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Enterococcus faecalis is a member of the mammalian gastrointestinal microflora that has become a leading cause of nosocomial
infections over the past several decades. E. faecalis must be able to adapt its physiology based on its surroundings in order to
thrive in a mammalian host as both a commensal and a pathogen. We employed recombinase-based in vivo expression technol-
ogy (RIVET) to identify promoters on the E. faecalis OG1RF chromosome that were specifically activated during the course of
infection in a rabbit subdermal abscess model. The RIVET screen identified 249 putative in vivo-activated loci, over one-third of
which are predicted to generate antisense transcripts. Three predicted antisense transcripts were detected in in vitro- and in
vivo-grown cells, providing the first evidence of in vivo-expressed antisense RNAs in E. faecalis. Deletions in the in vivo-
activated genes that encode glutamate 5-kinase (proB [EF0038]), the transcriptional regulator EbrA (ebrA [EF1809]), and the
membrane metalloprotease Eep (eep [EF2380]) did not hinder biofilm formation in in vitro assays. In a rabbit model of endocar-
ditis, the �ebrA strain was fully virulent, the �proB strain was slightly attenuated, and the �eep strain was severely attenuated.
The �eep virulence defect could be complemented by the expression of the wild-type gene in trans. Microscopic analysis of early
�eep biofilms revealed an abundance of small cellular aggregates that were not observed in wild-type biofilms. This work illus-
trates the use of a RIVET screen to provide information about the temporal activation of genes during infection, resulting in the
identification and confirmation of a new virulence determinant in an important pathogen.

Enterococci are both innocuous inhabitants of the human gas-
trointestinal tract and a leading cause of hospital-acquired in-

fections. Enterococcus faecalis is responsible for the majority of
enterococcal infections (38, 46), and the treatment or prevention
of these infections can be complicated by the species’ intrinsic and
acquired mechanisms of resistance to numerous antibiotics as
well as its ability to persist under harsh environmental conditions
for extended periods of time (23). E. faecalis causes a wide variety
of infections, including endocarditis, surgical-site infection, bac-
teremia, urinary tract infection, and endodontic infection (24).
Previously reported in vitro studies provided evidence that many
E. faecalis virulence genes are differentially expressed when grown
in blood, serum, and urine (27, 53, 64), demonstrating that gene
expression profiles change based on the microenvironment in
which the organism is located. This characteristic is likely a key
factor contributing to the pathogenesis of E. faecalis infections.

In order to thrive as a pathogen, E. faecalis must be able to
colonize the site of infection, adapt to changes in nutrient avail-
ability, and evade phagocytes and other innate immune system
defenses. Biofilm formation is a strategy frequently employed by
pathogenic microbes to circumvent challenges posed by host en-
vironments, so it is not surprising that many E. faecalis infections
have a biofilm etiology (37). Our laboratory previously used a
two-pronged genetic approach involving transposon mutagenesis
(31) and recombinase-based in vivo expression technology
(RIVET) (4) to identify determinants of biofilm formation in the
genome of E. faecalis OG1RF. This well-characterized laboratory
strain lacks plasmids and many other mobile genetic elements that
are typically present in clinical isolates such as V583 (7, 44), but it
is still capable of forming biofilms and producing robust infec-

tions in experimental animals (7, 30). The conserved genetic de-
terminants identified in this strain are likely part of the core ge-
nome shared by all E. faecalis strains and may be attractive targets
for the development of vaccines or chemotherapeutic agents. Our
previous screens revealed several dozen genes, many of which
were not previously associated with biofilm development, that
support E. faecalis biofilm growth under in vitro conditions. How-
ever, the extent to which these and most other biofilm-associated
genes are used by E. faecalis during in vivo growth is unknown.

A number of methods have been used to study bacterial gene
expression in vivo. Numerous in vivo microarray experiments,
which assess bacterial transcription on a global scale, have been
reported (26, 32, 41, 58, 61, 63, 66). Genetic techniques that facil-
itate genome-wide screening for specific in vivo-expressed genes
include signature-tagged mutagenesis, which results in the iden-
tification of virulence genes among libraries of uniquely tagged
transposon mutants, and in vivo expression technology (IVET),
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which is a promoter-trapping strategy that identifies promoters
activated during infection (15). RIVET is a variation of IVET that
uses transcriptional fusions to drive the expression of a promot-
erless DNA recombinase, which mediates an irreversible and her-
itable recombination event that can be detected in screens or
selections (10). RIVET has been used with a diverse range of
pathogens, including Vibrio cholerae (11, 43), Helicobacter pylori
(12), and Staphylococcus aureus (33), and offers the benefit of be-
ing able to identify transiently expressed in vivo-induced genes
that exhibit various levels of transcription (56).

In order to understand the genetic mechanisms that enable E.
faecalis to establish infection and persist within a host, we used
RIVET to investigate gene activation during the onset of infection
in a rabbit subdermal abscess model. The RIVET screen identified
a large number of putative in vivo-activated promoters oriented in
both the sense and antisense directions, suggesting a genome-wide
upregulation of transcription during growth in a mammalian en-
vironment. Transcripts from three of the putative antisense pro-
moters were experimentally confirmed in vivo. Three sense-
orientation, in vivo-activated genes that were also identified by our
previously reported RIVET screen for biofilm-activated genes (4)
were characterized for biofilm formation using in vitro assays and
a rabbit model of experimental endocarditis. Notably, we found
that the membrane metalloprotease Eep has an aberrant cell dis-
tribution phenotype during early biofilm formation and is re-
quired for E. faecalis endocarditis.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and chemicals. E. faecalis strains
used in this study are listed in Table 1. E. faecalis was routinely grown
aerobically in brain heart infusion (BHI) broth (BD Bacto, Becton, Dick-
inson, and Company, Sparks, MD) or Todd-Hewitt broth (THB; BD

Bacto) under static conditions, or on BHI agar, at 37°C. Cultures for
animal experiments were grown in trypsinized beef heart dialysate (BH)
medium (48) under static conditions at 37°C for OG1RF subdermal
chamber inocula; at 30°C, except as noted below, for OG1RF RIVET strain
subdermal chamber inocula (4); and at 37°C with 7% CO2 for endocar-
ditis inocula.

Lysozyme, mutanolysin, 5-fluorouracil (5FU), nisin, and all anti-
biotics were purchased from Sigma-Aldrich (St. Louis, MO). Stock
solutions of 5FU at 50 mg/ml in dimethyl sulfoxide (DMSO) were
prepared immediately before use. Stock solutions of other drugs were
prepared as follows and stored at �20°C: nisin at 25 �g/ml in water,
erythromycin at 50 mg/ml in methanol, chloramphenicol at 20 mg/ml
in methanol, and kanamycin at 100 mg/ml in water. All restriction
enzymes were purchased from New England BioLabs (Ipswich, MA).
Pfu Ultra II Fusion DNA polymerase (Agilent Technologies, Santa
Clara, CA) was used for all PCRs performed for strain and plasmid
construction. Oligonucleotides were synthesized by Invitrogen (Carls-
bad, CA) and are listed in Table 1.

Strain and plasmid construction. The OG1RF �proB (locus EF0038)
strain was constructed by using a previously described allelic exchange
method (29). The deletion construct used for allelic exchange was gener-
ated with overlap-extension PCR by first amplifying two �1-kb fragments
from OG1RF genomic DNA with primer pairs 0038-2stepR and
NotI�0038F and NcoI�0038R and 0038-2stepF. The two products were
annealed together, and second-step amplification was performed with
primers NotI�0038F and NcoI�0038R. The resulting product was di-
gested with NotI and NcoI, ligated into pCJK47 (29) predigested with the
same enzymes, and propagated in Escherichia coli EC1000 cells grown on
BHI medium with 100 �g/ml erythromycin. The deletion of proB had no
effect on growth (data not shown).

Plasmid pMSP3535-eep was constructed by PCR amplification of the
eep (locus EF2380) open reading frame (ORF) from OG1RF genomic
DNA with primers EF2380 XhoI F and EF2380 SpeI R RBS. The resulting
product was digested with XhoI and SpeI, ligated into pMSP3535 (8)

TABLE 1 Enterococcus faecalis strains and oligonucleotides used in this study

Strain or oligonucleotide Description or sequence Reference(s)

Strains
OG1RF Wild-type strain 21
OG1RF �proB Markerless in-frame deletion of locus EF0038 This study
OG1RF �ebrA Markerless in-frame deletion of locus EF1809 4; K. S. Ballering and

G. M. Dunny,
unpublished data

OG1RF �eep Markerless in-frame deletion of locus EF2380; also called JRC106 29
OG1RF �eep(pMSP3535-eep) Complementation plasmid; eep ORF with RBS cloned under expression of nisin-

inducible promotera

This study

Oligonucleotides
NotI�0038F 5=-CCCCGCGGCCGCCAAACTTACTCTAGCACGACGATC This study
NcoI�0038R 5=-CCCCCCATGGTTCAGAATGTTTTGTATTGTAGCGATT This study
0038-2stepF 5=-AGAAACGAGGCACTTATGAGAAACAGTGACTGATTTAAAGCAACTAGGGC This study
0038-2stepR 5=-GCCCTAGTTGCTTTAAATCAGTCACTGTTTCTCATAAGTGCCTCGTTTCT This study
EF2380 XhoI F 5=-CTAGTCTCGAGTTAAAAGAAAAAGCGTTGAATATCG This study
EF2380 SpeI R RBS 5=-CTAGTACTAGTGAATGAAGGAAGAAGGACATCTATG This study
RIVET forward 5=-AGCGTCGACTCTAGAGATCCAG 4
RIVET reverse 5=-TACCCGTGCGTAACCAAAAAGTCG 4
EF0223F 5=-TCACCGACAACAACTAAAGCT This study
EF0223R 5=-CATTTGGAATTAGAAGACCGC This study
EF0909F 5=-TAAGTTTTTCTTGGTTGGTATAAG This study
EF0909R 5=-ATCTTTTTCATGATTATCACTTTG This study
EF2398F 5=-GTTACCTTCGATGAAAGCGTC This study
EF2398R 5=-TCCTGATGAGATCGATGTTGT This study

a See reference 8.
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predigested with the same enzymes, and propagated in E. coli DH5� or E.
faecalis OG1RF �eep cells grown on BHI medium with 75 �g/ml or 10
�g/ml erythromycin, respectively. There were no differences in the
growth rates of OG1RF, the OG1RF �eep strain, or the OG1RF
�eep(pMSP3535-eep) strain (data not shown).

Rabbit models of subdermal abscess infection and endocarditis. All
animal procedures were carried out in accordance with the guidelines set
forth by the Public Health Service Policy on Humane Care and Use of
Laboratory Animals. The University of Minnesota Institutional Animal
Care and Use Committee approved the protocol used in this work
(approval number 0910A73332). Animals were euthanized with
Beuthanasia-D, and efforts were made to minimize suffering.

Subdermal chambers were implanted into the flanks of New Zealand
White rabbits (male or female, 2 to 3 kg) essentially as previously de-
scribed (50, 60). Briefly, hollow perforated polyethylene golf balls were
obtained from a sporting goods store and were sterilized by boiling in
phosphate-buffered saline (PBS) for 30 min. After cooling, a single cham-
ber was aseptically placed through an incision into a surgically created
subcutaneous pocket in each anesthetized rabbit. Incisions were sutured
closed, and animals were allowed to heal for at least 6 weeks before infec-
tion, during which time the chambers became encapsulated with fibrous
tissue and filled with approximately 30 ml of serous fluid. Samples for
RIVET analysis were obtained from two rabbits in which chambers had
been implanted 10 and 28 weeks prior to infection. To initiate infection, 2
ml of serous fluid was aspirated from the subdermal chamber and was
replaced with 2 ml of inoculum prepared as described below.

Endocarditis infections were carried out as previously described (16).
Briefly, single colonies of each strain were inoculated into BH medium
and grown overnight. Cultures of the OG1RF �eep(pMSP3535-eep) strain
also contained 10 �g/ml erythromycin and 25 ng/ml nisin. Cells were
pelleted and resuspended to an optical density at 600 nm of 1.0 in potas-
sium phosphate-buffered saline (KPBS), corresponding to approximately
2 � 109 to 4 � 109 CFU/ml. Following surgery, 2 ml was administered
intravenously via the marginal ear vein to initiate infection. Rabbits were
euthanized after 4 days, at which point the hearts were removed and
dissected to expose the aortic valve. Vegetations—the classic lesions asso-
ciated with infectious endocarditis—and valve leaflets were harvested,
weighed, homogenized in 1 ml of THB, serially diluted, and plated onto
BHI agar to quantify bacteria. Homogenates from animals infected with
the OG1RF �eep(pMSP3535-eep) strain were also plated onto BHI agar
containing 10 �g/ml erythromycin to determine the percentage of cells that
retained the complementation vector for the duration of the infection.

Endocarditis results were analyzed for statistical significance with the
Wilcoxon rank-sum test with �2 approximation using JMP software (ver-
sion 8.0.2; SAS Institute, Inc., Cary, NC).

RIVET screen in subdermal abscess infection. The E. faecalis RIVET
system, including the genomic library used in this study, was described
previously (4). Aliquots of the library were grown for 5.5 to 6.5 h in 10 ml
BH medium containing 2,000 �g/ml kanamycin and 10 �g/ml chloram-
phenicol (BHkan2000cm10) and then diluted 1:20 into 10 to 25 ml of
BHkan2000cm10 and further incubated for 14 to 15.5 h. The cultures were
diluted 1:5 into 50 ml BHkan2000cm10 (rabbit A) or 100 ml BH medium
without antibiotics (rabbit B) and incubated for 3 h at 30°C (rabbit A) or
2 h at 37°C (rabbit B). Bacteria were centrifuged for 15 min at 4,000 � g at
4°C and resuspended in KPBS to densities of �1 � 107 CFU/ml for rabbit
A and �4 � 109 CFU/ml for rabbit B. Two-milliliter volumes were used
for subdermal chamber infections. Approximately 1.5-ml aspirates were
collected at 2, 4, 8, 24, and 96 h postinoculation from the chamber in
rabbit A. For rabbit B, 4-ml aspirates were collected from the chamber at
2, 4, and 8 h postinoculation. Rabbit B was euthanized at 24 h and the
chamber was retrieved. The explanted chamber was bisected, and the
interior surfaces were scraped several times with a sterile rubber police-
man that was repeatedly rinsed in a tube containing 25 ml KPBS. Six tissue
sections that appeared to contain white abscesses formed at the sites of
chamber perforations were harvested, rinsed with 1 ml KPBS, and ho-

mogenized in 2 ml KPBS. Aliquots of the initial inocula and all collected
samples were plated onto BHI agar with and without 20 �g/ml chloram-
phenicol to determine the bacterial load and to assess whether the RIVET
library plasmid was lost from cells during infection due to the lack of
antibiotic selection in chambers. Cell counts indicated that the plasmid
was lost at a low, but variable, frequency starting at 4 to 8 h postinocula-
tion (data not shown). Bacterial counts reported in Fig. 1 are from chlor-
amphenicol plates, in order to represent the number of cells containing
the RIVET plasmid at each time point assayed.

Analysis of RIVET clones for in vivo-activated promoters. RIVET
clones that underwent a chromosomal excision event were selected by
plating on BHI agar containing 20 �g/ml chloramphenicol and 130 �g/ml
5FU. Individual colonies were patched onto BHI agar containing 20
�g/ml chloramphenicol, 130 �g/ml 5FU, and 1,000 �g/ml kanamycin. All
chloramphenicol- and 5FU-resistant, kanamycin-sensitive colonies were
grown overnight in 5 to 10 ml BHI medium with 20 �g/ml chloramphen-
icol and treated with 30 mg/ml lysozyme in 0.4 ml TE (100 mM Tris-HCl
[pH 8], 1 mM EDTA) for 30 to 45 min at 37°C. RIVET plasmids were
harvested from lysozyme-treated cells with the QIAprep Spin miniprep
kit (Qiagen, Inc., Valencia, CA). Plasmid inserts were sequenced at the
University of Minnesota BioMedical Genomics Center DNA Sequencing
and Analysis Facility with primers RIVET forward and RIVET reverse (4).
Sequences were aligned by using Sequencher software (version 4.9 or ear-
lier; Gene Codes Corp., Ann Arbor, MI) and then BLASTed against the E.
faecalis V583 genome at the J. Craig Venter Institute (JCVI) Comprehen-
sive Microbial Resource to identify the ORF downstream of the putative
promoter. When the RIVET insert spanned more than one ORF, partic-
ularly when adjacent ORFs were separated by a sizable intergenic region,
the putative in vivo-activated promoter was assigned to the furthest down-
stream ORF. In contrast, when two or more ORFs were directly adjacent
or overlapping, thus appearing that they are likely to be cotranscribed, the
putative promoter was assigned to the first ORF in the group. Sequences
containing OG1RF-specific regions were initially compared to the
NCBI GenBank E. faecalis OG1RF genome (accession number
ABPI00000000.1) (7), but because the annotation of that sequence re-

FIG 1 Recovery of the E. faecalis RIVET strain from subdermal abscesses. Two
milliliters of the E. faecalis OG1RF RIVET library was inoculated into subder-
mal chambers from which 2 ml of serous fluid was withdrawn. Dilutions of
fluid aspirated from implanted chambers at the indicated time points follow-
ing inoculation were plated to determine the number of viable E. faecalis CFU
recovered. Results are reported as log10 CFU/ml. The 0-h time points were
calculated by dividing the total CFU in the 2-ml inocula by 30 ml, the volume
of serous fluid in the implanted chamber. Arrows indicate the time points
analyzed by RIVET: 4, 8, and 24 h postinoculation. Infection of rabbit A was
carried out for 96 h, whereas infection of rabbit B was terminated at 24 h, at
which time the chamber was explanted and samples were harvested from the
chamber surface and surrounding tissues (open-head arrow).
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mained incomplete until recently (updated in 2011 with accession num-
ber CP002621), ORF identifications were obtained by using an OG1RF
annotation generated with the Rapid Annotation Using Subsystem Tech-
nology (RAST) server (3) (see Table S1 and supplemental materials and
methods in the supplemental material).

Gene expression analysis of antisense transcripts in OG1RF from
the subdermal abscess model. Subdermal abscess infections with E.
faecalis OG1RF were carried out with three rabbits, as described above. A
single colony of E. faecalis OG1RF was inoculated into 10 to 25 ml of BH
medium, incubated for approximately 15 h, diluted 1:5 into 25 to 50 ml of
fresh BH medium, and incubated for two more hours. Bacteria were cen-
trifuged for 15 to 20 min at 2,250 � g at 4°C. Pelleted cells were resus-
pended to an optical density at 600 nm of �1.3 to 1.6 in KPBS, and 2 ml
was used for each subdermal chamber infection. Approximately 2 ml of
the initial inoculum and chamber aspirates harvested at 4 h postinocula-
tion were immediately added to 4 ml of RNAprotect Bacteria reagent
(Qiagen, Inc.), processed according to the manufacturer’s instructions,
flash-frozen, and stored at �80°C until RNA extraction.

Frozen aspirates were thawed, resuspended in 0.4 ml of RNase-free TE
containing 50 mg/ml lysozyme and 1,000 U/ml mutanolysin, homoge-
nized with a hand-held motorized pestle, and incubated for 10 min at
37°C. Each sample was then split in half and extracted in duplicate with
the RNeasy minikit (Qiagen, Inc.) according to the manufacturer’s in-
structions, with an added QIAshredder (Qiagen, Inc.) homogenization
step immediately after the addition of buffer RLT. RNA was eluted from
each column with two 30-�l volumes of RNase-free water, and total RNAs
from duplicate extractions of each sample were pooled together. Contam-
inating DNA was removed by using a Turbo DNA-free kit (Ambion, Aus-
tin, TX) according to the rigorous protocol provided by the manufacturer.
cDNA was synthesized with gene-specific primers using the SuperScript
III first-strand synthesis system for reverse transcription (RT)-PCR (In-
vitrogen Corp.). Quantitative PCR (qPCR) was carried out with an iQ5
iCycler real-time detection system (Bio-Rad Laboratories, Inc., Hercules,
CA) with iQ SYBR green Supermix (Bio-Rad Laboratories, Inc.). Each
reaction was performed in triplicate, and threshold cycle (CT) values were
averaged. EF0886, which was identified by microarray analysis as being a
gene with nonchanging expression at the analyzed time points (K. L.
Frank and G. M. Dunny, unpublished data), was used as a reference gene.
The fold change for each sample was calculated according to a method
described previously by Pfaffl (45), and the three biological replicates were
averaged together to obtain the reported fold change.

Biofilm microscopy. E. faecalis biofilms were grown on 11-mm-
diameter Aclar fluoropolymer coupons (Aclar embedding film, 7.8-mil
thickness; Electron Microscopy Sciences, Hatfield, PA) in tryptic soy
broth without added dextrose (TSB�dex; Becton, Dickinson, and Com-
pany) under gentle agitation (150 rpm) for 6 h. After washing three times
with PBS, the cell envelope was labeled by using a red fluorescent wheat
germ agglutinin (WGA)-Alexa Fluor 594 conjugate (Invitrogen), and the
coupons were mounted in Vectashield HardSet medium (Vector Labora-
tories, Burlingame, CA). Images were acquired with a Cascade 1k
electron-multiplying charge-coupled device camera (Photometrics, Tuc-
son, AZ) as wide-field z stacks with a 20� 0.75-numerical-aperture (NA)
or a 60� 1.4-NA objective (Nikon Instruments, Melville, NY). Images of
z stacks were taken at 0.4- or 0.15-�m intervals (20� and 60�, respec-
tively) and deconvolved using Huygens Professional software (version
3.7.1; Scientific Volume Imaging, Netherlands). The presented images are
maximum intensity projections determined by using ImageJ (version
1.5k; NIH, Bethesda, MD) and are representative of at least three biolog-
ical and four technical replicates per sample. The COMSTAT2 software
package was used to quantify biofilm biomass (28).

RESULTS
RIVET screen to identify promoters activated during subder-
mal abscess infection. To explore E. faecalis gene activation in
vivo, we used a subdermal chamber infection model that is ame-

nable to time course sampling for the study of gene expression
using genetic analysis or transcription profiling (67). This model
consists of a subcutaneously implanted, hollow chamber with a
perforated surface that becomes encapsulated after insertion, fills
with a serous fluid containing immune cells, and mimics the en-
vironment of a localized abscess upon the introduction of bacteria
(52, 60). E. faecalis cells remain localized within the chamber fluid,
which initially contains a stable population of leukocytes com-
prised of �10% polymorphonuclear cells and 90% mononuclear
cells (60), while additional immune cells enter the chamber during
the course of infection, thus exposing the bacteria to a changing
host response.

Two independent RIVET screens were conducted with the
same library used for our group’s previous RIVET screen for in
vitro biofilm formation genes (4). In this system, in vivo-activated
promoters drive the expression of the gene for the site-specific
recombinase TnpR. TnpR acts at its target sequences (res sites) to
excise an engineered region of the chromosome in the RIVET
strain that encodes genes for both kanamycin resistance and sen-
sitivity to 5FU (upp); the latter serves as a counterselectable
marker. Excision events result in a selectable and heritable change
in genotype, as cells that have undergone resolution are rendered
sensitive to kanamycin and resistant to 5FU (see Materials and
Methods) (4). In order to eliminate promoters expressed consti-
tutively or during growth in culture medium, the RIVET library
inoculum was pregrown with high levels of kanamycin to select
against in vitro resolution events.

The initial infection (rabbit A) (Fig. 1) represented the first use
of our RIVET system in vivo. The RIVET library was inoculated at
6.0 log10 CFU/ml and was sampled at 2, 4, 8, 24, and 96 h postin-
oculation to assess survival. Bacterial counts dropped 2 logs dur-
ing the first 4 h of infection, with a subsequent 1-log drop after 24
h. The strain persisted in the subdermal chamber for the duration
of the 4-day infection. Clones were collected from chamber aspi-
rates at 4 and 24 h postinoculation for screening, as we reasoned
that these time points would allow sufficient time for cells to un-
dergo resolution events following initial adaptation to the in vivo
growth environment (4 h) and the activated host immune re-
sponse (24 h). Dilutions of subdermal chamber fluid were plated
onto counterselective medium containing 5FU to identify cells
that underwent resolution. 5FU-resistant colonies were then
tested for kanamycin sensitivity to confirm complete resolution.

Forty-six clones with the resolution phenotype were identified
from 100 colonies screened from the 4-h aspirate. Only 38 clones
with the correct phenotype were obtained after screening 1,550
colonies from the 24-h aspirate. The genomic DNA inserts from
the 84 resolved clones were sequenced. The low rate of recovery of
clones with the desired phenotype at 24 h (2.5%, compared to
46% at 4 h) suggested that selective pressures in the subdermal
chamber environment caused genetic changes that resulted in
high levels of background growth on the counterselection me-
dium. For the subsequent infection (rabbit B), we focused on the
4- and 8-h time points rather than the 24-h time point.

A higher inoculum of �8.5 log10 CFU/ml was used for the
second infection (rabbit B) (Fig. 1). In contrast to RIVET rabbit A,
the bacterial counts in RIVET rabbit B increased slightly at 2 h
before dropping almost 2 logs to a low point at 8 h. Cell counts
increased slightly by 24 h, at which time the experiment was ter-
minated and the subdermal chamber was explanted in order to
sample biofilm-associated E. faecalis cells from the inner surface of
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the chamber. The inside of the tissue capsule from which the
chamber was excised contained several small white pockets resem-
bling abscesses at the regions corresponding to the perforations in
the subdermal chamber; six of these tissue sections were also har-
vested, homogenized, and screened for resolved clones. Approxi-
mately 14% of colonies screened from the 4- and 8-h aspirates had
the desired phenotype. In total, 133 clones from the 4-h aspirate,
163 clones from the 8-h aspirate, 57 clones from the chamber
surface, and 99 clones from the tissues were found to have the
correct phenotype and were sequenced for the second subdermal
RIVET infection.

The combined sequencing of 536 clones from the two rabbits
resulted in the identification of 249 unique upregulated loci from
260 nonsibling clones (see Tables S2 and S3 in the supplemental
material). Forty-one of the unique upregulated loci were identi-
fied in rabbit A clones; 24.4% (10/41) of those loci were also iden-
tified among rabbit B clones. Eleven loci were identified by two
unique clones spanning the same genomic region. Many of the
nonunique clones were siblings of clones identified at earlier time
points. Some inserts contained two nonadjacent genomic se-
quences, which are thought to represent library cloning artifacts,
while a few sequenced plasmids contained no genomic inserts and
were thus false positives, which further suggested that selective
pressures in the subdermal chambers caused some degree of ge-
netic rearrangements or deletions in the RIVET plasmid. Clones
in the two latter categories were disregarded in the final analysis.

The RIVET clones fit into one of four categories with respect to
orientation. The majority of the loci (n � 114) were identified by
clones that contained a genomic sequence that overlapped at least
one ORF and the associated 5=-untranslated region, which was
assumed to contain the putative in vivo-activated promoter, in the
same orientation (i.e., sense direction) as that of the recombinase
(see Table S2 in the supplemental material). Forty-two loci were
identified by sense-direction clones with genomic sequences that
were located within an ORF, which indicates that internal pro-
moters may be present (Table S2). The remaining 93 loci were
identified from clones with genomic inserts whose directionality
was oriented opposite that of the recombinase (i.e., antisense)
(Table S3). Sixty-four of these loci overlapped one or more ORFs
on the opposite DNA strand, whereas 29 were contained wholly
within an ORF on the opposite DNA strand.

All but three of the identified loci contain protein-encoding
ORFs; the other three loci encode large- and small-subunit rRNA
genes. No clear patterns emerged among the protein-encoding
loci when their predicted functions were considered by time point
or source; therefore, RIVET clones were grouped according to
their sense or antisense orientations in order to assess the distri-
bution of functional categories represented among the putative in
vivo-activated loci (Fig. 2). Approximately one-third of both the
sense and antisense loci encode proteins with hypothetical or un-
known functions. Many of the putatively activated genes identi-
fied in the RIVET screen have functions pertinent to cell growth
and metabolism. Aside from the hypothetical proteins, transport
and binding proteins comprised the largest functional category of
sense clones (Fig. 2A). Interestingly, the same category was under-
represented among the antisense clones (Fig. 2B); conversely,
more antisense than sense clones were present in the protein syn-
thesis category.

Identification of antisense RNAs expressed during mamma-
lian infection. Since more than one-third of the RIVET clones

isolated were in an antisense orientation, we performed reverse
transcription with gene-specific primers for selected putative an-
tisense transcripts using RNA from OG1RF cells harvested from
subdermal chamber inocula and from subdermal chamber aspi-
rates at 4 h postinfection. We looked for the expressions of three
antisense transcripts represented by RIVET antisense clones
EF0226/0225/0224, EF0909, and EF2397/2398 (Fig. 3). These an-
tisense RIVET clones were chosen from among more than 20

FIG 2 Distribution of E. faecalis OG1RF sense (A) and antisense (B) RIVET
clones isolated from a subdermal abscess infection. The E. faecalis genomic
DNA sequence from each isolated RIVET clone was analyzed as described in
Materials and Methods to determine the identity of the putative in vivo-
activated promoter and the corresponding gene immediately downstream of
the putative promoter. Each corresponding gene was assigned to a functional
category by using the JCVI Comprehensive Microbial Resource (http://cmr
.jcvi.org/tigr-scripts/CMR/CmrHomePage.cgi) for the E. faecalis V583 ge-
nome. All protein-encoding loci, as listed in Tables S2 and S3 in the supple-
mental material, were included. The number of genes in each functional
category is given. The functional categories classified as “other” in panel A are
as follows: cellular processes (5 genes); fatty acid and phospholipid metabo-
lism (4 genes); pyrimidines, nucleosides, and nucleotides (4 genes); protein
synthesis (4 genes); amino acid biosynthesis (2 genes); signal transduction (2
genes); transcription (2 genes); biosynthesis of cofactors, prosthetic groups,
and carriers (1 gene); and mobile and extrachromosomal element functions (1
gene). The functional categories classified as “other” in panel B are as follows:
biosynthesis of cofactors, prosthetic groups, and carriers (5 genes); pyrimidines,
nucleosides, and nucleotides (5 genes); regulatory functions (5 genes); signal
transduction (4 genes); cellular processes (3 genes); transport and binding proteins
(3 genes); central intermediary metabolism (2 genes); fatty acid and phospholipid
metabolism (1 gene); protein fate (1 gene); and transcription (1 gene).

E. faecalis In Vivo Gene Expression

February 2012 Volume 80 Number 2 iai.asm.org 543

http://iai.asm.org


unique RIVET clones that each correlated with a cognate sense-
strand gene that was found by microarray analysis to be signifi-
cantly downregulated at 8 h in the subdermal abscess model
(Frank and Dunny, unpublished).

We succeeded in amplifying all three transcripts from OG1RF
cells grown in vitro and in vivo, whereas no signal was detected in any
of the no-reverse-transcriptase controls (data not shown). Quantita-
tive RT-PCR of the in vivo-expressed antisense RNAs revealed that
the transcripts identified by antisense RIVET clones EF2397/2398
and EF0909 were upregulated at 4 h by 1.5-fold (standard deviation,
1.1) and 1.4-fold (standard deviation, 1.4), respectively (n � 3 each).
This is consistent with the RIVET screen in that the EF2397/2398 and
EF0909 antisense clones were identified at 4 h. The antisense RNA
identified by antisense RIVET clone EF0226/0225/0224 was down-
regulated in vivo at 4 h by 1.7-fold (standard deviation, 0.6; n � 3).
The EF0226/0225/0224 antisense RIVET clone was identified in tis-
sue harvested from the subdermal abscess infection site at 24 h
postinfection, suggesting that this transcript is transiently upregu-
lated at some point during infection other than at 4 h or that it was
expressed in a subpopulation of cells in the host; the same consider-
ations may also be relevant to the relatively low levels of upregulation
measured for the other two antisense transcripts. The primary signif-
icance of these results is that the existence of novel putative transcripts
expressed in vivo, which were suggested by the RIVET screen, is sup-
ported by the RT-PCR experiments. This will allow for subsequent

precise identification of the relevant antisense promoters, time course
studies of antisense promoter expression, and functional studies of
the effects of the antisense transcripts on the expression of mRNAs
generated from the respective cognate sense strands.

Identification of in vivo-activated genes also associated with
biofilm growth in vitro. We compared the in vivo-activated sense
genes from the subdermal abscess RIVET screen (see Table S2 in
the supplemental material) with the genes identified in previous
transposon and RIVET screens for determinants of biofilm for-
mation (4, 31). In total, 28 genes from the subdermal abscess
RIVET screen were identified in the biofilm formation genetic
screens (Table 2). Only two of the putative in vivo-activated pro-
moters overlapped with the in vitro biofilm mutants found in the
transposon screen, while the other 26 genes overlapped with pro-
moters isolated from in vitro biofilm RIVET clones. Five of the
genes are functionally annotated as transporters, and four genes
have roles in energy metabolism. Two transcriptional regulators
were also upregulated in biofilms and in vivo.

Role of in vivo-activated genes in endocarditis. We hypothe-
sized that genes found in both the in vivo and biofilm RIVET screens
(Table 2) may be important for biofilm formation in the host. To
evaluate this possibility, we tested strains with markerless in-frame
deletions of three genes listed in Table 2—proB (EF0038), encoding
glutamate 5-kinase; ebrA (EF1809), encoding a transcriptional regu-
lator; and eep (EF2380), encoding a membrane metalloprotease—in

FIG 3 Orientation of antisense RIVET clones and location of detected antisense transcripts. (A) RIVET antisense clone EF0226/0225/0224. (B) RIVET antisense
clone EF0909. (C) RIVET antisense clone EF2397/2398. The genomic orientations of three antisense RIVET clones (black arrows) that predicted the presence of
antisense transcripts are shown. The relative locations of primers used to subsequently detect and quantify the antisense transcripts by quantitative RT-PCR are
indicated by heavy (reverse primers, used for reverse transcription and amplification) and light (forward primers, used for amplification) half-arrows. The
nucleotide start site of each ORF, as annotated in Table S1 in the supplemental material, is indicated at its 5= end. Although the graphic is not drawn to scale, the
arrows representing adjacent genes within a locus are proportional to one another.
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a rabbit model of endocarditis, which is a biofilm infection of the
endocardium, including the heart valves. The ebrA gene was chosen
because an �ebrA strain was previously shown to have a defect in the
formation of biofilms on cellulose membranes (4). The proB gene was
selected due to studies examining the contribution of proline to the
survival and pathogenicity of other Gram-positive bacteria in select
animal models (5, 51, 57). The eep locus was of particular interest
because of its previously characterized function in the processing of
peptide pheromone signals for conjugative plasmids (2, 13). The roles
of the proB and eep loci in biofilm formation have not been studied
previously for E. faecalis.

OG1RF infected injured aortic valves with a mean valve bacte-
rial load of 7.4 log10 CFU (Fig. 4) and produced large vegetations
(Table 3). Compared to OG1RF, the �ebrA strain was not im-
paired in either valve colonization or vegetation formation (Fig. 4
and Table 3), whereas the �proB strain exhibited a 2.3-log10 de-
crease in the valve bacterial load, which was statistically significant
(Fig. 4). The �eep strain was severely attenuated in causing endo-
carditis, as evidenced by the 4-log10 decrease in numbers of CFU
recovered from the heart valves of �eep strain-infected rabbits
(Fig. 4). The significant defect was also readily apparent in the
small vegetations observed for the mutant strain (Table 3).

Complementation of the �eep strain rescues the endocardi-
tis attenuation phenotype. Upon observing the striking attenua-

TABLE 2 E. faecalis OG1RF loci identified by an in vivo RIVET screen which were also identified by previously reported RIVETe or transposonf

screens for in vitro biofilm formation

Locus Gene description JCVI functional category

Time(s) postinoculation
(h) or location of
isolation of
in vivo RIVET clonea

Time(s) of isolation
of in vitro biofilm
RIVET cloneb

Transposon insertion
mutant defective in in
vitro biofilm
formationc

EF0038 Glutamate 5-kinase Amino acid biosynthesis 4 5 days
EF0059 UDP-N-Acetylglucosamine

pyrophosphorylase
Cell envelope 4 2 h, 3 days, 5 days

EF0082 Major facilitator family transporter Transport and binding proteins 4 2 h
EF0246 Amino acid ABC transporter, ATP-

binding protein
Transport and binding proteins 4 2 h, 5 days

EF0402 Na�/H� antiporter Transport and binding proteins 4 2 h
EF0721 ATP-dependent DNA helicase PcrA DNA metabolism 8 �
EF0722 DNA ligase, NAD dependent DNA metabolism 24 5 days
EF0798 Hypothetical protein Hypothetical proteins 8 2 h, 3 days, 5 days
EF1348 Glucan 1,6-alpha-glucosidase, putative Energy metabolism 8 3 days
EF1591 Transcriptional regulator, AraC family Regulatory functions Tissue 2 h, 3 days
EF1755 Phosphate ABC transporter, ATP-

binding protein
Transport and binding proteins 4 3 days, 5 days

EF1809 Transcriptional regulator, GntR family Regulatory functions Tissue 3 days, 5 days
EF1826 Alcohol dehydrogenase, zinc containing Energy metabolism 4 3 days, 5 days
EF1918 Conserved hypothetical protein Hypothetical proteins 4 2 h, 3 days, 5 days
EF1962 Triosephosphate isomerase Energy metabolism 4 5 days
EF1978 DNA-3-methyladenine glycosylase DNA metabolism 4 2 h, 5 days
EF2207 DNA-binding protein, Fis family Regulatory functions 8 2 h, 5 days
EF2380 Membrane-associated zinc

metalloprotease, putative
Protein fate 8 5 days

EF2570 Aldehyde oxidoreductase, putative Unknown function 4, 24 3 days, 5 days
EF2668 Magnesium transporter Transport and binding proteins 8 3 days, 5 days
EF2744 Peptidase, M42 family Protein fate 8 2h, 3 days, 5 days
EF2889 2-Hydroxy-3-oxopropionate reductase Energy metabolism 4 2 h
EF3008 Conserved hypothetical protein Hypothetical proteins Tissue 5 days
EF3056 Sortase family protein Cell envelope 8 �
EF3124 Polypeptide deformylase, authentic

frameshift
Protein fate Chamber surface 5 days

EF3177 Conserved hypothetical protein Hypothetical proteins Tissue 2h, 5 days
EF3258 Conserved hypothetical protein Hypothetical proteins 4 3 days, 5 days
OG1RF0176 (EF2352)d GTP-binding protein LepA Unknown function 4 2 h

a Indicates the sampling time or location from which the clone was isolated. Two nonsibling clones were isolated for EF2570 at the indicated time points. Tissue and chamber
surface clones were isolated from a chamber explanted at 24 h postinoculation.
b Indicates time points when clones were isolated from in vitro biofilms (4).
c � indicates that a transposon insertion mutant defective in in vitro biofilm formation was obtained in the locus (31).
d Locus EF2352 is annotated as OG1RF0176 in E. faecalis OG1RF (7).
e See reference 4.
f See reference 31.

FIG 4 Role of in vivo-activated, biofilm growth-associated genes in endocar-
ditis virulence. A total of 109 CFU of each E. faecalis strain was intravenously
injected into New Zealand White rabbits following the induction of aortic
valve damage, as described in Materials and Methods. Vegetations and heart
valve leaflets were harvested at 4 days postinoculation. The log10 valve bacterial
load is shown for wild-type strain OG1RF (n � 8), the OG1RF �proB strain
(n � 10), the OG1RF �ebrA strain (n � 4), the OG1RF �eep strain (n � 6), and
the OG1RF �eep(pMSP3535-eep) strain (n � 5). Horizontal bars denote the
arithmetic means of the log10-transformed values. �, P � 0.0367 for OG1RF
versus the �proB strain; ��, P � 0.003 for OG1RF versus the �eep strain; ���,
P � 0.0446 for the �eep strain versus the �eep(pMSP3535-eep) strain.
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tion of the �eep strain in the endocarditis model, we wondered
whether the defect could be complemented by the expression of
the wild-type eep locus in trans. As shown in Fig. 4, the �eep
endocarditis defect was fully rescued when the locus was expressed
under the control of a nisin-inducible promoter on a plasmid. The
mean weight (� standard deviation) of vegetations formed by the
complemented strain was 32.1 � 35.3 mg (P value of 0.027 com-
pared to the �eep strain). Only 2% of the cells retained the com-
plementation plasmid at the end of the experiment due to the lack
of antibiotic selection to maintain the plasmid. In addition, cells
were not exposed to the inducing agent during infection, so Eep
levels would have been the most abundant at the time of inocula-
tion. The RIVET clone encoding the promoter for the eep locus
was isolated from the subdermal abscess model at 8 h postinocu-
lation (see Table S2 in the supplemental material), meaning that
the promoter was activated within the first several hours of infec-
tion. Taken together, these data suggest that the role of Eep in
endocarditis occurs during the early stages of valve infection.

Characterization of in vitro biofilm formation by �proB,
�ebrA, and �eep strains. Biofilm formation by OG1RF and the
�proB, �ebrA, and �eep strains was evaluated at the 4- and 24-h
time points by using in vitro biofilm assays that examined the total
biomass or recovery of viable cells. No defects in biofilm forma-
tion were detected among any of the strains at 4 or 24 h in the three
assays (see Fig. S1 in the supplemental material).

The significant endocarditis attenuation demonstrated by the
�eep strain led us to use immunofluorescence microscopy to fur-
ther characterize biofilms formed by this strain. A striking mor-
phological difference between the mutant and wild-type strains
was observed for E. faecalis in vitro biofilms grown for 6 h (Fig. 5).
By use of a lectin conjugate that localizes primarily to the bacterial
cell envelope, the �eep strain biofilms were found to be composed
largely of small cellular aggregates; such structures were not ob-
served in OG1RF biofilms at the same time point. This phenotypic
difference could be seen even under a low magnification (�200)
(Fig. 5A and B). Quantitative COMSTAT2 analysis of the biomass
was consistent with the fluorescent micrographs (see Table S4 in
the supplemental material). While the average biomass was only
slightly elevated in the mutant strain (�23% higher), the range of
variation between samples was much greater for the �eep strain
biofilms.

DISCUSSION

The emergence of multidrug-resistant enterococcal infections in hos-
pitalized and immunocompromised individuals in recent years em-

phasizes the importance of elucidating the genetic basis of enterococ-
cal pathogenicity. The expression of virulence factors in E. faecalis,
whether encoded on mobile genetic elements in select strains or
found in the chromosomes of all strains, is likely part of a larger
physiological adaptation that E. faecalis cells undergo when occupy-
ing a niche as a pathogen. Here we report the results of a genome-level
analysis using RIVET to identify genetic factors that are upregulated
during the course of E. faecalis subdermal abscess infection. The use
of the plasmid- and pathogenicity island-free E. faecalis strain OG1RF
in this study allowed us to gain insights into gene expression from the
E. faecalis core genome during the establishment of infection. In ad-
dition, by comparing the results of RIVET screens carried out with
the subdermal abscess infection model and in in vitro biofilms (4), we
were able to attribute functions for in vivo growth and virulence to
two genes in E. faecalis that were not previously associated with the
infection process (Fig. 4).

An advantage that RIVET methodology provides is the ability
to detect heterogeneous gene expression among cells in sampled
populations. We identified many in vivo-activated promoters with
the RIVET screen (Fig. 2 and see Tables S2 and S3 in the supple-
mental material) across multiple time points in the subdermal
infection model. Those genes that are transiently expressed or are
highly expressed in only a minor subpopulation of the enterococci
in the host would not have been detected with other types of gene
expression techniques (e.g., microarray analysis). The RIVET
screen also permitted the sampling of multiple locations in the
model, including the inner surface of an explanted subdermal
chamber. Only one in vivo-activated promoter from a surface-
associated clone was found to overlap with biofilm growth-
associated genes (Table 2), suggesting that many of the genes listed

FIG 5 Fluorescent micrographs of OG1RF (A and C) and �eep strain (B and
D) biofilms at 6 h postinoculation. Biofilms were grown on Aclar fluoropoly-
mer coupons in tryptic soy broth without added dextrose, washed, and stained
with wheat germ agglutinin conjugated to Alexa Fluor 594 as described in
Materials and Methods. Representative images acquired at magnifications of
�200 (A and B) and �600 (C and D) are shown. Scale bars, 20 �m.

TABLE 3 Weights of endocarditis vegetations produced by E. faecalis
strains after 4 days of infection

Strain
No. of
vegetations

Mean
vegetation
wt (mg) SD P value

OG1RF 8 47.6 29
�proB 10 24.0 27.7 0.33a

�ebrA 4 42.5 20.6 0.8651a

�eep 6 8.8 6.6 0.0065a

OG1RF
�eep(pMSP3535-eep)

5 32.1 35.3 0.027b

a Compared to OG1RF.
b Compared to the �eep strain
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in Table 2 may be important for the adaptation of E. faecalis to
alternate growth conditions besides biofilms.

We encountered difficulty in isolating resolved clones from the
24-h time point due to the high levels of background growth of un-
resolved clones on the counterselective agent 5FU. In E. coli and Ba-
cillus subtilis, uracil uptake and transport are hindered by elevated
levels of ppGpp associated with a stringent response (6, 40). We have
observed by microarray analysis that OG1RF cells in the subdermal
abscess model activate a stringent response by 8 h postinoculation
(Frank and Dunny, unpublished). Thus, the apparent decrease in
5FU toxicity at 24 h postinoculation may be a result of the physiolog-
ical state of the bacteria in the subdermal abscess environment.

Two other genome-wide screens for E. faecalis genes that contrib-
ute to growth and virulence in a host have been performed. A Cre
recombinase-based RIVET method for a plasmid-free derivative of E.
faecalis V583 was recently developed (27). Over 60 activated genes
were collectively identified by this method in screens performed in
mouse models of peritonitis and bacteremia. Two of the genes,
EF0106 (carbamate kinase) and EF2987 (a conserved hypothetical
protein), were found in our RIVET screen. Those authors also
screened for in vivo-activated promoters in Galleria mellonella larvae;
zero of the four in vivo-activated promoters identified were found in
our RIVET screen. A different group evaluated 540 OG1RF Tn917
transposon insertion mutants for their abilities to kill the nematode
Caenorhabditis elegans (34). Twenty-three of the insertion mutants
were attenuated in the killing of C. elegans, with five of the mutants
also showing attenuation in a mouse model of peritonitis. None of
these genes were found to be upregulated in our RIVET data sets. The
complete lack of overlap in the data collected from the C. elegans and
G. mellonella models with our data may be due to the use of nonmam-
malian hosts, suggesting that such models may not be ideal for the
identification of genes involved in mammalian adaptation. The dif-
ferences in strains, mammalian hosts, and infection models used
in our study compared to those used in the mammalian Cre
recombinase-based RIVET screens may have all contributed to the
fact that there was little overlap observed between the two studies.
Regardless, further investigation of the two overlapping in vivo-
expressed genes is warranted, as their functions may be critical for E.
faecalis adaptation in mammalian environments.

The prevalence of small regulatory RNAs, including antisense
RNAs, in bacteria has recently become apparent (59). The expression
of bacterial antisense RNAs during infection has been noted in studies
that employed tiling arrays (61), IVET (54, 55), and RIVET (11, 42,
43, 56). Approximately 1,000 antisense transcripts have been identi-
fied in E. coli; many of the antisense transcripts initiated from a nu-
cleotide located within the open reading frame encoded on the sense
strand (20). Five antisense RIVET clones were isolated in our previ-
ously reported in vitro biofilm RIVET screen (4), and antisense clones
were apparently found in the E. faecalis Cre recombinase-based
RIVET screen, although those authors did not report any informa-
tion about the identities of the putative antisense promoters (27).
Over one-third of the RIVET clones in this study had genomic DNA
inserts oriented upstream of the recombinase such that expression
from the putative promoters would result in the production of anti-
sense transcripts (see Table S3 in the supplemental material). While it
seems unlikely that all of these clones contain legitimate promoters,
we used RT-PCR to confirm the in vitro and in vivo expressions of
three antisense RNAs predicted by the antisense RIVET clones (Fig.
3). These data serve as the first demonstration of antisense transcripts
generated from the E. faecalis chromosome during growth in a mam-

malian host. A recent study described the presence of several noncod-
ing and antisense RNA species in E. faecalis (25). Those authors de-
tected transcripts predicted by two of our RIVET antisense clones
(RIVET antisense clones EF0867 and EF3260), providing further
confirmation of the RIVET screen’s role in predicting antisense RNAs
in E. faecalis. Our data suggest that genome-wide antisense RNA ex-
pression occurs in E. faecalis during in vivo growth. In addition, this
finding suggests that RIVET may be a useful method for the identifi-
cation and characterization of the expression of noncoding RNAs.

When we tested whether the genes proB and ebrA (Table 2)
were important for either biofilm formation or endocarditis, we
found that OG1RF strains lacking either gene did not show any
biofilm formation defects (see Fig. S1 in the supplemental mate-
rial) and that the �proB strain, but not the �ebrA strain, was
slightly attenuated in endocarditis (Fig. 4). These data emphasize
that in vitro biofilm formation and endocarditis development are
not necessarily correlated. The work presented here is the first
report of a role for proB, encoding glutamate 5-kinase, in E. faeca-
lis in vivo growth. Our finding differs from those reported previ-
ously for Listeria monocytogenes, where a proBA mutant was
shown to be as virulent as the wild-type strain in mouse intraper-
itoneal and peroral infections (57). Previously reported work
showed that ebrA is upregulated in biofilm cells and that lower
numbers of cells of a strain lacking ebrA were recovered from
biofilms grown on cellulose membranes than wild-type cells (4). A
similar effect was not observed in the present study, in which
biofilms were grown on coupons made of the fluoropolymer
Aclar. This difference may be attributable to the chemical differ-
ences in the substrates on which the biofilms were grown.

We have shown here that the membrane protease Eep, which
was transcriptionally activated early during the subdermal abscess
infection (see Table S2 in the supplemental material), was re-
quired for effective E. faecalis virulence in an endocarditis model
(Fig. 4) and that it affects cellular distribution during early biofilm
formation in vitro (Fig. 5). Notably, the �eep strain produces the
greatest decrease in endocarditis virulence of any single-gene
knockout that we have tested to date (approximately a dozen
genes tested) (Fig. 4) (Frank and Dunny, unpublished). In E.
faecalis, Eep is known to be involved in the proteolytic processing
of several sex pheromone peptides that are located within the sig-
nal sequences of lipoproteins (1, 2, 13, 18); mature pheromones
extracellularly induce conjugation in a class of large pheromone-
responsive conjugative plasmids (e.g., pCF10 and pAD1) (17, 22).
The sex pheromone-related function of Eep was characterized us-
ing cells grown in routine laboratory medium (2, 13), indicating
that eep is expressed in vitro to some degree. Despite pregrowing
the RIVET library inoculum to eliminate in vitro-expressed pro-
moters, RIVET plasmids carrying the eep locus were isolated in
vivo in this study and in biofilms (4). It is conceivable that a very
low level of eep transcription, or transcription in a small subset of
cells in a population, during growth in laboratory medium gener-
ates sufficient Eep enzymatic activity for the processing of the very
low levels of pheromones that are secreted (9, 39). Such cells may
not have been eliminated during the in vitro pregrowth because
the selection agent, kanamycin, is not bactericidal against most
enterococcal strains, even at the high levels used in this study.
Since the biofilm and in vivo RIVET screens were carried out using
a plasmid-free version of OG1RF, our data provide the first de-
scription of a function for Eep in E. faecalis that does
not directly involve the processing of signaling molecules for
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pheromone-inducible conjugative plasmids. The observations
that the level of eep locus transcription is increased during biofilm
formation and under in vivo growth conditions and that the �eep
mutant has altered phenotypes in developing biofilms and causing
endocarditis suggest that the protease has broader functions.

Eep belongs to the site 2 protease class of intramembrane pro-
teases found in organisms ranging from bacteria to humans (62).
Bacterial site 2 proteases have functions in both physiology and
pathogenesis (35, 62); examples of these functions include sporu-
lation in Bacillus subtilis (49), cell polarity in Caulobacter spp. (14),
alginate production in Pseudomonas aeruginosa (47, 65), and toxin
expression in Vibrio cholerae (36). A function for site 2 proteases
in pathogenesis is consistent with our observation that an Eep-
deficient strain was severely attenuated in forming vegetations on
damaged heart valves. One hypothesis for the in vivo function of
Eep is that it has a more general role in the processing of E. faecalis
lipoproteins beyond the generation of mature conjugative phero-
mones (2, 13). A similar function has been attributed to an Eep
homolog found in the bovine mastitis pathogen Streptococcus
uberis (19). Alternatively, Eep may act as a structural component
of the E. faecalis cell envelope or process other types of peptide
signals that are important during biofilm growth and infection.

Finally, the fluorescent micrographs shown in Fig. 5 demon-
strate that the loss of Eep leads to a visible phenotype in early in
vitro biofilms. The lack of Eep shifts the cellular distribution from
being generally uniform (Fig. 5A and C) to a discrete clustering
phenotype (Fig. 5B and D). In addition, the diffuse extracellular
labeling by the WGA lectin (used here primarily to visualize the
cell envelope) also suggests that under these conditions, mu-
tant biofilms may produce either more extracellular matrix or a
matrix with higher levels of polysaccharides comprised of
N-acetylglucosamine or sialic acid residues. Deciphering whether
the biofilm cell distribution phenotype shown in Fig. 5 is specifi-
cally caused by the loss of Eep and addressing the relationship
between these in vitro observations and the in vivo biofilm results
are avenues of current investigation.

In conclusion, we have identified genes in the core genome of
E. faecalis OG1RF that contribute to the ability of this important
nosocomial pathogen to adapt to and survive in a mammalian
host. These data revealed two significant and novel observations:
(i) the membrane metalloprotease Eep is a major virulence deter-
minant in E. faecalis, and (ii) multiple antisense RNA transcripts
are expressed in E. faecalis during infection. This work also illus-
trates how RIVET screens provide useful information about the
temporal activation of genes in a pathogen during infection. In
addition, we have shown how the application of a single genetic
technique under two different conditions led to the identification
and confirmation of a new virulence determinant. The data pre-
sented here will provide a foundation for future studies that
should begin to unravel the sensing and regulatory pathways that
E. faecalis uses to adapt to and survive in its surroundings in a host.
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