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Real-time PCR method to detect Enterococcus faecalis in water
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Abstract

A 16S rDNA real-time PCR method was developed to detect Enterococcus faecalis in water samples. The dynamic
range for cell detection spanned five logs and the detection limit was determined to be 6 cfu/reaction. The assay
was capable of detecting E. faecalis cells added to biofilms from a simulator of a water distribution system and in
freshwater samples. Nucleic acid extraction was not required, permitting the detection of E. faecalis cells in less

than 3 h.

Introduction

Fecal enterococci are normal inhabitants of the gas-
trointestinal tract of animals (Devriese et al. 1992,
Pourcher et al. 1991). Fecal enterococci densities
correlate better with the incidence of gastrointestinal
illnesses in recreational bathers than fecal coliform
densities, and, consequently, they have been suggested
to be a superior bacterial indicator of fecal contam-
ination in recreational waters (Dufour & Ballentine
1986). Enterococcus faecalis is frequently isolated
from environmental waters and has recently been used
as a human fecal indicator for microbial source track-
ing (Wheeler et al. 2002). Moreover, in conjunction
with E. faecium, E. faecalis has been linked to the
recent increases in vancomycin-resistant enterococci
(VRE) strains isolated from clinical samples (Nelson
et al. 2000). The membrane filtration technique, which
is conventionally used to enumerate fecal enterococci
in environmental waters, can also be used to de-
tect E. faecalis. However, the additional biochemical
characterization needed to confirm the identity of envi-
ronmental isolates, means that detection of E. faecalis
strains can take a minimum of 72 h.

One problem associated with growing bacteria in
artificial media relates to the poor culturability of
injured and stressed organisms. This problem is ex-
acerbated when selective media are used as selective
agents can have an inhibitory or toxic effect on in-
jured targeted bacteria. PCR methods based on 16S
rDNA provide an alternate means of detecting bacte-
ria without requiring isolation by pure culture tech-
niques (Wang et al. 1996). However, conventional
PCR methods also require additional steps to confirm
the presence of the target gene in an environmental
sample (e.g., cloning and sequencing). Recently, a
real-time PCR method was developed to rapidly de-
termine the presence of microorganisms in complex
samples, including environmental and clinical sam-
ples (Cox et al. 1998, Oberst et al. 1998, Sen 2000).
This method relies on the cumulative detection of the
fluorescent signal that results from the degradation of
a fluorescently labeled oligonucleotide probe capable
of hybridizing to one of the DNA strands within the
two PCR primer regions. The specificity introduced
by this oligonucleotide probe introduces a high level
of confidence concerning the detection of target mi-
croorganisms in environmental samples. The objective
of this study was to develop and evaluate the use of
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real time PCR to detect E. faecalis. We demonstrate
the specificity of the primers against other fecal en-
terococci species and determine the sensitivity of the
method in different water samples.

Materials and methods

Bacterial growth conditions and strain information

The following species were used in this study: En-
terococcus faecalis, E. faecium, E. hirae, E. durans,
E. dispar, E. mundtii, E. seriolicida, E. sulfureus,
E. raffinosus, E. saccharolyticus, E. malodoratus,
E. dispar, E. casseliflavus and E. gallinarum. These
strains were obtained from R. Patel (Mayo Clinic,
Rochester, MN) and were previously identified using
16S rDNA sequencing analysis (Patel et al. 1998).
Bacteria were grown in Tryticase Soy Broth (Difco,
Detroit, MI) overnight, washed twice in autoclaved
distilled water via centrifugation, and resuspended to
a final cell density of 1-2 x 103 cfuml~!.

Development and evaluation E. faecalis specific assay

The approach described by Haugland et al. (1999)
was used to develop primers and a TagMan probe
specific to E. faecalis 16S rDNA. Regions with con-
siderable sequence differences between E. faecalis
and other enterococci species were determined us-
ing Lasergene99 (Dnastar, Inc. Madison, WI). Op-
timal primers within the selected region and spe-
cific to E. faecalis were determined using the Oligo
6 Primer Analysis Software (Molecular Biology In-
sights, Inc., Cascade, CO). The TagMan probe was
developed using the ABI Primer Express program
(Applied Biosystems, Foster City, CA) and labeled us-
ing 6-carboxyfluorescein as the reporter at the 5" end
and 6-carboxytetramethylrhodamine as the quencher
at the 3’ end. The primers and probe sequences
were challenged against gene sequences found in
public databases (GenBank) using the Blast soft-
ware (http://www.ncbi.nlm.nih.gov:80/BLAST) and
the Sequence Match Program (Ribosomal Databases
Project) (Maidak et al. 2000). The sequences used
in this study were CGCTTCTTTCCTCCCGAGT,
GCCATGCGGCATAAACTG, and CAATTGGAAA-
GAGGAGTGGCGGACG, for the forward primer,
reverse primer, and internal oligonucleotide probe,
respectively.

The specificity of the TagMan assay was deter-
mined by testing it against fourteen different entero-

cocci species. Aliquots (5 ul) of E. faecalis resus-
pended cells were added to the final reaction mix
and processed as described below. E. faecalis cells
were also added to water samples from Burnet Woods
pond (located approx. 0.5 km east of the EPA labo-
ratory, Cincinnati, OH) to determine the specificity
and efficiency of the assay in a natural water sam-
ple. Fecal enterococci counts were determined using
mEI agar (Difco) and the membrane filtration method
as suggested by Messer & Dufour (1998). Total het-
erotrophic bacterial counts for Burnet Woods sam-
ples were determined using R2A agar (Reasoner &
Geldreich 1985).

Real-time PCR studies

All reactions were performed as described by Haug-
land et al. (1999) with the following modifications.
Briefly, DNA template consisted of 5-ul from water
samples containing bacterial cells. The final concen-
trations of the primers and probe were 1 uM and
80 nM, respectively. A total volume of 25 ul was
used in the assays and a total of 40 cycles were
performed using an ABI 7700 sequence detector. In or-
der to minimize potential contamination, all TagMan
reagents were manipulated in a biological hood that
had been UV treated. Serial dilutions were performed
using autoclave-sterilized deionized water that was ir-
radiated with UV light. Pure cultures resuspended in
deionized water (5 pl of 1-2 x 107 cfu ml~!) were ini-
tially added to the reaction mix to empirically test the
specificity of the TagMan procedure. Unammended
deionized water was used as negative control.

The potential effect of PCR inhibitors present in
environmental samples was tested by spiking different
densities of E. faecalis into water samples from the
Burnet Woods, to biofilm material obtained from a
simulated water distribution system and to a human
stool sample containing low densities of fecal ente-
rococci. The biofilm and human stool material were
diluted 10-fold with phosphate buffered water and
double distilled water, respectively, prior to adding
the E. faecalis cells. In some experiments, 100 ul
were taken from seeded samples and a 10 fold dilution
series was performed prior to the TagMan reactions.
Aliquots (5 wl) from these samples were then added
to the TagMan mixture.

The presence of culturable E. faecalis in the Burnet
Woods pond was determined by first enriching for fe-
cal enterococci using the membrane filtration method.
Pond water (i.e., 1 ml, 10 ml, and 100 ml) was fil-
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Fig. 1. Dynamic range for the detection of E. faecalis with the

TagMan assay. Cells were added to sterile deinonized water (O) or

Burnett Woods pond water (@). In both cases the R? was greater

than 0.98. Each data point represents the cycle threshold (Ct)
average of three samples per reaction.

tered onto cellulose acetate membranes, which were
then placed on mEI agar and incubated at 42 °C. Af-
ter 24 h, membranes were transferred to sterile tubes
containing 2 ml of sterile water, and vortex for 30 s to
remove microbial biomass. Aliquots from these sam-
ples were used in the Tagman assays as described
above. In another experiment, E. faecalis cells (ap-
prox. 10° cfu ml~!) were serially diluted and spiked
into sterile water samples that were filtered onto cel-
lulose acetate membranes and processed as described
above, with the exception that membranes were only
incubated for 4 h.

Results and discussion

All bacteria identified as E. faecalis, including all en-
vironmental strains, showed a cycle threshold (Cr)
value for E. faecalis strains of 15-18 for 10° cfu
per reaction. Cr is defined as the point when a PCR
product has reached logarithmic amplification and is
used to calculate the number of bacteria containing
the gene target present in a given sample. The larger
the population size of the targeted bacteria the fewer
cycles it will take to reach logarithmic amplification
and therefore the smaller the Ct value (Figure 1).
No signals (i.e., Ct = 40) were detected when the
assay was challenged against non-E. faecalis fecal
enterococci bacteria at 107 cfu per ml. Although the
E. faecalis TagMan assay was tested against a limited
number of bacterial species, both the forward and re-
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verse primers and the internal oligonucleotide probe
showed a minimum of two to three nucleotide mis-
matches with the closest non E. faecalis sequences
available in GenBank. The poor sequence homology
of the primers against other enterococci species, the
stringency of the reaction, and the results obtained
with closely related enterococci species strongly indi-
cates that the TagMan protocol developed in this study
is highly specific for the detection of E. faecalis. An
excellent correlation between E. faecalis identification
via biochemical characterization using a commercially
available kit (API Strep 20; BioMerioux, France) and
TagMan assay was observed for the 26 environmental
strains tested in this study (data not shown).

Cr values showed a linear correlation with E. fae-
calis densities over a five log dynamic range (Fig-
ure 1). Culturable counts of E. faecalis were used to
estimate of the number of cells added to the water
samples. The results indicate that the sensitivity of this
approach was on average 6 cfu of E. faecalis per as-
say. The Ct values obtained with freshwater samples
and biofilm material from a water distribution system
amended with E. faecalis cells were not different from
the Ct values obtained in amended distilled water
(Figures 1 and 2A), suggesting that no PCR inhibitors
were present in these particular environmental sam-
ples. Since the total heterotrophic bacterial counts for
the pond and water distribution system samples were
approximately 107 and 10° cfu ml~!, respectively,
these results provide further evidence for the speci-
ficity of the E. faecalis procedure. In contrast, samples
containing fecal material showed a considerable in-
hibitory effect, as the samples required a 1000-fold
dilution before a signal was detectable (Figure 2B).
In this particular case, a DNA extraction step that in-
cludes the removal of PCR inhibitors might increase
the sensitivity of the reaction.

E. faecalis signals were not detected in any of the
environmental water samples tested with the E. fae-
calis TagMan assay. These results can be explained
by the fact that the fecal enterococci density in each
of the samples was below the detection limits of the
TagMan procedure. For example, the fecal enterococci
densities in pond water samples fluctuated from 15 to
55 cfu/100 ml and only 36% of the enterococci strains
isolated from the pond were identified as E. faecalis
(data not shown). However, studies using biomass
harvested from membrane enrichments showed the
presence E. faecalis (Figure 3). Therefore, in some
cases an enrichment step or biomass concentration
via membrane filtration might be necessary in order
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Fig. 2. Detection of E. faecalis in water distribution system biofilms
(A). E. faecalis cells were added to previously 10 to 1000 fold
diluted biofilm (@) or to undiluted biofilm (V) which were then seri-
ally diluted. Alternatively, cells were first diluted 10 to 1000 fold in
sterile water and aliquots were added to undiluted biofilm (O). The
controls consisted in cells serially diluted in sterile water (V). The
assay was also performed in water samples containing fecal material
(B). In this case the assays were performed against water samples
contain diluted fecal material with no E. faecalis cells added (@),
against water containing fecal material with E. faecalis cells added
prior to the sample being serially diluted (O), and against water
containing diluted fecal material that contained the same number of
added E. faecalis cells (V). The control consisted of E. faecalis cells
serially diluted in sterile water (V).

to detect E. faecalis in waters containing low densi-
ties of fecal enterococci. We found that a minimum
of a 4 h incubation was needed to detect the pres-
ence of 60-100 cfu of E. faecalis/100 ml of water
(Figure 4). Since it is possible to reduce the volume
of water used to detach the cells from the filtration
membrane, these results also suggest that consider-
able shorter incubation times might be required for the
detection of enterococci at cell densities higher than
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Fig. 3. Detection of culturable E. faecalis in freshwater samples
with low levels of fecal enterococci. Water samples from Burnett
‘Woods pond (100 ml, 10 ml, and 1 ml) were filtered onto cellulose
acetate membranes and transferred to mEI media. After 24 h incu-
bation, membranes were processed as described in the Materials and
methods section. Control consisted in a sterile water sample (with
no added cells) that was filtered onto a membrane and processed as
indicated above (referred as the blank).
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Fig. 4. Detection of E. faecalis using an enrichment step. E. faecalis
cells were serially diluted and added to 100 ml of sterile water.
Samples were then filtered onto cellulose nitrate filters, incubated
for 4 h at 42°C (O). Controls consisted in samples filtered and
immediately stored at —20 °C (@). Numbers in the X-axis represent
ten fold dilutions of the original culture. The 1077 sample had an
average of 60 cfu per dilution bottle. Experiments were performed
in triplicates. Standard errors were less than 5%. Membranes were
processed as in Figure 3.

600 cfu/100 ml.

In conclusion, the results from this study suggest that
a TagMan-based approach can be used to detect the
presence of specific enterococci in environmental wa-
ters. The detection and phylogenetic identification of
the targeted bacterial species using TagMan chemistry



could be performed in a matter of a few hours, either
while the organisms are part of a microbial commu-
nity or once they have been isolated in pure culture.
Therefore, detection is attainable in substantially less
time than required by most biochemical tests and phy-
logenetic methods, especially if a DNA extraction step
is not required. Future improvements in TagMan tech-
nology (e.g., time needed for each amplification cycle)
may result in a further reduction in detection time
(Belgrader et al. 1999). Because conventional pheno-
typic identification methods are cumbersome, require
up to 72 h for results, and are sometimes inaccurate,
the method described here has the potential for provid-
ing rapid detection of E. faecalis in water. The assay
may prove useful for rapid assessment of recreational
water quality increasing our knowledge regarding the
ecology of E. faecalis.

Acknowledgements

We are grateful to Robin Patel (Mayo Clinic,
MN) and Nichole Brinkman for technical assi-
tance. This research was funded by the EPA’s Of-
fice of Science and Technology Beach Program
(http://www.epa.gov/ost/beaches/2000/).

References

Belgrader P, Benett W, Hadley D, Richards J, Stratton P, Mariella R,
Milanovich F (1999) PCR detection of bacteria in seven minutes.
Science 284: 449-450.

Cox T, Frazier C, Tuttle J, Flood S, Yagi L, Yamashiro CT, Behari
R, Paszko C, Cano RJ (1998) Rapid detection of Listeria mono-
cytogenes in dairy samples utilizing a PCR-based fluorogenic 5’
nuclease assay. J. Ind. Microbiol. Biotechnol. 21: 167-174.

Devriese LA, Laurier L, De-Herdt P, Haesebrouck F (1992) Ente-
rococcal and streptococcal species isolated from feaces of calves
young cattle and dairy cows. J. Appl. Bacteriol. 72: 29-31.

265

Dufour A, Ballentine R (1986) Ambient water quality criteria for
bacteria. EPA 440-5-84-002. Office of Research and Devel-
opment, U.S. Environmental Protection Agency, Washington,
D.C.

Haugland R, Vesper SJ, Wymer LJ (1999) Quantitative measure-
ment of Stachybotrys chartarum conidia using real time detec-
tion of PCR products with the TagMan (TM) fluorogenic probe
system. Mol. Cell. Probes 13: 329-340.

Maidak BL, Cole JR, Lilburn TG, Parker CT, Saxman PR, Stred-
wick JM, Garrity GM, Li B, Olsen GJ, Pramanik S, Schmidt
TM, Tiedje JM (2000) The RDP (Ribosomal Database Project)
continues. Nucl. Acids Res. 28: 173-174.

Messer JW, Dufour AP (1998) A rapid, specific membrane filtration
procedure for enumeration of enterococci in recreational water.
Appl. Environ. Microbiol. 64: 678-680.

Nelson RR, McGregor KF, Brown AR, Amyes SG, Young H (2000)
Isolation and characterization of glycopeptide-resistant entero-
cocci from hospitalized patients over a 30-month period. J. Clin.
Microbiol. 38: 2112-2116.

Oberst RD, Hays MP, Bohra LK, Phebus RK, Yamashiro CT,
Paszko-Kolva C, Flood SJA, Sargeant JM, Gillespie JR (1998)
PCR-based DNA amplification and presumptive detection of Es-
cherichia coli O157:H7 with an internal fluorogenic probe and
the 5" nuclease (TagMan) assay. Appl. Environ. Microbiol. 64:
3389-3396.

Patel R, Piper KE, Rouse MS, Steckelberg JM, Uhl JR, Kohner P,
Hopkins MK, Cockerill FR, Kline BC (1998) Determination of
16S rRNA sequences of enterococci and application to species
identification of nonmotile Enterococcus gallinarum isolates. J
Clin. Microbiol. 36: 3399-3407.

Pourcher AM, Devriese LA, Hernandez JF, Delattre (1991) Enu-
meration by a miniaturized method of Escherichia coli, Strepto-
coccus bovis, and enterococci as indicators of the origin of fecal
pollution of waters. J. Appl. Bacteriol. 70: 525-530.

Reasoner DJ, Geldreich EE (1985) A new medium for the enumera-
tion and subculture of bacteria from potable water. Appl. Environ.
Microbiol. 49: 1-7.

Sen K (2000) Rapid identification of Yersinia enterocolitica in blood
by the 5" nuclease PCR assay. J. Clin. Microbiol. 38: 1953-1958.

Wang RF, Cao WW, Cerniglia CE (1996) PCR detection and quan-
titation of predominant anaerobic bacteria in human and animal
fecal samples. Appl. Environ. Microbiol. 62: 1242-1247.

Wheeler AL, Hartel PG, Godfrey DG, Hill JL, Segards WI (2002)
Potential of Enterococcus faecalis as a human fecal indicator for
microbial source tracking. J. Environ. Qual. 31: 1286-1293.



