode killing was enhanced when glycerol was added to the E.
faecium solid growth medium. We found that addition of 0.2%
glycerol to the medium enabled aerobically grown E. faecium
to kill nematodes (Table 5).

The glycerol metabolic pathway is down-regulated by glyco-
lytic intermediates, which inhibit glycerol kinase and glycerol-
3-phosphate oxidase (8, 13, 23). Therefore, glucose addition
should lead to a decrease in hydrogen peroxide production by
reducing glycerol-3-phosphate oxidase activity and by possibly
inhibiting other oxidases through catabolite repression. In liq-
uid aerobic cultures, addition of 1% glucose to BHI medium
completely eliminated hydrogen peroxide accumulation (data
not shown) and nematode killing (Table 5) by all of the E.
faecium strains tested.

Hydrogen peroxide produced in aerobic liquid cultures. We
showed that E. faecium produces hydrogen peroxide after an-
aerobic cultures are exposed to aerobic conditions. We also
determined, however, that growth under anaerobic conditions
is not a prerequisite for hydrogen peroxide production in liquid
cultures. When the parental strain SE34 was grown in a highly
agitated and aerated culture, 1 to 2 mM hydrogen peroxide
accumulated as the culture entered the stationary phase (Fig.
4). For the mutant strains, differences in hydrogen peroxide
production did not correlate with changes in aerobic growth
rates. Mutant 11M12 grew at the same rate as the wild type, but
the 11M12 culture did not accumulate hydrogen peroxide (Fig.
4). Mutant 2F22 grew at a lower rate and entered the station-
ary phase at a density that was 90% less than that of the wild
type. Because the amount of hydrogen peroxide that accumu-
lated in aerobic cultures of 2F22 was also decreased by 90%,
each viable cell of 2F22 was producing an amount of hydrogen

TABLE 4. Survival of worms mutated in daf-2 or daf-16a

C. elegans
strain % Survival Mobility

N2 0.0 � 0.0 �
daf-2 100 � 0.0 �
daf-16 2.0 � 2.8 �
daf-2 daf-16 1.0 � 1.4 �

a Worm survival was scored after 24 h of incubation with anaerobically grown
SE34.

TABLE 5. Effects of glycerol and glucose on worm survival

Bacterial strain

Glycerol expta Glucose exptb

Untreated Treated with 0.2% glycerol Untreated Treated with 1% glucose

% Survival Mobility % Survival Mobility % Survival Mobility % Survival Mobility

SE34 100 � 0.0 ��� 0.0 � 0.0 � 5.5 � 3.5 � 99.8 � 0.4 ���
2C4 34.0 � 4.6 � 2.8 � 2.0 � 2.0 � 1.4 � 99.5 � 0.6 ���
2F22 100 � 0.0 ��� 43.3 � 18.5 �/� 78.1 � 2.3 � 100 � 0.0 ���
11M12 97.1 � 0.7 ��� 100 � 0.0 ��� 99.0 � 1.4 ��� 100 � 0.0 ���
E007 97.4 � 1.9 ��� 2.9 � 0.4 �/� 0.5 � 0.7 � 100 � 0.0 ���
VS583 95.5 � 0.4 ��� 100 � 0.0 ��� 98.1 � 2.7 ��� 99.5 � 0.7 ���

a Worm survival was scored after 24 h of incubation with aerobically grown bacteria.
b Worm survival was scored after 15 h of incubation with anaerobically grown bacteria.
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peroxide that was equivalent to the amount produced by a
wild-type cell under these culture conditions. The initial
growth rate of the 2C4 mutant was similar to that of the wild
type upon dilution of a semiaerobic saturated culture into fresh
media (see Materials and Methods). Then the growth rate of
the 2C4 mutant temporarily decreased, thereby delaying entry
of the culture into the stationary phase (Fig. 4A). In the sta-
tionary phase, the 2C4 mutant accumulated up to 3 mM hy-
drogen peroxide (Fig. 4B).

We determined that the amount of hydrogen peroxide gen-
erated by wild-type E. faecium in an aerobic culture was suffi-
cient to kill C. elegans. Bacterium-free supernatants taken from
aerobic cultures were able to kill C. elegans, while supernatants
treated with catalase were not able to kill C. elegans (data not
shown).

DISCUSSION

In this study, we identified conditions in which E. faecium
kills C. elegans, and in this report we present evidence that the
killing is due to the production by E. faecium of hydrogen
peroxide. First, we identified E. faecium mutants that exhibited
either decreased or increased killing of C. elegans. The ability
of the mutants to kill C. elegans was proportional to the
amount of hydrogen peroxide produced. Second, we found
that the amount of hydrogen peroxide produced by E. faecium
could be modulated by glucose or glycerol, which in turn af-
fected C. elegans killing. Third, hydrogen peroxide killed C.
elegans at the same concentrations that were produced by E.
faecium. Finally, nematode killing was prevented by addition of
catalase to cultures of E. faecium that killed the worms.

When our laboratory originally developed the Enterococ-
cus-C. elegans model system, we observed that C. elegans could
use E. faecium as a food source and have a life span that is only
slightly shorter than that of nematodes grown on the normal
food source (E. coli on NGM medium). Because E. faecium is
able to cause severe and potentially fatal infections, we hypoth-
esized that the original E. faecium-C. elegans system lacked
elements required for E. faecium pathogenicity. We tried grow-

ing E. faecium under a variety of different conditions, and we
found that E. faecium acquires C. elegans killing activity after
the bacteria are grown on solid BHI medium under anaerobic
conditions. Initially, we hypothesized that E. faecium was pro-
ducing a toxin during the anaerobic growth phase, but in ac-
tuality, the toxin hydrogen peroxide was not produced until the
lawns of E. faecium were exposed to oxygen.

Hydrogen peroxide is scavenged by NADH peroxidase,
which is expressed under aerobic conditions due to transcrip-
tional regulation by OxyR (47). Under anaerobic conditions,
npr is transcribed at very low levels in E. faecium. We speculate
that during the C. elegans killing assay with anaerobically
grown E. faecium, the abrupt exposure to atmospheric oxygen
allows E. faecium to produce and accumulate large amounts of
hydrogen peroxide because the low levels of NADH peroxi-
dase in the cells cannot adequately scavenge hydrogen perox-
ide. On the other hand, anaerobic growth of E. faecium is not
required for hydrogen peroxide production in liquid cultures.
We have found that E. faecium produces high levels of hydro-
gen peroxide as aerobic cultures enter the stationary phase.
Previous studies that only examined logarithmically growing
cultures may have overlooked the production of hydrogen per-
oxide by E. faecium (39).

In contrast to E. faecium, E. faecalis does not kill C. elegans
by a fast, toxin-mediated mechanism, and E. faecalis does not
produce detectable amounts of hydrogen peroxide under our
assay conditions. One difference between the two enterococcal
species is that E. faecium is catalase negative and E. faecalis is
catalase positive when the organisms are grown on media such
as BHI medium containing hematin (14, 42). Another differ-
ence between E. faecium and E. faecalis is that E. faecalis is
capable of respiration. Although E. faecalis possesses glycerol-
3-phosphate oxidase and can produce hydrogen peroxide when
glycerol is its sole carbon source (41), it appears that E. faecalis
prefers to use respiration to meet its energetic needs. While E.
faecalis did not produce detectable levels of hydrogen peroxide
(�25 �M) under the conditions which we used in this study, E.
faecalis produces extracellular superoxide when it is grown in
the presence of molecular oxygen and in the absence of hema-

FIG. 4. (A) Growth of E. faecium mutants in aerobic cultures. (B) Hydrogen peroxide accumulation in aerobic cultures of the E. faecium
mutants. Symbols: E, parental strain SE34; Œ, mutant 2C4; �, mutant 2F22; �, mutant 11M12.
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tin and fumurate (25). In rat intestines colonized by E. faecalis,
there is sufficient molecular oxygen to allow the production of
superoxide, and Hucyke et al. have postulated that E. faecalis
is a potential source of oxidative stress for intestinal cells which
may contribute to carcinogenesis (24, 25). Our data suggest
that E. faecium may be another source of oxidative stress for
intestinal cells.

E. faecium is a facultative anaerobe whose metabolism relies
exclusively on glycolysis and fermentation (23). In anaerobic
environments, lactate fermentation is used to regenerate
NADH. In aerobic environments, NADH is regenerated by
water-forming NADH oxidases, thereby allowing the use of
mixed acid fermentation. Another type of NADH oxidase cat-
alyzes the two-electron reduction of molecular oxygen, result-
ing in hydrogen peroxide formation (21, 40). The hydrogen
peroxide-forming NADH oxidase works in concert with the
AhpC protein to scavenge alky hydroperoxides (21, 40). In this
study, we found an E. faecium nox mutant, 2F22, that produces
less hydrogen peroxide. Although our results indicate that a
nox gene is mutated in 2F22, the gene appears to encode a
water-forming NADH oxidase, and we believe that the de-
creased hydrogen peroxide production in this mutant is a sec-
ondary phenotype due to alterations in energy metabolism.
First, the amino acid sequence of the protein encoded by the
mutated nox gene is more similar to the sequences of previ-
ously studied water-forming NADH oxidases than to se-
quences of hydrogen peroxide-forming NADH oxidases (48).
Second, the growth defect phenotypes of mutant 2F22 are
similar to the phenotypes of streptococcal strains mutated in
the water-forming NADH oxidase (21, 62). Third, we were not
able to detect hydrogen peroxide in the NADH oxidase assays
of extracts of wild-type cells.

The release of hydrogen peroxide by bacteria has been
shown to inhibit or kill other competing bacteria or host cells.
This may be beneficial for both the host and the bacteria, as in
the case of Lactobacillus species colonizing the vaginal tract,
where hydrogen peroxide synthesized by Lactobacillus inhibits
the growth of pathogenic species such as S. aureus, Neisseria
gonorrhoeae, and Gardnerella vaginalis (20, 36, 54). Alterna-
tively, hydrogen peroxide production can be detrimental to the
host, as in the case of S. pneumoniae, in which hydrogen per-
oxide inhibits the growth of Haemonphilus influenzae, thereby
allowing S. pneumoniae to colonize the respiratory tract with-
out competition from other pathogens (39). The release of
hydrogen peroxide by S. pneumoniae can also damage host
cells and has been shown to contribute to the induction of
apoptosis of neuronal cells in a meningitis infection model (6,
10, 22). Interestingly, similar to our results, Bolm et al. have
shown that many streptococcal species, including S. pneu-
moniae and S. pyogenes, kill C. elegans by producing hydrogen
peroxide (5, 27).

It appears that hydrogen peroxide generation is a common
trait among catalase-negative streptococci and the related en-
terococci, and it seems likely that the hydrogen peroxide re-
leased by E. faecium damages nearby host cells. However, the
relatively low levels of hydrogen peroxide released from E.
faecium may be difficult to detect in vivo. Similarly, it may be
difficult to determine whether hydrogen peroxide production
plays an important role in E. faecium pathogenesis. To date,
controlled genetic manipulation of pathogenic E. faecium

strains has not been achieved, and no E. faecium mutants have
been found to be attenuated in a mammalian infection model.
The difficulties in studying E. faecium prompted the develop-
ment of a C. elegans pathogenesis model as a system to dis-
cover potential virulence factors. Use of this simple model led
us to the finding that E. faecium produces hydrogen peroxide
at levels that are high enough to kill C. elegans. Additional
studies are necessary to determine the significance of hydrogen
peroxide in E. faecium pathogenesis in mammalian hosts.
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