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Anstract

The fate of DNA from bacteria that infect the root canal
but cannot survive is currently unknown, yet such in-
formation is essential in establishing the validity of
polymerase chain reaction (PCR)—based identification
methods for root canal samples. This in vitro study
tested the hypothesis that PCR-detectable DNA from
dead bacteria might persist after cell death and inves-
tigated the efficiency of sodium hypochlorite (NaOCl) as
a field decontamination agent. Using heat-killed En-
terococcus faecalis, the persistence of DNA encoding
the 16S rRNA gene was monitored by PCR. While most
probable number analysis showed an approximate
1000-fold decay in amplifiable template, E. faecalis
DNA was still PCR-detectable 1 year after cell death.
NaOCl (1%) eliminated amplifiable DNA within 60 sec-
onds of exposure. Our findings also disclosed a previ-
ously overlooked problem of concentration-dependent
inhibition of the PCR reaction by thiosulfate-inactivated
NaOCl. These results highlight the challenges of reliably
identifying the authentic living root canal flora with
PCR techniques. (J Endod 2007;33:1417-1420)
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very species in the oral cavity has an opportunity to enter the root canal, and while a

diversity of organisms might invade, only a restricted group have the capacity to establish
aviable infection (1). This is because the root canal is a unique environment that selects for
a limited assortment of the oral flora (2). Advanced culture methods have been essential for
characterizing the polymicrobial infection in the infected root canal (3).

Amore diverse endodontic microflora than that demonstrated by culture has been
described with molecular methods. With polymerase chain reaction (PCR) techniques,
several culture-difficult species have been reported to be more prevalent in root canal
samples than previously thought. These include spirochetes (4) and the species Tan-
nerella forsythensis (5). In addition, analysis of endodontic samples using PCR am-
plification of 16S rDNA has revealed newly detected species assumed to be as-yet-
uncultivable microorganisms (6).

Although molecular analysis has facilitated identification of culture-difficult spe-
cies, PCR-based techniques cannot distinguish between DNA from viable or dead cells,
and it is unclear whether the detected organisms truly represent the authentic living
endodontic flora or rather a historical record of organisms that have entered but not
survived in the root canal.

Nonsurviving species presumably disintegrate, yet remarkably little is known
about the fate of their DNA in this nonvascular compartment. DNA fragments might
linger and conceivably be detected and amplified by PCR. How long amplifiable DNA
might persist is of considerable relevance for the validity of PCR-based methods. Under
favorable conditions, DNA can be preserved for extended periods, as demonstrated by
its recovery from ancient remains (7). Conversely, rapid DNA lysis has been associated
with tissue storage at elevated temperature (8) and in damp (9) and biologically active
environments (10). Thus, environmental conditions are likely to be critical for the rate
of microbial DNA decay after cell death.

Identification of the authentic root canal flora depends on excluding non—root canal
microbes and DNA; thus, thorough decontamination of the tooth and sampling field is
essential before sampling the root canal. Sodium hypochlorite (NaOCI) has been advocated
as a field decontamination agent (11) followed by inactivation of NaOCI with sodium thio-
sulfate. The thiosulfate-NaOCl reaction produces sodium salts (12) that could inhibit the PCR
reaction, raising the question of possible false-negative PCR results.

There is a gap in the literature concerning the fate of DNA from microorganisms
that enter the root canal and do not survive, yet cannot be eliminated by the host’s
cellular defenses. The aims of this study were to test, during a 1-year experimental
period, the hypothesis that PCR-detectable DNA might persist after cell death and to test
current decontamination protocols for reliable recovery of PCR-based isolates.

Materials and Methods

Bacterial Strain and Gulture Conditions

The bacterial strain used was Enterococcus faecalis strain JH2-2, derived from
the parental strain JH2 (13). Cultures were grown overnight in 10 mL Brain Heart
Infusion broth (BHI; Oxoid Ltd, Basingstoke, UK) at 37°C with shaking in air. A 2%
inoculum in 50 mL BHI was then grown to the mid-exponential phase (0D, of 0.6).
Cells were harvested by centrifugation (3000g, 10 minutes), washed in sterile phos-
phate-buffered saline (PBS; pH 8.7), and resuspended in 25 mL PBS to a concentration
of approximately 10? colony-forming units (CFU)/mL. Experiments were performed in
triplicate.
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Inactivation Treatment

Cell death was induced by incubation at 65°C for 2 hours. After
heat treatment, cell suspensions were transferred to aerobic incubation
at 37°C. To confirm cell death, a 100-uL aliquot was removed imme-
diately after heat treatment, diluted into 10 mL BHI broth, and incubated
at 37°C for 3 days before examination for turbidity. Aliquots were asep-
tically removed for plating and DNA extraction before heat treatment
and thereafter at monthly intervals for 1 year. At each sampling time, a
1-mL aliquot was used for DNA extraction, and a 100-uL aliquot was
plated onto BHI agar and incubated at 37°C for 7 days as a contamina-
tion/nonviability control.

DNA Extraction Method

Cells were harvested from 1-mL aliquots by centrifugation
(12,000g, 2 minutes) and resuspended in 200 pL Gram Positive Lysis
Solution with the addition of lysozyme (45 mg/mL), mutanolysin (500
U/mL), and achromopeptidase (1500 U/mL) (all from Sigma-Aldrich,
St Louis, MO). After incubation at 37°C for 1.5 hours, DNA was isolated
using the GenElute Bacterial Genomic DNA Kit (Sigma-Aldrich) follow-
ing the manufacturer’s instructions. DNA was eluted into 200 uL of
sterile distilled water (dH,0; pH 8.5).

PCR

The primers used are highly specific to the E. faecalis 16S rRNA
gene, producing a 138 base pair (bp) amplicon (14). The primer
sequences were 5'-CCGAGTGCTTGCACTCAATTGG-3" and 5'-CTCITAT-
GCCATGCGGCATAAAC-3'. PCR was performed in a 25 ul reaction mix-
ture containing 10 wL of extracted DNA, 0.4 wmol/L of each primer, 0.2
mmol/L of each deoxyribonucleoside triphosphate (Promega, Madison,
WI), 1 U Taq DNA polymerase (Roche, Mannheim, Germany), 2.5 L of
10x PCR buffer (Roche), and dH,0. PCR amplification was performed
with an Applied Biosystems 2720 (Foster City, CA) thermal cycler. Cycle
parameters included an initial denaturation step at 94°C for 5 minutes,
followed by 35 cycles at 94°C for 30 seconds, 60°C for 45 seconds, 72°C
for 30 seconds, and a final extension step at 72°C for 7 minutes. All PCR
reactions had controls. For positive controls, extracted E. faecalis DNA
was used as template. For negative controls, 1 mL of PBS was subject to
DNA extraction, and 10 wL of eluate was used as template.

Electrophoresis and Imaging

PCR products were analyzed by electrophoresis on 1% agarose gel
stained with ethidium bromide and viewed under ultraviolet light with a
Fujifilm LAS-3000 imager (Fuji, Tokyo, Japan). Reactions were positive
in the presence of a 138 bp band. The size marker was lambda DNA
Hind TIT digest (Sigma-Aldrich).

Most Probahle Number Analysis

The most probable number (MPN) method of deriving population
estimates in a dilution series was adopted as a semiquantitative means of
documenting DNA decay (15). Ten-fold serial dilutions of each DNA
extract were made with dH,0, and 10 wL of each dilution was used as
PCR template. After 3 replicates, the number of positive PCR reactions
was scored, and a computer program (16) was used to determine the
MPN and 95% confidence interval for the number of E. faecalis 16S
rRNA genetic units.

Sensitivity Assays

Sensitivity of the PCR system was determined by (a) diluting a
suspension of 10° CFU/mL in 10-fold series before DNA extraction and
by (b) 10-fold dilution series of extracted DNA from 10° cells, with the
amount of DNA estimated by measurement of absorbance at 260 nm

1418 Young et al.

MPN (E. faecalis 16S rRNA genetic units)
108

10°-

104

10°-

1024

10 4

2 4 6 8 10 12
Time (months)

Figure 1. MPN estimate of E. faecalis 16S rRNA genetic units over time. Values
are given as MPN for 3 replicates. Error bars represent the upper and lower 95%
confidence limits. Value at time zero is MPN for DNA extracted from live cells.

with a NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop
Technologies, Wilmington, DE). The series were run in triplicate.

Effect of Sodium Hypochlorite

NaOCl solutions were prepared by diluting a 1% NaOCI solution
(10,000 ppm available chlorine, pH 13; Endosure, DentaLife, Croydon,
Victoria, Australia) to 0.1% or 0.01%. DNA was extracted from live .
Jaecalis cells (approximately 10° CFU), and 10-uL aliquots of DNA
suspension (approximately 100 ng/uL) were used in experiments. Ten
microliters of NaOCl (1.0%, 0.1%, 0.01%) was added to 10-wL DNA
suspensions and mixed by pipetting. After 60-second incubation at
room temperature, NaOCl was inactivated by 10 wL sodium thiosulfate
(5.0%, 0.5%, 0.05% w/v). One microliter of solution was then used as
PCR template. Experiments were repeated with DNA extracted from
heat-killed cells 1 month after inactivation. An additional positive con-
trol was included in NaOCl experiments to exclude PCR inhibition by
thiosulfate-inactivated NaOCl. Here, NaOCl was inactivated by sodium
thiosulfate before addition to DNA suspensions.

Results

Aliquots removed from cell suspensions immediately after heat
treatment and incubated in BHI broth showed no turbidity, confirming
an absence of viable cells. Aliquots removed for plating after treatment
showed no growth, confirming maintenance of sterility. In all PCR re-
actions positive controls showed a 138 bp band, whereas negative con-
trols gave no PCR signal. The DNA extraction protocol resulted in a
mean detection limit of 1.1 X 10° + 1.35 X 107 cells/mL. The mean
detection limit of DNA in serial dilutions was 0.98 = 0.03 pg.

Persistence of DNA after Gell Death

E. faecalis DNA was detected by PCR in live culture cells and in
heat-killed cells. DNA from the 16S rRNA gene was detected after heat
treatment and subsequent incubation for 1 year. MPN analysis revealed
an approximate 1000-fold decay in the amount of amplifiable DNA
during the study period (Fig. 1).
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Figure 2. Inhibition of PCR by thiosulfate (5%) inactivated NaOCl (1%). Lanes
M, molecular weight marker; 1, negative control; 2, E.faecalis DNA (positive
control). Lanes 3-9, 0.3, 0.6, 0.9, 1.2, 1.5, 1.8, and 2.1 uL 1:1 thiosulfate/
NaOCl mix, respectively. Arrow shows reaction product of 138 bp.

Effect of Sodium Hypochlorite

Experiments showed concentration-dependent inhibition of the
PCR reaction by sodium thiosulfate—inactivated NaOCL. PCR gave no
signal when =1.2 uL of thiosulfate-inactivated NaOCl (0.6 uL 1%
NaOCl, 0.6 uL 5% sodium thiosulfate) was included in 2 25-uL reaction
mixture, whereas a positive signal was observed with =0.9 uL of thio-
sulfate-inactivated NaOCI (Fig. 2).

Treatment of DNA (live cell extract) with 1% NaOCl for 60 seconds
eliminated PCR amplification of the 138-bp segment (Fig. 3). Treatment
of DNA (killed cell extract) with 1% or 0.1% NaOCI for 60 seconds
eliminated PCR amplification. All positive controls gave a PCR signal,
confirming that the thiosulfate-inactivated NaOCl did not inhibit the
reaction.

Discussion

The PCR method has been applied in detection of microbial DNA in
the infected root canal, with studies confirming the presence of DNA
from previously known endodontic pathogens as well as various cul-
ture-difficult species (6). The fate of DNA from bacteria that enter the
root canal but cannot survive has not been previously investigated, yet
such information is essential in establishing the validity of PCR-based
identification methods. In this 7 vitro study, DNA was detectable by PCR
1 year after cell death.

Characterization of DNA decay by MPN analysis showed an approx-
imate 1000-fold reduction in amplifiable 16S rRNA genetic units during
a period of 1 year. There was a logarithmic decline in amplifiable DNA,
with an early rapid decrease that subsequently appeared to plateau but
remained above detection limits. These findings show that nucleic acid
sequences are detectable by PCR long after cessation of bacterial cell
viability.

To our knowledge, this is the first long-term study on the fate of
bacterial DNA after cell death. Only a few studies with short observation
times have quantified the persistence of bacterial DNA. A positive PCR
signal was obtained 30 hours—18 days after cell death for Escherichia
coli (17-19) and 26 days for Listeria monocytogenes (18). Persis-
tence of amplifiable DNA varies greatly depending on the manner of cell
death and the environmental milieu. Experiments assessing the impact
of different stress treatments have shown that PCR gave a positive signal
to cells killed by boiling, autoclaving, desiccation, starvation, ultraviolet
irradiation, or ethanol treatment, yet treatment with acid or hydrogen
peroxide caused rapid loss of a PCR signal (17, 18, 20). That no PCR
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signal was obtained from cells killed by acid or hydrogen peroxide is
presumably because a low pH causes depurination of DNA, whereas
hydrogen peroxide damages DNA through oxidative reactions (21).
Thus, detection by PCR is possible as long as nucleic acid sequences
remain intact.

The upper limit of DNA longevity after cell death is determined by
spontaneous decomposition via hydrolysis, oxidation, and alkylation, as
well as damage caused by ultraviolet light (21). These processes occur
slowly, so that hydrated DNA is spontaneously degraded to short frag-
ments during a period of several thousand years, although the rate of
decay is profoundly affected by environmental conditions (21). Tem-
perature, moisture, pH, oxidative agents, and mechanical stress are all
important factors influencing DNA survival (22).

Deoxyribonucleases of microbial cells contribute to degradation
of DNA in non-sterile environments (17). It is also known that DNA is
stabilized by adsorption to minerals such as hydroxyapatite (23) where
it might be protected from degradation by nucleases (24, 25). This
stabilizing effect was demonstrated in a study in which mineral-bound
DNA from dead bacteria was detected by PCR in a non-sterile environ-

Figure 3. Effect of NaOCl on DNA detectable by PCR, extracted from live cells (/)
and heat-killed cells (/7). Lanes M, molecular weight marker; 1, negative con-
trol; 2, 0.33 WL E. faecalis DNA (positive control); 3, positive control (0.33 uL
DNA, 0.66 wL 1:1 NaOCl [1%]/thiosulfate [5%]); 4, 60-second exposure 1%
NaOCl; 5, positive control (0.33 wLDNA, 0.66 L 1:1 NaOCI [0.1% ] /thiosulfate
[0.5%]); 6, 60-second exposure 0.1% NaOCl; 7, positive control (0.33 wL DNA,
0.66 L 1:1 NaOCl [0.01%]/thiosulfate [0.05%]); 8, 60-second exposure
0.01% NaOCL. Arrow (Z and II) shows reaction product of 138 bp.
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ment after 13 weeks, whereas unbound DNA was rapidly degraded
(26). Thus, in the infected root canal persistence of DNA might be
influenced by various environmental factors such as destruction by
nucleases and protection by mineral adsorption.

In this study, a method of inactivation was developed (65°C, 2
hours) to ensure cell death without immediate cell lysis or severe DNA
damage. Here, cell death was established by routine culture, confirming
previous reports of lost viability of E. faecalis at temperatures above
60°C (27), with structural preservation of cells (28). DNA decay was
documented by MPN-PCR analysis. While the MPN-PCR analysis pro-
vides a semiquantitative estimate of the number of 16S rRNA genetic
units per sample, it does not indicate actual population sizes because of
gene copy number, loss of target DNA during extraction, and PCR de-
tection limits (29).

Although PCR detection limits of 10 cells have been reported (30),
this requires ethanol precipitation, adding all extracted DNA to the PCR
mixture. In the present study only a small fraction (10 uL) of the DNA
eluate (200 L) was used, partially accounting for the higher detection
limit. With the same primer set, a detection limit of 6.7 X 10° + 4.95
% 10° cells has been reported (31). Such variation reflects differences
in DNA extraction efficiency and PCR reaction mixture and cycle param-
eters. The detection level of DNA here (approximately 1 pg) parallels
other reports with 35 PCR cycles (32).

In this study, treatment with 1% NaOCl for 60 seconds destroyed
amplifiable DNA. Dead cell DNA was more susceptible to NaOCI degra-
dation presumably as a result of its more advanced state of decay.
Although this finding is consistent with other reports (11, 33), previous
studies did not control for inhibition of PCR by thiosulfate-inactivated
NaOCl or were unable to distinguish NaOCl-based DNA destruction from
inhibition of PCR by thiosulfate-inactivated NaOCI (34). Inactivation of
NaOCl by sodium thiosulfate produces sodium salts such as NaCl, which
inhibit DNA polymerase at elevated concentrations (35), and our results
demonstrate concentration-dependent salt-induced inhibition of the
PCR reaction.

Our results show that DNA can persist and be detected by PCR for
at least 1 year after cell death. NaOCl efficiently destroys DNA, and our
findings highlight a previously overlooked problem of inhibition of the
PCR reaction by thiosulfate-inactivated NaOCL. This type of information
is essential in establishing the authenticity of PCR-based isolates as
active participants in the endodontic flora.
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