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Enterococci have emerged among the leading causes of nosocomial infection. With the goal of analyzing
enterococcal genes differentially expressed in environments related to commensal or environmental coloniza-
tion and infection sites, we adapted and optimized a method more commonly used in the study of eukaryotic
gene expression, random arbitrarily primed PCR (RAP-PCR). The RAP-PCR method was systematically
optimized, allowing the technique to be used in a highly reproducible manner with gram-positive bacterial
RNA. In the present study, aerobiosis was chosen as a variable for the induction of changes in gene expression
by Enterococcus faecalis. Aerobically and anaerobically induced genes were detected and identified to the
sequence level, and differential gene expression was confirmed by quantitative, specifically primed RT-PCR.
Differentially expressed genes included several sharing identity with those of other organisms related to oxygen
metabolism, as well as hypothetical genes lacking identity to known genes.

Enterococci have emerged as leading causes of nosocomial
infection, including urinary tract infections, wound infections,
and bacteremia (10, 12, 25, 33, 37, 39, 41, 44). Among these
and other types of enterococcal infection, approximately 80%
are associated with Enterococcus faecalis (21) and the majority
are nosocomial (34). Enterococcal infections are especially
troublesome because of the high level of intrinsic antibiotic
resistance and because they have acquired resistance determi-
nants capable of rendering the organism completely resistant
to all currently approved antibiotics (21).

Because of the emergence of enterococci as leading noso-
comial pathogens and the development of broad antimicrobial
resistance, particularly to vancomycin, an understanding of
host-parasite interactions is a key to the development of new
prophylactic and therapeutic strategies. Only a few traits are
known to contribute to the pathogenesis of enterococcal infec-
tion. The enterococcal cytolysin contributes to toxicity, loss of
organ function, and lethality during enterococcal infection (6,
24, 26), and cytolytic strains of E. faecalis have been observed
to be enriched among clinical isolates, especially those from
the bloodstream (21–23). Enterococcal aggregation substance
has been demonstrated to contribute to increased cardiac veg-
etation size (6) and has been associated with enhanced viru-
lence in a rabbit model of endocarditis (45). Other putative
virulence factors include surface carbohydrates (18, 19) and
enterococcal lipoteichoic acid (2), but their specific roles in
enterococcal infection have yet to be determined. Since en-
terococci evolved as commensal organisms, the contribution of
specific factors to pathogenesis is typically subtle. Thus, sensi-
tive techniques are required for the identification of such fac-
tors.

Differential-display PCR (DD-PCR) is a relatively new
method for observing the differential expression of genes in
comparative studies within a large number of experimental
systems (31, 35, 51). The technique was originally developed

for use in the study of eukaryotic gene expression, and this
continues to be its most common application (31, 35). A de-
rivative of DD-PCR, random arbitrarily primed PCR (RAP-
PCR), utilizes an arbitrary primer at a low annealing temper-
ature for both the first- and second-strand cDNA synthesis
reactions (51). At such low-stringency temperatures the arbi-
trary primer is able to bind at random sites within the template
that show limited, but not complete, complementarity. Because
the same arbitrary primer is used as both the 59 and the 39
primers, the primer sequence is incorporated at both ends of
the resulting double-stranded products. The products are am-
plified by standard PCR by using the arbitrary primer, resolved
by polyacrylamide electrophoresis, and visualized by autora-
diography. Differences in gene expression can be inferred from
the resulting “fingerprint” by observing the presence or ab-
sence of specific products between different populations of
cells. By eliminating the use of an oligo(dT) primer, the 39 bias
toward the polyadenylate tail in eukaryotic mRNA is elimi-
nated. Thus, priming of first-strand synthesis potentially can
occur at any point within the RNA. For this reason, RAP-PCR
may be used for amplification of RNAs that are not polyade-
nylated, such as bacterial RNA.

This technology has been applied to only a few prokaryotic
systems (1, 52) because of high sample-to-sample variability, as
was encountered in initial attempts to study E. faecalis gene
expression by using available methods (51, 52). We therefore
systematically optimized the RAP-PCR method and identified
several key refinements which ultimately allowed the technique
to be used in a highly reproducible manner with gram-positive
bacterial RNA. In the present study, aerobiosis was chosen as
a variable for the induction of changes in gene expression by E.
faecalis. Aerobically and anaerobically induced genes were de-
tected and identified to the sequence level, and differential
gene expression was confirmed by quantitative, specific reverse
transcriptase PCR (RT-PCR).

MATERIALS AND METHODS

Bacterial strains and growth conditions. A strain of E. faecalis, MMH594 (23),
that caused multiple infections in a hospital ward outbreak was used to study
differential gene expression under either aerobic or anaerobic conditions. Esch-
erichia coli XL-1 Blue (Stratagene, La Jolla, Calif.) was used for cloning differ-
entially expressed RAP-PCR products. For aerobically cultured E. faecalis, a
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10-ml overnight culture was grown in a 50-ml centrifuge tube for 18 h in brain
heart infusion (BHI) broth (Becton Dickinson, Cockeysville, Md.) at 37°C with
shaking at 300 rpm. The overnight culture was diluted 1:100 in 10 ml of fresh BHI
broth and subcultured in a 50-ml centrifuge tube to mid-log phase (optical
density at 560 nm [OD560] of 1.0) at 37°C with shaking at 300 rpm for 4 h prior
to RNA isolation. For anaerobically cultured E. faecalis, a 10-ml overnight
culture was grown in a 50-ml centrifuge tube in BHI broth at 37°C without
shaking for 18 h in an anaerobic hood. The overnight culture was diluted 1:100
in 10 ml of fresh BHI broth and subcultured anaerobically in a 50-ml centrifuge
tube to mid-log phase (OD560 5 1.0) at 37°C without shaking for 3.5 h prior to
RNA isolation. E. coli was cultured on plates containing Luria-Bertani (LB)
media and 1.5% Bacto-Agar (Difco, Detroit, Mich.), and appropriate transfor-
mants were subsequently cultured in LB broth (43). Antibiotics used for selection
of transformed E. coli included ampicillin (100 mg/ml) and tetracycline (12.5
mg/ml) (Sigma, St. Louis, Mo.). For detection of insertional inactivation of the
lacZa gene contained in the cloning vectors, 50 mM isopropyl-b-D-thiogalacto-
pyranoside (Sigma) and 0.01% 5-bromo-4-chloro-3-indolyl-b-D-galactopyrano-
side (Sigma) were added to the media.

RNA extraction and preparation. Total RNA was isolated as previously de-
scribed (5) with minor modifications. Briefly, each 10-ml subculture of E. faecalis
was centrifuged (2,500 3 g for 2 min at 4°C), and the bacterial pellet was
resuspended in 1.5 ml of Tri Reagent (Sigma). The cell suspension was imme-
diately transferred to a 2-ml microcentrifuge tube (BioSpec Products, Bartles-
ville, Okla.) containing 0.5 ml of 100-mm-diameter zirconia-silica beads (BioSpec
Products). The tube was immediately placed in a high-speed reciprocating shaker
(BioSpec Products) and horizontally shaken at 5,000 rpm for 1 min to lyse the
bacterial cells. After lysis, the tube was placed on ice and the beads were allowed
to settle out of the lysis mixture. The lysate was clarified by centrifugation
(12,000 3 g for 10 min at 4°C). The supernatant was recovered and extracted with
300 ml of chloroform. After a manual shaking for 15 s, the mixture was placed on
ice for 15 min prior to centrifugation (12,000 3 g for 10 min at 4°C). After
centrifugation the aqueous phase was recovered, and the RNA was precipitated
by adding 750 ml of isopropyl alcohol. After incubation on ice for 10 min, the
RNA was pelleted by centrifugation (12,000 3 g for 10 min at 4°C). The RNA
pellet was washed with 1.7 ml of 75% ethanol, air dried for 5 to 10 min, and
resuspended in 200 ml of diethylpyrocarbonate (DEPC)-treated water.

Residual contaminating genomic DNA was removed in the following manner.
After resuspension of the total RNA, a 0.25 volume of transcription-optimized
buffer (Promega, Madison, Wis.) containing 200 mM Tris-HCl (pH 7.9), 30 mM
MgCl2, 10 mM spermidine, and 50 mM NaCl was added. Five units of RQ1
RNase-free DNase (Promega) was added, and the mixture was incubated at 37°C
for 15 min. After incubation, 250 ml of phenol-water (3.75:1 [vol/vol]; Life
Technologies, Grand Island, N.Y.) was added. Additionally, 250 ml of chloro-
form was added, and the solution was centrifuged (12,000 3 g for 10 min at 4°C).
RNA was recovered in the aqueous phase, and the phenolic phase was extracted
with 250 ml of TE buffer and centrifuged to ensure quantitative recovery. After
centrifugation, the second aqueous phase was recovered and mixed with the first.
RNA was precipitated by the addition of 1 ml of 100% ethanol and incubation
at 270°C for at least 30 min. RNA was pelleted by centrifugation (12,000 3 g for
20 min at 4°C), washed with 75% ethanol, and air dried for 5 to 10 min.
DNase-treated total RNA was resuspended in 50 ml of DEPC-treated water
containing 0.1 mM EDTA and stored at 270°C.

The integrity of the RNA was assessed by electrophoresis of 2 ml of each
sample through a 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 (43). RNA concen-
tration was determined spectrophotometrically by measuring the A260/A280 ratio
of a 1:50 dilution in DEPC-treated water.

RAP-PCR. To initiate each experimental reaction, 14.5 ml containing 1 mg of
total E. faecalis RNA, diluted in DEPC-treated water as needed, was heated in
a 0.65-ml thin-wall PCR tube to 70°C for 10 min and immediately placed on ice.
After 1 min of incubation on ice and brief centrifugation pulse to collect con-
tents, 5 ml of buffer containing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM
MgCl2, a 1.25 mM concentration of an arbitrarily chosen primer (Stratagene),
1.25 mM concentrations of each deoxynucleoside triphosphate (dNTP), and 40 U
of RNase Block RNase inhibitor (Stratagene) was added. Contents were mixed,
collected by brief centrifugation, and allowed to equilibrate to 37°C for 5 min.
After equilibration, 25 U of Moloney murine leukemia virus (MMLV) RT
(Stratagene) was added for a final volume of 20 ml. The reaction was incubated
at 37°C for 1 h. Upon completion of first-strand cDNA synthesis, the reaction
was heated to 90°C for 5 min to inactivate the RT and then immediately placed
on ice for 10 min. The reaction was diluted 1:10 in sterile water and either used
immediately in a second-strand synthesis reaction or stored at 220°C.

For second-strand synthesis, 10 ml of the cDNA preparation was mixed with
39.8 ml of a standard PCR mixture in a 0.65-ml thin-wall PCR tube for a final
reaction volume of 50 ml containing 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 3
mM MgCl2, 50 mM concentrations of each dNTP, 10 mCi of [a-33P]dCTP (Du-
Pont NEN, Boston, Mass.), and a 1 mM concentration of the same arbitrary
primer used in first-strand cDNA synthesis. After overlay of 50 ml of light mineral
oil, the reaction was incubated at 96°C for 10 min, followed by incubation at 36°C
for 15 min. After the extended equilibration at 36°C, 1 U of Taq polymerase was
added with gentle mixing of contents. The reaction was allowed to equilibrate at

36°C for an additional 15 min, followed by a 5-min incubation at 72°C. The
following parameters were used for an additional 39 cycles of PCR: 94°C (1 min),
50°C (1 min), 72°C (2 min), and a final extension at 72°C for 10 min. Upon
completion, the reaction was stored at 0 to 4°C. The sequences of the primers
used in separate RAP-PCR experiments were AATCTAGAGCTCTCCAGC
(primer 1) and AATCTAGAGCTCCCTCCA (primer 2).

To visualize RAP-PCR products, 5 ml from each reaction was mixed with 10 ml
of stop buffer containing 80% formamide, 50 mM Tris-HCl (pH 8.3), 1 mM
EDTA, 0.1% (wt/vol) xylene cyanol, and 0.1% (wt/vol) bromophenol blue. The
samples were heated to 96°C for 2 min, and the contents were collected by brief
centrifugation. Five microliters of each reaction was loaded on a 6% polyacryl-
amide sequencing gel prepared in TBE buffer (Life Technologies). Electro-
phoresis was performed at 1,500 V and continued until the xylene cyanol dye had
migrated to 2.5 cm above the bottom of the gel. The gel was transferred to 3MW
paper (Midwest Scientific, Valley Park, Mo.) and dried under vacuum at 80°C for
40 min. Autoradiography was performed by exposing the gel to Kodak BioMax
MR film for 18 h at an ambient temperature.

Isolation, cloning, and sequencing of RAP-PCR products. The RAP-PCR gel
and the autoradiogram were aligned by using radioactive ink marks placed on the
gel prior to autoradiography. By using the autoradiogram as a template, indi-
vidual bands representing differentially expressed products were cut and re-
moved from the gel with a sterile scalpel (30, 52). Each isolated piece of acryl-
amide gel with filter paper was cut into smaller pieces with a sterile scalpel, and
the pieces were collected in a microcentrifuge tube. Fifty microliters of elution
buffer (0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA [pH
8.0], 0.1% sodium dodecyl sulfate) (1, 43) was added to the tube, and the mixture
was heated to 100°C for 30 min. The eluate from the reaction was collected, and
the DNA was precipitated by the addition of 0.1 volume of 3 M sodium acetate
(pH 5.17) and 2.5 volumes of 100% ethanol followed by incubation at 270°C for
2 h. DNA was pelleted by centrifugation at 12,000 3 g for 30 min at 4°C. The
DNA pellet was washed with 2.5 volumes of 75% ethanol, air dried for 5 min, and
resuspended in 10 ml of sterile water.

The individual products of interest were reamplified with the same primer
incorporated in both first- and second-strand synthesis reactions of RAP-PCR.
The entire volume of recovered DNA was amplified in a standard 50-ml PCR
mixture containing 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 3 mM MgCl2, a 50
mM concentration of each dNTP, a 1 mM concentration of the arbitrary primer,
and 1 U of Taq polymerase (Promega). The following parameters were used in
the PCR: 94°C (1 min), 50°C (1 min), 72°C (2 min), and a final extension at 72°C
for 10 min. The reamplified RAP-PCR products were analyzed on a 1% low-
melting-point agarose gel and purified using a Geneclean kit (Bio 101, Vista,
Calif.) according to the manufacturer’s recommendations.

Each purified RAP-PCR product was ligated into either the EcoRV site of the
pBluescript cloning vector (Stratagene) or the XcmI site of the pKRX cloning
vector (46) by standard techniques for blunt-end ligation (43). Ligation products
were used to transform E. coli XL-1 Blue (Stratagene) according to established
protocols (43). Transformed E. coli were identified by using inactivation of the
lacZa gene as a phenotypic marker (43), and plasmids containing the RAP-PCR
product of interest were isolated by using the Wizard Plus Miniprep kit (Pro-
mega) according to the manufacturer’s recommendations.

DNA sequence information was obtained by using standard chain termination
reactions employing fluorescein-labeled M13 forward and reverse primers (Phar-
macia Biotech, Piscataway, N.J.) and a T7 DNA polymerase-based AutoRead
Sequencing Kit (Pharmacia Biotech), with a Pharmacia LKB A.L.F. DNA Se-
quencer. GCG utilities on a VAX mainframe were used in BLAST searches for
sequence homologies (49).

Confirmation of differential gene expression. Sequence data from each differ-
entially expressed RAP-PCR product was used to develop specific primers for
use in specifically primed, quantitative RT-PCR to confirm differential gene
expression. In each reaction, 1 mg of total RNA, diluted in DEPC-treated water
as needed, was incubated at 85°C for 3 min and immediately placed on ice. After
a 1-min incubation on ice and brief centrifugation to collect contents, 8 ml of a
standard RT-PCR reaction mixture was added in a final reaction volume of 20 ml
containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 500 mM
concentrations of each dNTP, 50 pmol of the specific reverse primer, 10 U of
RNase inhibitor (Ambion, Austin, Tex.), and 100 U of MMLV RT (Ambion).
After gentle mixing and brief centrifugation, each reaction was incubated at 42°C
for 60 min followed by a 10-min incubation at 92°C. The cDNA from each
reaction was either used immediately in PCR or stored at 220°C.

For amplification, 5 ml of the cDNA preparation was mixed with 45 ml of a
standard PCR mixture in a final reaction volume of 50 ml containing 10 mM
Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 125 mM concentrations of each
dNTP, 50 pmol each of both the specific forward and reverse primers, and 5 U
of Taq polymerase (Promega). Each reaction was gently mixed and overlaid with
50 ml of light mineral oil. After a 5-min incubation at 95°C, amplification was
performed for 20 cycles by using the following parameters: 94°C (20 s), 55°C (30
s), and 72°C (40 s), with a final extension at 72°C for 5 min. Five microliters of
each PCR product was analyzed by electrophoresis in a 1% agarose gel stained
with ethidium bromide following normalization to an internal control product
amplified in parallel. Relative quantities of each RT-PCR product amplified
from both aerobic and anaerobic RNA were analyzed by using SigmaGel image
analysis software (Jandel Corp., San Rafael, Calif.). Paired reactions lacking RT
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were used as negative controls to detect contamination of RNA by residual
genomic DNA.

RESULTS

RNA isolation. Cells of E. faecalis MMH594 were cultured
either aerobically or anaerobically to mid-log phase in BHI
broth, isolated, and resuspended in a chaotropic RNA extrac-
tion reagent. Cell lysis was achieved by horizontally shaking the
cells mixed with zirconia-silica beads on a reciprocating high-
speed shaking device, and RNA was isolated as described.
RNA was isolated from six independent aerobic cultures and
six independent anaerobic E. faecalis cultures. After electro-
phoresis, bands indicating the 23S, 16S, and 5S rRNA species
were clearly identifiable (data not shown). Each band was well
defined with no smearing, indicating that no overt degradation
of the RNA occurred during isolation. The A260/A280 ratios
ranged from 1.88 to 2.00 for the 12 RNA preparations.

RAP-PCR. To assess the effect of RNA concentration in
RAP-PCR, various amounts of total RNA (0.125, 0.25, 0.5, 1,
and 2 mg) were used in the first-strand synthesis reactions in a
series of amplifications. For standardization, the same tem-
plate RNA was used in each independent amplification. The
results of the titration experiments are shown in Fig. 1. Al-
though broadly similar from lane to lane, there were RNA-

dependent differences in the number of RAP-PCR products
detected. As the amount of RNA in the first-strand reaction
increased from 0.125 to 2 mg, the aggregate number of RAP-
PCR products increased, with a plateau in the number of well
resolved and easily detected products beginning at ca. 1 mg of
RNA in the first-strand reaction. Therefore, 1 mg of RNA was
selected for use in subsequent first-strand reactions.

Because RAP-PCR depends on the random priming of an
arbitrary primer at low annealing temperatures, the effect of
different annealing temperatures in the second-strand synthe-
sis reaction was investigated. A series of annealing reactions
was performed with the same template RNA and a range of
temperatures to characterize the impact on the quantity and
quality of the RAP-PCR products generated. The reactions
were performed as described by using 1 mg of template RNA
with the following range of annealing temperatures in the
second-strand synthesis reaction: 20, 25, 30, 36, and 40°C. As
the second-strand annealing temperature increased from 20 to
36°C, the total number of RAP-PCR products decreased, and
the resolution of the larger products increased (Fig. 2). With
interest in maximizing both the number and the resolution of
RAP-PCR products, 36°C was chosen as the second-strand
annealing temperature in subsequent reactions.

FIG. 1. Effects of RNA concentration on RAP-PCR. Different amounts of
the same RNA were amplified by RAP-PCR. In each lane the following amounts
of total RNA were used during first-strand synthesis: lane 1, 125 ng; lane 2, 250
ng; lane 3, 500 ng; lane 4, 1 mg; and lane 5, 2 mg. A paired control reaction
without RT showed no products derived from genomic DNA contamination.

FIG. 2. Effects of annealing temperatures during second-strand synthesis on
RAP-PCR. For each reaction, 1 mg of the same total RNA was amplified by
RAP-PCR. In each lane the following annealing temperatures were used during
second-strand synthesis: lane 1, 20°C; lane 2, 25°C; lane 3, 30°C; lane 4, 36°C; and
lane 5, 40°C. A paired control reaction without RT showed no products derived
from genomic DNA contamination.
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Extended equilibration of the samples during first- and sec-
ond-strand synthesis proved to be one of the most important
parameters for achieving reproducibility. Amplification prod-
ucts that resulted from RAP-PCR amplification of aerobic
RNA, either with or without extended temperature equilibra-
tion during first- and second-strand synthesis (5 min at 37°C for
the former and 15 min at 36°C for the latter), are shown in Fig.
3. In lanes 1 to 3, three aerobic RNA samples were amplified
by RAP-PCR without allowing for extended equilibration of
the samples prior to the addition of appropriate enzymes for
DNA synthesis. Thus, RT and Taq polymerase were added
immediately after denaturation. In lanes 4 to 6, the same three
aerobic RNA samples were amplified by RAP-PCR as detailed
in the Materials and Methods section. Many of the products
were amplified equivalently regardless of the inclusion or ex-
clusion of extended equilibration, reflective of favorable prim-
ing at certain sites that did not depend on the stringency of
control during first- and second-strand synthesis. However, a
more consistent and reproducible product profile was gener-
ated when extended equilibration was included during ampli-
fication. Additionally, there appeared to be a subtle yet distinct
increase in the number of products amplified when extended
equilibration is included.

To assess the reproducibility of the RAP-PCR technique
described in the present work and to determine whether it
could be used to identify differences in enterococcal gene ex-
pression, RAP-PCR was performed on total RNA isolated
from aerobically and anaerobically cultured E. faecalis
MMH594 by using the optimized reaction parameters. Aero-

biosis was used as a variable to induce potential changes in
enterococcal gene expression. Aerobiosis was chosen as a test
variable because it is significantly different between sites of
enterococcal colonization (e.g., the gastrointestinal tract) and
disease (e.g., the bloodstream). Thus, it may provide an im-
portant environmental cue for regulation of the expression of
enterococcal genes. The amplification products that resulted
from RAP-PCR amplification of aerobic and anaerobic RNA
are shown in Fig. 4. To facilitate discrimination of differentially
expressed products from spurious artifacts and to assess the
reproducibility of the optimized protocol, RAP-PCR was per-
formed with RNA purified from six independent aerobic and
six independent anaerobic E. faecalis cultures.

As expected, a majority of the RAP-PCR products were
common to amplifications of RNA from aerobically and anaer-
obically cultured E. faecalis (Fig. 4). However, RAP-PCR
products that were unique to either the aerobic or the anaer-
obic RNA samples could be identified. Importantly, products
unique to RNA derived from either environment occurred
reproducibly. Some RAP-PCR products were amplified at
qualitatively different levels between RNA derived from both

FIG. 3. Effects of temperature equilibration during first- and second-strand
synthesis on reproducibility of RAP-PCR amplification. Total RNA from three
independent aerobic cultures of E. faecalis was amplified by RAP-PCR either
without (lanes 1 to 3) or with (lanes 4 to 6) extended equilibration during first-
and second-strand synthesis prior to the addition of the appropriate enzymes for
DNA synthesis. Arrows indicate areas of irreproducibility in the reactions per-
formed without extended equilibration.

FIG. 4. RAP-PCR products derived from samples of total RNA from aero-
bically and anaerobically cultured E. faecalis. Lanes: 1 to 6, aerobic samples 1 to
6; 7 to 12, anaerobic samples 1 to 6. Arrows indicate differentially amplified
products. Primer 2 was used for amplification. For each experimental reaction, a
paired negative control reaction lacking RT during first-strand synthesis was
performed. These controls were used to qualitatively assess the levels of genomic
DNA contamination of each RNA sample. No products derived from residual
genomic DNA contamination were identified in any of the negative control
reactions.
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environments, based on variations in the intensities of the
bands in the autoradiograph. The relative amount of a specific
product amplified by RAP-PCR closely parallels the relative
amount of the specific corresponding RNA in a given sample
of total RNA (51). Thus, the intensity of the bands in the
autoradiograph can serve as a qualitative index of the relative
abundance of a particular transcript. Therefore, RAP-PCR
appears to provide a sensitive technique for detecting both
gross and subtle differences in gene expression between pop-
ulations of E. faecalis.

Sequence identification of differentially expressed RAP-
PCR products. To identify genes within the emerging E. fae-
calis genome database that are differentially expressed in re-
sponse to changes in oxygen tension, the differentially
amplified RAP-PCR products were recovered and reamplified
by standard PCR with the same arbitrary primer used in RAP-
PCR. After reamplification, the products were gel purified and
ligated into a TA cloning vector for transformation of E. coli.
Plasmids were isolated, and the inserts were subjected to au-
tomated sequence analysis. Specific primer pairs for each
RAP-PCR product were designed by using the sequence data
and then used in RT-PCR to confirm differential gene expres-
sion (Fig. 5).

Of 13 total RAP-PCR products amplified with the first ap-
plication of the optimized protocol, 4 were identified as false
positives for differential gene expression upon visual examina-
tion after RT-PCR with specific primers (data not shown) and
were eliminated from further analysis. DNA sequence infor-
mation from the nine RAP-PCR products confirmed by RT-
PCR to be derived from differentially expressed genes was
compared to that in the GenBank database by using the
BLAST search algorithm (49) to identify similarities to known
sequences (Table 1). Cloned inserts of the RAP-PCR products
ranged in size from 181 to 425 bp. Four of the RAP-PCR
products were amplified by using random primer 1, and five
were amplified by using random primer 2. Sequence analysis
showed that each random primer amplified different products,
with no duplications either within or between the two groups of
products. Additionally, a similar number of either aerobically
or anaerobically induced products were identified. Sequencing
revealed a previously undetected enterococcal gene that was
aerobically induced and exhibited significant similarity (small-
est sum probability score of ,1026) to a Bacillus subtilis gene
coding for catalase (32). Two aerobically induced products
with different sequences had significant similarity to a B. sub-
tilis gene coding for an oxidoreductase. Anaerobically induced
genes included one with significant similarity to an ABC trans-
porter from B. subtilis, as well as one with significant similarity
to a B. subtilis gene coding for seryl-tRNA synthetase (40).
Two of the anaerobically induced products, both of different
sequences, showed limited similarity (smallest sum probability
score of .1026) to a mammalian gene coding for NADH
dehydrogenase. Of the RAP-PCR products cloned and se-
quenced and whose differential expression was confirmed by
RT-PCR, 22% demonstrated no significant similarity to known
sequences.

Data generated by RT-PCR (Fig. 5) was used to quantitate
the level to which genes coding for each RAP-PCR product
were specifically induced (Table 1). RT-PCR products were
normalized to an internal control product identified by RAP-
PCR, the expression of which was not affected by aerobiosis or
anaerobiosis. The control product showed significant similarity
(smallest sum probability of 2.2 3 10256) to a locus coding for
23S rRNA in Staphylococcus aureus. After normalization to the
non-differentially expressed internal control, RT-PCR prod-
ucts were visualized by electrophoresis and analyzed by image
analysis to determine relative quantities. For purposes of cal-
culating the variability of lane-to-lane comparisons, the four
products identified as false positives upon visual examination
after RT-PCR were used to determine the standard error of
the analysis. Each of the four products demonstrated relative
induction levels of ,1.20 between aerobic and anaerobic RNA
samples (data not shown). For purposes of defining differential

FIG. 5. RT-PCR analysis to confirm differential gene expression. RT-PCR
was performed with both aerobic (A) and anaerobic (An) RNA with primers
specific for each product. Product numbers correspond to those given in Table 1.
Relative quantities of each RT-PCR product amplified from both aerobic and
anaerobic RNA were analyzed after normalization to the internal control. Paired
control reactions lacking RT showed no products derived from genomic DNA.

TABLE 1. Sequence data for cloned RAP-PCR products from aerobically and anaerobically cultured E. faecalis

Product Primer Environment Size (bp) Similarity (accession no.) Fold induction Sequence similaritya

1 2 Anaerobic 181 Ycdl ABC transporter (AB000617) 2.05 2.8224

2 1 Anaerobic 339 Seryl-tRNA synthetase (P37464)48 581 2.8241

3 1 Anaerobic 350 NADH dehydrogenase (496166) 3.11 0.0020
4 1 Anaerobic 350 NADH dehydrogenase (496166) 6.72 0.00082
5 2 Aerobic 253 Oxidoreductase (P25887)11 1029 3.0227

6 2 Aerobic 260 No known similarity 8.28
7 2 Aerobic 350 No known similarity 1.56
8 2 Aerobic 355 Oxidoreductase (P25887) 50.3 3.5254

9 1 Aerobic 425 Catalase (Z82044)8 12.19 5.8281

a Values represent the lowest sum probability score.
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gene expression, comparisons demonstrating differential ex-
pression greater than 2 standard deviations from the mean of
these measures (.26% differential expression) were consid-
ered significant. The specific level of induction for each of the
RAP-PCR products is indicated in Table 1. RAP-PCR prod-
ucts derived from genes that showed a confirmed, significant
difference in expression between an aerobic versus an anaer-
obic environment exhibited a broad range of differential ex-
pression of 1.56- to 1,029-fold.

DISCUSSION

In the present study we optimized a technique that has been
applied broadly to analyze patterns of eukaryotic gene expres-
sion in order to permit its reproducible use in studies of gene
expression by a gram-positive bacterium. Initial efforts to use
existing protocols for RAP-PCR in a prokaryotic genetic back-
ground (1, 52) highlighted several extant pitfalls, most notably
a lack of experimental reproducibility. More specifically, we
were unable to generate similar RAP-PCR product patterns
upon repeated amplification from either the same RNA sam-
ple or the same cDNA sample. Moreover, RAP-PCR amplifi-
cation of RNA from bacteria cultured independently under
identical conditions yielded widely different product patterns.
Therefore, several modifications, which are detailed in the
preceding sections, were made to the RAP-PCR protocol that
ultimately allowed the technique to be used in a reproducible
manner in the study of differential enterococcal gene expres-
sion. Although the optimized RAP-PCR protocol was opti-
mized while studying differential gene expression in E. faecalis,
the same protocol has been used by others in our laboratory to
reproducibly identify products from differentially expressed
genes by Streptococcus gordonii and Actinomyces naeslundii.
Additionally, the modifications included in the optimized
RAP-PCR protocol may serve to guide others who are inter-
ested in applying this technology to other bacteria but who are
unable to apply the precise parameters we used.

Of the changes made to previously defined protocols for use
of RAP-PCR to study bacterial genetics, the most significant
modifications were made to the first-strand and second-strand
synthesis reactions. Both steps involve random priming by an
arbitrary primer at a low annealing temperature. We found
that extended equilibration of each reaction to the low anneal-
ing temperature prior to the addition of the appropriate en-
zyme was essential for achieving reproducibility among similar
RNA samples and upon repeated amplifications of the same
sample. Thus, during first-strand synthesis, each reaction is
allowed to equilibrate to 37°C for 5 min prior to the addition
of RT. Similarly, during second-strand synthesis, each reaction
is allowed to equilibrate to 36°C for 15 min prior to the addi-
tion of Taq polymerase. It was not until these subtle yet sig-
nificant changes were made that reproducibility in both reac-
tions was achieved. Upon RAP-PCR amplification with the
optimized protocol, each of the six aerobic RNA preparations
produced similar product patterns, as did each of the six an-
aerobic RNA preparations (Fig. 4). Thus, there is reproduc-
ibility in RAP-PCR amplification of independent samples of
RNA from E. faecalis cultured in a similar manner. Perhaps
most importantly, three independent but identical amplifica-
tions of each RNA preparation yielded identical product pat-
terns (for example, compare Fig. 4, lane 6, with Fig. 1, lane 4,
and Fig. 2, lane 4). Thus, there is reproducibility upon repeated
RAP-PCR amplification of a single RNA preparation.

Equilibration to the low annealing temperatures in both
first- and second-strand synthesis prior to the addition of the
appropriate enzymes is essential for eliminating the variability

inherent to random priming. For instance, during second-
strand synthesis, the RNA-cDNA duplex is initially denatured.
As the reaction is cooled from the denaturation temperature of
96°C to the low-stringency annealing temperature of 36°C, it
passes through a range of temperatures at which the random
primer can bind. If Taq polymerase were present in the reac-
tion during this period, polymerization would begin at various
points within the temperature ramp. This introduces experi-
mental variability, because the time course of cycling to the low
annealing temperature may be different between independent
amplifications of the same sample or between simultaneous
amplifications of independent samples. In standard PCR this
variability is eliminated by using a specific primer at an anneal-
ing temperature at which it must recognize its complement for
priming to occur. However, in RAP-PCR such subtle experi-
mental variability is potentiated by using a random primer at
low stringency. Equilibration of each reaction to 36°C prior to
the addition of Taq polymerase eliminates this variability. By
“clamping” each reaction at the low annealing temperature
before synthesis, time is allowed for the primer to recognize all
potential binding sites. Thus, each sample is randomly primed
essentially to completeness prior to the initiation of polymer-
ization, and polymerization is initiated under identical condi-
tions. The same rationale applies for equilibration of the first-
strand synthesis reaction to 37°C prior to the addition of RT.

Using the optimized protocol detailed in the Materials and
Methods section, RAP-PCR was used to identify products
from genes differentially expressed when E. faecalis was cul-
tured in an aerobic versus an anaerobic environment. Addi-
tionally, sequence data generated after RAP-PCR was used to
both confirm and quantitate, by specific RT-PCR, differences
in expression for genes coding for the RAP-PCR products.
Several of the RAP-PCR products that were cloned and se-
quenced demonstrated significant levels of similarity to known
sequences in current databases, including several involved in
the respiration of B. subtilis. The role of these genes in entero-
coccal biology in either an aerobic or anaerobic environment is
unexplored. However, the data show that the RAP-PCR pro-
tocol may be utilized to reproducibly identify products that
derive from differentially expressed genes and that the RAP-
PCR products may ultimately be used to identify these specific
differentially expressed genes.

In the present work, 22% of the RAP-PCR products dem-
onstrated no similarity to sequences in the databases. Recent
sequencing of other bacterial genomes has demonstrated that
many of the inferred proteins show no homologies to known
proteins. For example, 38% of the E. coli K-12 genome (3) and
42% of the Haemophilus influenzae Rd genome (14) code for
proteins with no known homologies. Similarly, sensitive tech-
niques for the identification of bacterial genes whose expres-
sion is induced by or within host cells have produced similar
data (4, 20, 36, 48). The detection of unique enterococcal genes
most likely reflects gaps in the understanding of E. faecalis
genetics and physiology.

Our current research is directed toward the application of
RAP-PCR to studies of enterococcal gene expression in in
vitro and in vivo models of enterococcal disease. Additionally,
we are employing RAP-PCR in initial studies of gene expres-
sion patterns in and among streptococci and actinomyces and
are achieving the same level of reproducibility and quality.
Thus, the refinements detailed in the present work allow the
RAP-PCR protocol to serve as a general and highly reproduc-
ible technique for the study of prokaryotic gene expression.
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