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Enterococci rank among leading causes of nosocomial bacteremia and urinary tract infection and are also
a leading cause of community acquired subacute endocarditis. Limited evidence suggests that biological cues
in serum and urine may play an important role in modulating enterococcal virulence at sites of infection. To
determine the extent to which biological cues affect enterococcal virulence-associated gene expression, we used
quantitative real-time PCR to compare mRNA levels in Enterococcus faecalis cultures grown in serum or urine
to that achieved in laboratory medium. Both environment- and growth phase-specific variations were observed,
demonstrating the occurrence of as-yet-uncharacterized mechanisms for control of gene expression in E.
faecalis that may play an important role in vivo.

Enterococci rank among leading causes of nosocomial bac-
teremia and urinary tract infection (51) and are also a leading
cause of community-acquired subacute endocarditis (33). En-
terococcal factors that contribute to the pathogenesis of dis-
ease have been identified. The cytolysin of Enterococcus fae-
calis contributes to enterococcal virulence in all models studied
(7, 29, 31, 34, 35). It was recently shown to be autoinduced by
a quorum-sensing mechanism involving a two-component reg-
ulatory system (25). Aggregation substance is an enterococcal
surface protein, encoded by several pheromone-responsive
plasmids (12), that aids in the formation of mating aggregates
during bacterial conjugation. Aggregation substance also me-
diates adherence to renal epithelial cells (40), internalization
(52, 65, 76), and intracellular survival of E. faecalis in eukary-
otic cells in vitro (57, 74) and also contributes to cardiac veg-
etation size in vivo (7, 66). The enterococcal adhesin Esp bears
structural similarity to the Rib and C-alpha proteins of group
B streptococci (69). In addition to enrichment among clinical
isolates of E. faecalis (69) and both vancomycin-resistant (77)
and vancomycin-susceptible clinical isolates of Enterococcus
faecium (L. Baldassarri, L. Bertuccini, M. G. Ammendolia, G.
Gherardi, and R. Creti, Letter, Lancet 357:1802, 2001; N.
Woodford, M. Soltani, and K. J. Hardy, Letter, Lancet 358:
584, 2001), Esp contributes to the colonization and persistence
of E. faecalis during ascending urinary tract infection (68).

Ace is a microbial surface component recognizing adhesive
matrix molecule specific to E. faecalis (62). The identification
of Ace-specific antibodies in sera collected from patients fol-
lowing enterococcal infection (50) provides evidence that the
protein is produced under physiologic conditions, but the con-
tribution of Ace or Ace-specific antibodies to the pathogenesis
of infection and conditions that may occur physiologically that
regulate its expression are unknown. The endocarditis antigen
(EfaA) of E. faecalis bears similarity to adhesins encoded by

genes in other streptococci (43). Although the biological role
of EfaA and the regulation of its expression are relatively
unknown, a potential role of the protein in vivo was demon-
strated in a murine model of peritonitis (72). Gelatinase is an
extracellular zinc metalloproteinase secreted by E. faecalis that
has been shown to potentially contribute to the virulence of E.
faecalis in some animal models (13, 18, 73). The production of
gelatinase appears to be regulated in a cell-density-dependent
manner (49, 55) by the products of fsrA, fsrB, and fsrC, which
show similarity to elements of bacterial two-component regu-
latory systems (56). In a murine peritonitis model, the products
of each of these genes contributed to the virulence of E. fae-
calis in a manner consistent with the contribution of gelatinase
(56). Gls24 is a functionally novel general stress protein in E.
faecalis that is induced during several types of environmental
stress, and its inactivation is associated with alterations in
growth, cell morphology, and protein expression during stress
(16). The molecular mechanisms of Gls24 and the regulators of
its expression are unknown (16).

Although enterococci are leading causes of nosocomial in-
fections of the bloodstream and urinary tract, comparatively
little is known of how these environments affect enterococcal
gene expression. Urinary tract isolates of E. faecalis show an
eightfold increase in adherence to Girardi heart cells following
growth in pooled human serum (22). Growth in serum reduces
adherence of enterococci to polymorphonuclear cells by two-
to fivefold (22). Moreover, growth of either endocarditis or
urinary tract isolates of E. faecalis in serum induces the expres-
sion of carbohydrate ligands responsible for adhesion to Gi-
rardi heart cells (23). Serum is known to induce the expression
of aggregation substance (40), but its effect on the expression
of other known and suspected enterococcal virulence traits is
unexplored. Growth in urine is known to modulate the expres-
sion of genes important for uropathogenesis by other organ-
isms (63, 64), but its effect on expression of known and sus-
pected enterococcal virulence factors is unexplored.

The emergence of enterococcal strains with resistance to a
wide variety of antimicrobial agents has precipitated a need for
new therapeutic strategies for treating enterococcal infection,
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possibly targeting gene products involved in colonization and
disease (48, 70). To determine the extent to which E. faecalis
virulence-associated gene expression is influenced by infection-
relevant environmental cues, we quantified enterococcal viru-
lence factor-encoding mRNA following growth in serum or
urine, and compared it to mRNA abundance in laboratory
medium-grown cultures, using quantitative real-time PCR (26–
28).

MATERIALS AND METHODS

Bacterial strains and growth conditions. Laboratory medium 2�YT (com-
posed of yeast extract, tryptone, and sodium chloride) was selected because it
contained a minimum of potentially infection-relevant mammalian cues, as oc-
curs for example in brain heart infusion. For growth of E. faecalis in serum,
sterile pooled heat-inactivated rabbit serum (Pel Freez Biologicals, Rogers, Ark.)
was used as a lot-controlled source. For E. faecalis culture in urine, human urine
was collected from healthy volunteers (i.e., without a history of recent or chronic
urinary tract infection or antibiotic use) by midstream clean catch (10), pooled,
and sterilized by filtration through a 0.2-�m-pore-size membrane.

An E. faecalis clinical isolate, MMH594, which caused multiple infections in a
hospital ward outbreak (30), was used to study differential gene expression in
each environment. To quantify virulence factor mRNA expression, 10-ml cul-
tures of E. faecalis were grown in each medium for 17 h. To rejuvenate and
synchronize cultures to an active mode of growth, and to eliminate potential
quorum signals that may have accumulated, 1 ml of culture was centrifuged
(2,500 � g for 10 min at 25°C), the supernatant medium was discarded, and the
bacterial pellet was resuspended in 40 ml of prewarmed media. Following sub-
culture for 30 min at 37°C without aeration, cells were again collected by cen-
trifugation, the supernatant was discarded, and the pellet was resuspended in 40
ml of fresh prewarmed medium and subcultured for an additional 30 min.
Finally, actively growing cells were collected by centrifugation as described above
and resuspended in 1 ml of prewarmed medium. Fifty milliliters of prewarmed
medium was inoculated with 20 �l of this actively dividing culture and incubated
at 37°C without aeration to the desired phase of growth, as determined in
preliminary experiments that characterized growth rates in serum, urine, and
2�YT.

RNA extraction and preparation. Total RNA was isolated as previously de-
scribed with minor modifications (71). Briefly, E. faecalis cells from 50 ml of
serum, urine, or 2�YT were collected by centrifugation (2,500 � g for 2 min at
4°C). The bacterial pellet was washed twice with 5 ml of ice-cold phosphate-
buffered saline prior to lysis, which was found to be essential for maximum RNA
yield from urine grown cultures. Subsequent steps were essentially as described
previously (71), and the purified RNA was resuspended in 200 �l of diethyl
pyrocarbonate-treated water.

Because of the sensitivity of real-time PCR, residual contaminating DNA was
removed in the following manner. To the 200-�l RNA preparation, 0.25 volume

of transcription-optimized buffer containing 200 mM Tris-HCl (pH 7.9), 30 mM
MgCl2, 10 mM spermidine, and 50 mM NaCl (Promega, Madison, Wis.) was
added. Contaminating DNA was hydrolyzed with 10 U of RQ1 RNase-free
DNase (Promega) at 37°C for 15 min. Following DNase treatment, 250 �l of
phenol-water (3.75:1, vol/vol; Life Technologies, Grand Island, N.Y.) was added
and the RNA was extracted and precipitated as described previously (71) and
resuspended in 50 �l of diethyl pyrocarbonate-treated water containing 0.1 mM
EDTA. RNA integrity was globally assessed by electrophoresis through 1.2%
agarose–0.66 M formaldehyde gel in MOPS running buffer (20 mM MOPS
[morpholinepropanesulfonic acid] [pH 7.0], 8 mM sodium acetate, 1 mM EDTA
[pH 8.0]) at a power of 3 to 4 V/cm.

Real-time quantitative PCR. Amplification, detection, and real-time analysis
were performed using the ABI Prism 7700 Sequence Detection System (Applied
Biosystems, Foster City, Calif.). SYBR Green I (Applied Biosystems) was used
for detection of the amplified product. Sequence data for primer design was
obtained from both prior investigations in our laboratory and the Entrez data-
base at the National Center for Biotechnology Information (www.ncbi.nlm.nih
.gov). Primers designed to produce amplicons of equivalent length (approximate-
ly 100 bp), were selected using Primer Express software (Applied Biosystems),
and the nucleotide sequences of primers used in these studies are listed in Table
1.

Preliminary quantification of 23S rRNA levels was performed and used as an
internal control to normalize RNA concentration. Approximately 10 ng of nor-
malized RNA was used to generate cDNA by reverse transcription with the
appropriate specific reverse primer (added to a final concentration of 2.5 �M)
using reagents supplied in the TaqMan Reverse Transcription Reagents kit
(Applied Biosystems) according to the manufacturer’s recommendations. Five
microliters of the resulting cDNA synthesis reaction mixture was used for sub-
sequent PCR amplification with the appropriate forward and reverse primers
and the SYBR Green PCR Master Mix kit (Applied Biosystems). Preliminary
experiments testing a range of concentrations for both the forward and reverse
primers in PCR amplification demonstrated that a final concentration of 300 nM
for each specific forward primer and reverse primer (with approximately 250 nM
reverse primer being carried over from the reverse transcription reaction)
yielded optimum amplification without interference from primer dimer forma-
tion, as determined in control reactions lacking the cDNA template. Primer pairs
that yielded primer dimers at these concentrations were eliminated from further
use. An additional control for each primer pair and RNA sample included sham
cDNA synthesis reactions that lacked reverse transcriptase, followed by PCR
amplification, to identify RNA preparations contaminated by residual genomic
DNA.

The value used for comparison of gene expression in various environments was
the number of PCR cycles required to reach the midpoint of the amplification
curve, or threshold cycle (CT). CT was determined by monitoring incorporation
of SYBR Green I into the amplified product with fluorescent detection. SYBR
Green I fluorescence was normalized to a passive reference dye (carboxy-x-
rhodamine [ROX]) included in each reaction. For specific products amplified
from RNA derived from serum and urine cultures, CT values were compared to

TABLE 1. Targets and primers used for real-time quantitative PCR

Target (reference) Forward primer Reverse primer

cylR2 (25) CCAAAGTGAATTAGCTGCTTTATTAGAA TTAATGCTAACTGTAAAGAAGGGTTATATTTATT
cylR1 (25) TTTATTTTTTTATTGGATATCATTTCTGTAGTC TTCGCTCATCTTTTTTTGAATCAG
cylLL (17) CTGTTGCGGCGACAGCT CCACCAACCCAGCCACAA
cylLS (17) GCTAAATAAGGAAAATCAAGAAAACTATTACTC CAAAAGAAGGACCAACAAQGTTCTAATT
cylM (17) TCGGACACGGTATATATAGCTATGT GTTCTTCTTCAAAGTATGATTCTTTAAT
cylB (17) GAAAAGATTGAAGTACGTTGCG TTCTACTAGTGTACTTTGATTACCATAATAATT
cylA (17) GGTTATGCATCAGATCTCTCAA CTGTATATAATCTACTTTTTCAGAAGATAATTC
cylI (8) ACTTCTCGTAATCTTTACTCTTGTTTTTG CTAAGTGCCCTAACTCATGTACAA
gls24 (16) TAACAGTCGATGGCGGCTTT CAGCGACTTGTTTTTTACCAACTTC
fsrB (55) TGCTCAAAAAGCAAAGCCTTATAA GATGACGAGACCGTAGAGTATTACTGAA
fsrC (55) GCTTATTTGGAAGAACAACGTATCAA CGAAACATCGCTAGCTCTTCGT
gelE (55) CGGAACATACTGCCGGTTTAGA TGGATTAGATGCACCCGAAAT
inl-like gene GTGACAGTATTAGAGATCCGAGATTTG ATACGCAGGTGCTGTCTTAGATAA
esp (69) GGAACGCCTTGGTATGCTAAC GCCACTTTATCAGCCTGAACC
ace (62) CGGCGACTCAACGTTTGAC TCCAGCCAAATCGCCTACTT
asa (11) GATACAAAGCCAATGTCGTTCCT TAAAGAGTCGCCACGTTTCACA
efa (43) TGGGACAGACCCTCACGAATA CGCCTGTTTCTAAGTTCAAGCC
23S rRNA CCTATCGGCCTCGGCTTAG AGCGAAAGACAGGTGAGAATCC
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the CT values of the amplified product derived from 2�YT cultures. Preliminary
control experiments showed that each cycle of difference in CT value represented
a precise doubling (2.07 � 0.04). Therefore, to relate CT value back to abun-
dance of an mRNA species, CT was converted to “n-fold difference” by compar-
ing mRNA abundance in 2�YT to that under one of the experimental conditions
(serum or urine). The n-fold difference was calculated by the formula y � 2�x,
where x � (CT in serum or urine � CT in 2�YT) and y � (n-fold difference in
mRNA abundance). The n-fold differences in mRNA abundance for genes
expressed in late log versus stationary phase were calculated using the same
equation, but with x calculated as CT in exponential phase � CT in stationary
phase. For each gene for which mRNA abundance was investigated, real-time
quantitative PCR analysis was performed on RNA purified from three indepen-
dently grown cultures in each environment. Statistical comparison of means was
performed using Student’s t test.

Because comparisons in most cases were between products of PCRs using
identical primers, and not between PCR products derived from different genes,
the amplification efficiencies of different primer pairs were eliminated as a
variable in the interpretation of the data. However, comparisons of real-time
PCR data were made between different genes of the cyl operon. To control for
the potential differences in amplification efficiency among primer pairs in this
case, several primer pairs for each of the cyl genes were selected following
experimental determination that each amplified a DNA template at an identical
rate.

Nucleotide sequence comparisons. Enterococcal genes showing similar pat-
terns of expression were located within the emerging E. faecalis genome database
(www.tigr.org), or through the Entrez database. For each gene, 500 nucleotides
5� to the predicted start codon were aligned and compared. Multiple sequence
alignment of the 5�regions was performed using the Clustal X software program
(32, 75), and the data were viewed using the SeqVu program.

RESULTS

Growth of E. faecalis and isolation of RNA. Growth kinetics
for E. faecalis MMH594 cultured in 2�YT, serum, and urine
were determined in triplicate by serially diluting and plating
aliquots at various times after inoculation. Representative
growth curves are provided in Fig. 1. E. faecalis grew readily in
both serum and urine, without the supplementation of exoge-
nous carbon sources or micronutrients. Maximal growth in
serum was comparable to that in urine, yielding approximately
2.0 � 108 and 7.0 � 107 CFU/ml, respectively. However, max-
imum cell density in both environments was approximately an
order of magnitude less than that in 2�YT.

RNA was isolated from log- or stationary-phase cultures
using the same lot of each medium in which growth was eval-
uated. For isolation of exponential-phase RNA, cells were
harvested in log phase 4.5, 6, and 6 h following subculture in
2�YT, serum, and urine, respectively, at levels of approxi-
mately 5 � 107 CFU/ml. For isolation of stationary-phase
RNA, cells were grown for 25, 27, and 26 h in 2�YT, serum,
and urine, respectively, which represented 18 h following entry
into stationary phase as determined in preliminary experi-
ments.

Real-time quantitative PCR. Genes known or suspected to
play a role in the pathogenesis of bloodstream or urinary tract
infection are listed in Table 1. For each gene, amplifications
were performed on three independent RNA samples from
each environment. No statistically significant differences were
detected in internal control amplifications of 23S rRNA, re-
gardless of medium used for culture or phase of growth. All
comparisons were made between values obtained from ampli-
fication of RNA derived from serum or urine relative to those
obtained from amplification of RNA from 2�YT cultures.
Thus, abundance of mRNA for a particular gene in 2�YT was
normalized to a value of 1 as a baseline for comparison.

FIG. 1. Growth of E. faecalis MMH594 in 2�YT (A), serum (B),
and urine (C). The x axis shows time (in hours), and the y axis shows
cell count (in CFU per milliliter).
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Differences in abundance of virulence gene mRNA from
log-phase cells grown in serum or urine, compared to baseline
expression in 2�YT, are shown in Table 2. For genes related
to expression of the enterococcal cytolysin (8, 17), small envi-
ronment-dependent differences in the abundance of mRNA
for cytolysin structural (cylLL and cylLS) and regulatory genes
(cylR1 and cylR2) were noted (Table 2). RNA encoding func-
tions related to cytolysin maturation (cylM, -B, -A, and -I) was
modestly (about fourfold) but significantly more abundant in
serum cultures during late exponential phase than in either
2�YT or urine cultures.

Expression of genes encoding enterococcal surface proteins
related, or potentially related, to enterococcal virulence (11,
43, 62, 69) were also examined. Significant differences in abun-
dance of log-phase mRNA encoding each of the targeted sur-
face genes from E. faecalis grown in serum or urine, relative to
2�YT, were detected (Table 2). The gene encoding the E.
faecalis endocarditis antigen (efaA) demonstrated the greatest
environment-dependent change in expression. In log-phase
cells, the abundance of efaA message increased 66-fold in se-
rum and 89-fold in urine, over levels of expression in 2�YT.
The abundance of mRNA from genes encoding the enterococ-
cal surface protein (esp), aggregation substance (asa), and a
newly identified homolog of internalin (inl-like gene) increased
significantly in both serum and urine (4- to 89-fold [Table 2]).
While statistically significant, the increase in abundance of
mRNA for the gene encoding the enterococcal collagen-bind-
ing adhesin (ace) in serum and urine cultures was modest (3.3-
and 1.9-fold, respectively).

The third group of genes analyzed included three associated
with cell signaling (49, 56) or stress response (16) in E. faecalis.
As with genes encoding surface proteins, significant differences

in the abundance of mRNA from each targeted gene were
detected in log-phase serum or urine cultures relative to 2�YT
(Table 2). The abundance of mRNA from a gene encoding a
stress- and starvation-inducible protein in E. faecalis (gls24)
exhibited significant increases in both serum (15-fold) and
urine (9-fold). The abundance of mRNA from two genes, one
encoding one component (fsrC) of an apparent two-compo-
nent regulatory system (55) and the second encoding the pre-
cursor of the signaling molecule (fsrB) (49), increased in par-
allel and by similar amounts in both serum (26- and 28-fold)
and urine (11- and 16-fold). The abundance of mRNA from
the gene encoding gelatinase (gelE), which is regulated by the
fsr system (49, 55), demonstrated similar patterns of increased
abundance in both serum (52-fold) and urine (7-fold), com-
pared to levels in 2�YT.

It was next determined whether cues in serum or urine
affected virulence gene expression in stationary phase. As
shown in Table 2, there was a significantly greater abundance
of cytolysin operon mRNA in stationary-phase cultures in
urine compared to those in 2�YT. The greatest change was
noted for mRNA encoding the regulatory genes cylR2 and
cylR1, which was increased in urine 24- and 34-fold, respec-
tively. This corresponded with an increase in abundance of
mRNA from cytolysin subunit and modification genes by 1.4-
to 12-fold. In contrast, no significant differences were detected
in the abundance of cyl operon mRNA in stationary-phase cells
cultured in serum compared to 2�YT.

Growth to stationary phase in urine also resulted in a sig-
nificant increase in the abundance of mRNA for genes encod-
ing enterococcal surface proteins efa (2,195-fold), esp (24-
fold), asa (19-fold), ace (12-fold), and an inl-like protein (162-
fold) (Table 2); only efaA mRNA levels were also significantly
increased in serum culture (5-fold). Genes encoding proteins
associated with cell signaling also demonstrated significant in-
creases in stationary-phase urine culture. The mRNA encoding
gls24 was observed to be 17-fold more abundant in stationary
urine cultures relative to those in 2�YT. The abundance of
fsrB and fsrC mRNA was only slightly but statistically signifi-
cantly greater in cells cultured in urine than in 2�YT culture
(2.1- and 1.9-fold, respectively). Interestingly, despite this
small increase in fsrB and fsrC mRNA abundance, the abun-
dance of gelatinase-encoding mRNA was observed to decrease
6.7-fold in stationary-phase urine cultures.

Growth to stationary phase in serum resulted in few statis-
tically significant changes in gene expression compared to sta-
tionary-phase 2�YT cultures. These changes included the
aforementioned increase in efa message (5-fold), the small
increase in gls24 mRNA (2.1-fold), and decreases in fsrB (5-
fold reduction), fsrC (3-fold reduction), and gelatinase mRNA
(12.5-fold reduction).

The preceding analysis of data compared mRNA abundance
in cells cultured in three physiologically distinct environments,
within either log or stationary phase. It was also of interest to
determine how mRNA abundance is affected by passage from
log to stationary phase within a single environment (Table 3).
The abundance of nearly all genes decreased significantly by
large amounts in going from log- to stationary-phase culture in
a given medium, with few exceptions.

For each gene of the cyl operon, mRNA decreased from log
phase to stationary phase, regardless of the environment in

TABLE 2. Change in abundance of E. faecalis virulence factor
mRNA when cultured in serum or urine, relative to expression

levels in 2 � YTa

Gene

Fold change during phase when cultured in:

Log Stationary

Serum Urine Serum Urine

cylR2 2.1 1.8 1.5 24
cylR1 1.6 1.5 1.6 34
cylLL 1.9 1.5 1.9 8
cylLS 1.7 1.5 1.6 12
cylM 3.6 �2.5 �2.5 1.4
cylB 3.8 �2 �1.4 3.4
cylA 7 1.2 1.9 9
cylI 3.7 1.1 �1.1 8
inl-like gene 4 6 1.6 162
esp 10 4.9 1.2 24
ace 3.3 1.9 1.1 12
asa 5 6 1.4 19
efa 66 89 5 2,195
gls24 15 9 2.1 17
fsrB 28 16 �5 2.1
fsrC 26 11 �3 1.9
gelE 52 7 �12.5 �6.7

a Values greater than 1 reflect a relative increase in mRNA abundance com-
pared to 2 � YT culture; negative values reflect a relative decrease. Values in
boldface type represent changes with a statistical significance (P) of �0.05. Each
data point and statistical significance are derived from the mean and standard
deviation of three independent experiments.
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which E. faecalis was cultured (Table 3). All mRNA species
encoding surface proteins decreased in abundance in station-
ary-phase cells grown either in 2�YT or serum but most were
statistically unchanged in urine. In urine, only efa exhibited a
statistically significant decrease in expression in stationary-
phase cells (14-fold [Table 3]) compared to its abundance in
log-phase cells. mRNA encoding the stress regulator gls24 was
slightly reduced, if at all, in stationary-phase cells in 2�YT and
urine but was reduced 18-fold in stationary-phase serum cul-
ture. Signaling system genes fsrB and -C were essentially un-
changed in stationary phase when grown in 2�YT, but mRNA
levels were approximately 100-fold less in stationary-phase se-
rum cells compared to log-phase cells grown in the same me-
dium. In urine, the change was less dramatic, with both being
reduced seven- to eightfold (Table 3). The abundance of ge-
latinase mRNA, which is regulated to some degree by the fsr
system, was enigmatically increased in stationary-phase 2�YT
as previously reported (55, 56) but was decreased 50-fold in
stationary-phase serum cultures and 3-fold in urine cultures,
highlighting the importance of context.

Nucleotide sequence comparisons. Variation in the abun-
dance of mRNA encoding surface proteins appeared to follow
similar patterns. The abundance of mRNA from genes encod-
ing the surface proteins was greater in cells grown to log phase
in serum or urine than in those grown in 2�YT (Table 2).
Further, these mRNA levels also were elevated in stationary-
phase cells cultured in urine relative to those grown in 2�YT
(although efa demonstrated comparatively modest increases
during growth in serum as well [Table 2]). Therefore, it was of
interest to examine the nucleotide sequences upstream of
these genes for identities in potential regulatory regions that
may mediate shared responses to biological cues. For analysis,
500 nucleotides 5� to the predicted start codon of esp, ace, efa,
and the inl-like gene were aligned and compared. Each of
these genes was located in the emerging E. faecalis genome
database located at The Comprehensive Microbial Resource
(www.tigr.org) provided by The Institute for Genomic Re-

search. Confirmation of appropriate sequence was achieved by
comparison to sequence data available in our laboratory or
through the Entrez database. Multiple sequence alignment was
performed using the Clustal X software program (32, 75), and
viewing of the data for analysis was facilitated through the use
of the SeqVu program.

Multiple sequence alignment revealed a region of greatest
sequence similarity 5� to each of the genes (Fig. 2). The con-
sensus sequence spanned 15 bp and was located approximately
200 bp (range of 179 to 219 bp) 5� to each gene (179 to 219).
Within this sequence, two bases were invariant and nine oc-
curred in 75% of sequences (Fig. 2). The extent of conserva-
tion within this region was similar to that observed in the
putative �10 boxes and ribosome-binding sites of the genes
following multiple sequence alignment (Fig. 2). Alignment of
500 nucleotides 5� to the predicted start codon from each of 20
randomly chosen genes in the E. faecalis genome database
failed to reveal a similar sequence motif (Fig. 2).

DISCUSSION

Real-time quantitative PCR has emerged as a sensitive and
quantitative tool for measuring nucleic acid abundance in a
wide variety of biological systems. While the technology has
been widely applied in a broad range of studies of eukaryotic
systems, few studies have used real-time quantitative PCR to
study gene expression and transcriptional organization in pro-
karyotes, with the majority being sharply focused in scope (5,
14, 25, 38, 44, 61). With a view toward verifying targets for the
design of new antimicrobials, we applied real-time PCR to
examine the expression patterns of enterococcal genes associ-
ated with virulence in biological environments that would be
expected to occur at the site of common forms of enterococcal
infection. Because real-time quantitative PCR used in the
present study was based on amplification of mRNA, the results
reflect only the processes of transcription and those forces
regulating the degradation of mRNA following transcription.
As focus was directed toward the environmental regulation of
enterococcal gene expression and mRNA turnover, extension
of the results to the protein level was beyond the scope of the
present study. The present study demonstrated that the mech-
anisms regulating enterococcal gene expression and mRNA
turnover are sensitive to the environment, and identified and
quantified environment-dependent changes in mRNA abun-
dance from genes related to toxin production, surface adher-
ence, and cell signaling.

Streptococcal surface proteins that demonstrate increased
expression in stationary phase have been identified (15, 61).
Several studies have identified proteins and environmental
cues that coordinately mediate entry of bacteria into stationary
phase and subsequently modulate patterns of gene expression
during stationary phase (4, 36, 41, 54). Evidence suggests that
quorum-sensing may provide such a cue and thus play a role in
the regulation of entry into stationary phase (41).

The abundance of mRNA from genes encoding proteins
associated with cell signaling in E. faecalis was affected by
growth in either serum or urine, relative to that in 2�YT.
Levels of fsrB and fsrC mRNA in exponential phase were
higher in serum and urine than in 2�YT (Table 2). However,
mRNA levels for each gene were comparable in all media

TABLE 3. Change in mRNA in transition from log to
stationary phase

Gene
Fold change when cultured in:

2�YT Serum Urine

cylR2 �95a �127 �7
cylR1 �136 �131 �6
cylLL �97 �99 �17
cylLS �146 �156 �18
cylM �37 �315 �10
cylB �22 �123 �3
cylA �72 �247 �10
cylI �19 �79 �2.5
inl-like gene �19 �48 1.4
esp �10 �91 �2.1
ace �3.6 �11 1.7
asa �2.9 �10 1.1
efa �352 �4,973 �14
gls24 �2.5 �18 �1.7
fsrB �1.1 �119 �8
fsrC �1.3 �123 �7
gelE 16 �50 �3

a Values in boldface type represent statistically significance differences (P �
0.05).
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during stationary phase (Table 2). The parallel patterns of
mRNA abundance from both genes most likely results from
the inferred cotranscription from a single promoter (56). Lev-
els of mRNA from gelE, which is transcriptionally regulated by
fsrB and fsrC (55, 56), were higher in exponential phase in both
serum and urine than laboratory medium (Table 2), but not in
stationary phase (Table 2), and they broadly paralleled the
pattern of mRNA abundance from fsrB and fsrC. A recent
report suggests that expression of fsrC and gelE is increased
postexponentially in laboratory medium (55). In that report, a
spike in expression was observed at the 4 h-subculture time
point, which appeared to represent the point of inflection be-
tween exponential- and stationary-phase growth (55). The
present study demonstrated an approximately 16-fold increase
in gelE mRNA abundance at a time point approximately 18 h
after entry into stationary phase, compared to levels in log-
phase cells in laboratory medium, which contrasts with the
previously reported observation that following the burst of
expression, gelE message became undetectable over the next
few hours (55). In the present study, we observed a significant
medium-dependent increase in the level of gelE mRNA in
exponential-phase cells from either serum or urine, demon-
strating that in addition to growth phase, host cues play a role
in gelE gene expression and/or mRNA turnover.

Levels of gls24 mRNA were higher during exponential phase
in E. faecalis cultured in either serum or urine, relative to that

cultured in 2�YT (Table 2). However, during stationary
phase, only urine caused a substantial increase over levels
obtained in 2�YT (Table 2). gls24 encodes a protein that has
been identified as a general stress protein in E. faecalis, due to
its induction in starvation and stress responses (16). Inactiva-
tion of gls24 has pleiotropic effects on cell physiology, mor-
phology, and gene expression (16). Of interest is the observa-
tion in the present work that in both serum and urine,
increased levels of gls24 mRNA were observed in log phase,
indicating that these environments present E. faecalis with
physiologic stresses that do not occur in 2�YT. Interestingly,
during both log and stationary phase in each of the three
environments, the abundance of gls24 mRNA paralleled that
of genes encoding enterococcal surface proteins. Further in-
vestigation may define a direct or indirect association between
the two observations.

The abundance of cyl operon mRNA showed few medium-
dependent changes during exponential phase (Table 2). The
expression of cylLL and cylLS was recently shown to be con-
trolled by quorum-sensing autoinduction at cell densities
above 107 CFU/ml (25). As cell densities at the time of log-
phase RNA isolation in each of the three environments were
above this threshold, the operon was most likely maximally
induced in each environment. However, mRNA encoding the
modification (cylM, cylA), transport (cylB), and immunity (cylI)
functions of the cyl operon exhibited increased abundance

FIG. 2. Common sequence of nucleotides identified by multiple sequence alignment of regions 5� to the start codon of E. faecalis genes
encoding surface proteins. For analysis, 500 nucleotides 5� to the predicted start codon of esp, ace, efa, and the inl-like genes were aligned and
compared. The identified consensus sequence is located approximately 200 bp (range, 179 to 219 bp) 5� to each gene. The percent conservation
for each nucleotide is shown and is proportionately represented by font size. Alignment of 500 nucleotides 5� to the predicted start codon from
each of 20 randomly chosen genes (analyzed in two groups of 10 genes each) in the E. faecalis genome failed to reveal a similar sequence motif.
From each control group of 10 genes, the alignment yielding the highest degree of conservation over the greatest number of bases, other than that
observed in the putative �10 boxes and ribosome-binding sites, is provided for comparison.
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during log-phase growth in serum relative to 2�YT. Expres-
sion of these genes occurs by initiation of transcription from a
promoter (PL) 5� to cylLL, and elongation of transcription
through an attenuator between cylLS and cylM (17, 24, 25).
This process generates a short transcript encoding cylLL and
cylLS and a full-length transcript bearing each gene in the
order cylLLLSMBAI. The increased abundance of cylM, cylB,
cylA, and cylI in serum may be due to factors in serum that
facilitate transcriptional elongation through antitermination at
the attenuator, or decreased turnover by endogenous RNases.
In Escherichia coli, a protein has been identified that promotes
transcript elongation in a subset of operons associated with the
production of extracellular components required for virulence
(3, 42), including the E. coli hemolysin.

During stationary-phase growth, increased abundance of
mRNA from genes within the cyl operon was detected only for
E. faecalis cultured in urine relative to 2�YT (Table 2). This
suggests either enhanced transcription of the cytolysin operon
in urine, the lack of a signal that downregulates expression of
the cyl operon in stationary phase in urine, increased stability
of cyl mRNA in urine, or a combination of these processes.
Examination of the mechanisms regulating cytolysin expres-
sion and mRNA turnover in late stationary phase is the subject
of ongoing study. As the cyl primer pairs used in real-time PCR
amplification were designed and confirmed to amplify without
statistically significant difference, direct comparison between
different genes of the operon was possible. mRNA encoding
the cytolysin maturation functions demonstrated a distinct pat-
tern of abundance when derived from urine-grown cultures.
No difference in abundance was detected for cylM, cylB exhib-
ited a threefold increase, and cylA and cylI demonstrated an
eight- to ninefold increase. Because cylM, cylB, cylA, and cylI
are joined in that order within a polycistronic message that
includes cylLL and cylLS at the 5� end (17, 24), the increase in
abundance of the four genes shows 5�33� directionality. This
may reflect variable mRNA stability or degradation, both of
which could be controlled by environmental cues. Independent
degradation at different rates of individual segments within a
polycistronic message is known to lead to segmental differ-
ences in stability of several prokaryotic polycistronic mRNAs,
and subsequent differential expression of genes within an
operon (2, 21, 58, 60). Moreover, mechanisms that regulate
mRNA degradation in a variety of bacteria have been shown to
be sensitive to environmental signals (1, 9, 19, 39, 46, 67). Such
features of mRNA stability and degradation have yet to be
studied in detail in the enterococci.

With only a few exceptions, the abundance of mRNA from
each of the analyzed genes decreased from log to stationary
phase in any given environment (Table 3). Although the data
highlight a general trend toward decreased mRNA abundance
in stationary phase versus exponential phase in each of the
three environments, the decrease was generally less for E.
faecalis cultured in urine than for E. faecalis cultured in either
serum or 2�YT. In a relative comparison, increased abun-
dance of a specific mRNA may reflect either an increased level
in a given environment (e.g., serum or urine) or a decreased
level in the environment used as a baseline for comparison
(e.g., 2�YT). In the present work, the abundance of mRNA
from efaA provides the most-striking example of the latter. In
stationary phase, the abundance of efaA mRNA was 2,195-fold

greater in E. faecalis cultured in urine than it was when cul-
tured in 2�YT (Table 2), and this difference was far greater
than the 89-fold difference between the two environments dur-
ing exponential phase (Table 2). Nonetheless, the abundance
of efaA mRNA decreased from exponential to stationary phase
in both urine and 2�YT (Table 3). However, the decrease in
abundance was far greater for E. faecalis cultured in 2�YT
than for E. faecalis cultured in urine (Table 3). Thus, the
2,195-fold increase in abundance of efaA mRNA from E. fae-
calis cultured to stationary phase in urine relative to that when
cultured in 2�YT reflects primarily the decreased abundance
of efaA mRNA in E. faecalis cultured in 2�YT.

The abundance of mRNA encoding the enterococcal surface
proteins studied was observed to vary in similar patterns (Table
2 and 3). To probe for possible evidence of a mechanism of
coregulation at the level of transcription, nucleotide sequences
5� to each of these genes were aligned and examined for iden-
tities that may mediate shared responses to biological cues.
The region of greatest sequence conservation occurred approx-
imately 200 bp 5� to the predicted start codon of each gene and
represented a consensus sequence spanning 15 bp (Fig. 2).
This sequence was notable as the extent of conservation was
observed to be similar to that occurring at the putative ribo-
some-binding sites and �10 boxes of the same genes. More-
over, no similarly conserved motif was observed in control
alignments of randomly selected genes, although a consensus
putative ribosome-binding site and �10 box were identified in
each of the control genes. The importance of the consensus
sequence, if any, remains to be proven experimentally. The
identified sequence shares no similarity to consensus motifs
associated with transcriptional regulation that are located 5� to
several genes encoding surface proteins and other virulence
factors in Staphylococcus aureus (6, 37, 53, 59) and Streptococ-
cus pyogenes (20, 45, 47).

In the present study, the abundance of mRNA from entero-
coccal genes was found to be dependent on biological cues that
occur in serum and urine. The identification of such responses
demonstrates the occurrence of as-yet-uncharacterized mech-
anisms for control of gene expression in enterococci that are
likely to play an important role in vivo. At any given point in
time, the level of mRNA in a bacterial cell is a function of two
opposing forces. The abundance of a specific mRNA is deter-
mined by both the efficiency of transcription of the correspond-
ing DNA and the degradation of the mRNA, which is primarily
determined by the activity of endogenous exo- and endoribo-
nucleases. Thus, the moment of RNA isolation represents a
snapshot of the consequence of these processes. This study
demonstrates that for E. faecalis, there are both environment-
specific and growth phase-specific cues that contribute to reg-
ulation of virulence factor gene expression.
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